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FINAL REPORT

15 MW GAS-COOLED CLOSED -CYCLE

REACTOR POWER SYSTEM STUDY

SCOPE

This report covers a feasibility study for a 15 megawatt gas

cooled reactor power system, conducted by the Ford Instrument Company

Division of the Sperry Rand Corporation during the months of March to

August 1956. Certain of the findings of this study were previously re-

ported in Interim reports, which are listed in the bibliography. In

addition to summarizing the conclusions of the work performed, this re-

port includes, in the form of appendices, several study reports which

cover phases that were not reported previously.

The main effort in this study was devoted principally to

theoretical studies covering the physics of the processes occuring in the

core, to the thermodynamics of the heat transfer from the fuel elements to

the coolant gas and to the thermodynamics of the gas cycle in the system as

a whole. Mechanical and engineering design studies were also made of the

core materials, structural members, gas cooling equipment, and all other

power plant accessories that must meet requirements unique to nuclear

power generation.

INVESTIGATION OF ALTERNATE SYSTEMS

Open-cycle systems employing direct cooling of a reactor by an

open-cycle gas turbine were considered and rejected largely on grounds of

radioactive contamination that would result during normal operation.

Additional reasons of safety, lower thermal efficiency at part load and

materials problems provide further basis for eliminating an open-cycle
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system from consideration. The contamination hazards involved in the

operation of an open-cycle nuclear plant were analyzed in some detail

in an earlier interim report (deference 4).

Dual-cycle systems using a gas-to-gas heat exchanger were

considered and rejected. The major advantages resulting from the use of

a double-cycle system would be the possibility of using an open-cycle power

turbine in the secondary loop and the relative freedom from reliance on

water supply. It was felt, however, that the problems introduced by the

gas-to-gas cycle would more than offset this advantage. Among these short-

comings are increased metallurgical problems due to higher working temp-

eratures and a containment problem in the event that excessive amounts of

radioactivity leak through the heat exchanger. It is felt &ls that the

problems of turbo machinery in the closed cycle system are strictly

comparable in difficulty and complexity to the problems of the gas blower

in the dual-cycle plant.
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Choice of Coolant

The selection of coolant was narrowed to a choice between nitrogen

and helium on the basis of relative chemical inertness and radioactivity

level. The major advantages of each gas can be summarized as:

Nitrogen

1. Basis for equipment design - Since all existing closed cycle

gas turbine plants have employed air as the working medium,

machinery for nitrogen should be simpler to design than that

for helium.

2. Size and cost - It is expected that nitrogen turbomachinery will

be somewhat smaller and cheaper.

Helium

1. Chemical inertness - It is felt that helium is more likely to

be compatible with all feasible reactor materials.

2. Heat transfer properties - The superior properties of helium

are a definite advantage in heat transfer design.

The choice between nitrogen and helium depends upon the relative

importance attached to each of these factors. Nitrogen was tentatively

chosen but as the studies progressed and more information was made avail-

able it became apparent that a re-evaluation of the situation should be

made.
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TOPICS EMPHASIZED

It was the objective of this study to concentrate the effort on

problems inherent in the gas cooled reactor rather than on a detailed eng-

ineering study, which is bound to be subject to continuous revision as the

basic problems were solved. Accordingly, it was felt that the areas of

greatest importance were the core physics, the thermodynamics of the reactor

and of the cycle as a whole, the instrumentation and control, and an analysis

of the materials and engineering problems to determine whether one or more

feasible solutions existed. A minimum of effort was spent in optimizing

reactor engineering problems. In certain cases, duplicate methods of at-

tack are presented.

CORE PHYSICS

A very careful study was made of the physics of the proposed reactor.

The areas that were felt to be most important were the determination of the

primary fuel element design problems, criticality calculations, and the

determination of temperature coefficient. Calculations were made using

a variety of fuel enrichments and reactor core sizes. A number of different

fuel elements were designed, and the primary design which was used as a

basis for all physics and economics calculations is presented. A careful

heat transfer analysis was made for this reactor. One interesting prin-

ciple was deduced, namely that for optimum heat transfer the coolant

gas should enter the reactor at the end opposite that from which the

control rods are inserted. A substantial reduction can be expected in

temperature peaking due to flux distortion on control rod insertion.
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Our investigations in this field have raised several new problems

which were not treated in previous gas-cooled reactor studies available

to the Ford Instrument Company. One such problem, that of fission product

leakage, was discussed in an earlier interim report (Ref.2). Another prob-

lem, that of internal pressure due to fission products, is discussed

briefly in this report. We feel that further' study of these problems is

crucial to the gas cooled reactor program.

THERMODYNAMICS

Even an elementary analysis of the characteristics of the turbo

machinery loop shows that perhaps the most important factor in the success

or failure of the gas cooled closed cycle reactor system would be the

ability of the reactor to produce a gas at a sufficiently high temperature

to make the system thermodynamic efficiency high. A temperature of 1300F

at the reactor outlet was found to be a desirable objective, for reasons

brought out in the report proper.

It is evident that to obtain an outlet temperature of 1300F one

must expect the average fuel element surface temperature within the reactor

to be several hundred degrees higher. Calculations were made for temper-

ature drops of 300 F and 1400F. Individual hot spots at even higher temper-

atures are also to be expected and this raises a number of nuclear, metal-

lurgical and thermodynamic problems. The question of the effectiveness of

stainless steel cladding in retaining the fission products within the fuel

element has been the subject of a separate interim report (Ref.2) and

will not be reconsidered here. Some consideration must be given to the

behavior of uranium oxide at elevated temperature, to the thermal stresses

in the element, to the pressure build up within the element and to the
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mechanical properties of all parts of the reactor and core at such

elevated temperatures. It is believed that an answer to all these prob-

lems can be obtained only experimentally.

A machinery cycle analysis was carried out for each of several

reactor fuel temperatures consistent with our analysis of the variation of

fission product leakage with temperature.

INSTRUMENTATION & CONTROLS

An investigation of reactor and plant controls was made and a

conceptual design for the control system has been indicated. The controls

are divided into two areas -- the power regulation system and the plant

protective system. The study of the power regulation system includes an

analysis into the nature of the expected transient condition and a

stability analysis of the reactor outlet temperature controls. The

power regulation system uses a power demand measurement to anticipate

temperature transients in the reactor. The analysis indicates that the

reactor control system will be stable. Instrumentation and protective

system design is outlined and several expected practical problems are

discussed.

PRESSURE VESSEL, AUXILIARY MACHINERY AND PLANT DESIGN

The effort devoted in this study to pressure vessel design was

of necessity limited to establishing several outline dimensions and invest-

igating several closure methods. It is recognized that there are additional

engineering and material problems caused by the high temperatures and pres-

sures employed in the gas cooled reactor. Nevertheless, we feel that all
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the problems are such that application or extropolation of existing

engineering technology will eventually result in a conservative design.

A number of preliminary designs have been prepared for unloading

mechanisms and auxiliary machinery. These designs appear to be relatively

conservative and straightforward. Several representative buildings for

this type of plant are also presented. The shielding is discussed briefly,

although again, no insoluble problems are expected to arise in this field.

EFFORT REMAINING

The ability of Ford Instrument Co. to proceed with this feasibility

study was limited firstly by lack of available experimental data and secondly

by lack of time. It is anticipated that certain of the problems for which

time was lacking on the stationary plant feasibility study may be solved

on the 22,000 shp oil tanker power plant study. In any case, we now feel

that the primary problems are experimental, and further theoretical

feasibility studies will soon reach a situation of diminishing returns.

The gas cooled reactor program has reached a stage where ex-

perimental investigation of a number of the problems is a requisite. It

is felt that an in-pile loop test would provide a maximum of conclusive

data consistent with reasonable cost and time. Such an experiment would

expose a sample fuel element and moderator section to rated, or higher,

flux and to gas flow at rated pressure and temperature. In this manner

realistic data would be obtained on corrosion, radiation damage and fission

product diffusion under actual reactor conditions. A second series of tests

would provide data which is, in general, less conclusive but which will be

available sooner and at lower cost. These tests would consist of capsule
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irradiation of fuel element and moderator samples. The obvious short-

comings of such tests are pressure and temperature control and the static

atmosphere. There are definite advantages including the fact that almost

any research reactor can be used and the results would be available at a

relatively early date to serve as a basis for loop design. Other

experimental efforts indicated include control-drive life tests and

aerodynamic tests. A complete analysis of the research and development

program required for the gas cooled reactor was recently submitted by the

Ford Instrument Company as part of its proposed participation in the

design of a nuclear power plant for the city of Holyoke, Massachusetts.

The pertinent technical sections are included in this report as Appendix F.

CONCLUSIONS

The gas-cooled closed-cycle reactor power system as described

in this report appears feasible from both the technical and economic

aspects. Further research and development as outlined in the report

is required to help establish a firm design and provide basic data for a

more detailed evaluation of feasibility.
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REACTOR DESIGN CHARACTERISTICS

Reactor Type

Thermal, heterogeneous

Right cylindrical core with reflectors at ends and side

Nitrogen cooled - graphite moderated - uranium fueled

Operating Conditions

Total heat output - hh MW.

Electrical power output 15.0 MW.

Overall efficiency - 34%

Power Density - 1.70 x 106 BU/Hr-Ft3

Core Characte

A) Phys~

ristics

ics

Fuel - 10% enriched U0 2

Moderator - Graphite

Loading - 861 Kg 1895 lbs) of 002

76.2 (249 lbs) of U-235

Refueling Period - 1 year

Total excess k - 11.5% (cold, clean)

Initial Conversion Rptia. - 0.13

Average Thermal neutron flux - 1.28 x 1013

Burnup - 23%

Temp. Coefficient of Reactivity - -2 x 1(

-

S-

0-5 0Fr1

2.005

1.0

0. 84

0.85

n/cm2 - sec.

9
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Core Composition

Graphite

Fuel (UO2)

Coolant

Structural
Material

Control Rods

- .750

a .070

* .090

- .059

* .031

(Volume Fraction)

B) Heat Transfer & Fluid Flow

Coolant - Nitrogen

Flow Rate - 1.1 x 106

Mass Flow " 6.0 x 105

Pressure at core inlet

Pressure at core outlet

Average coolant velocity

Average Reynolds' Number

Total Flow Area 1.8

Pumping Power 28.

lbs/hr

lbs/hr .- ft2

535 psi

525

thru fuel elements 150 fps

150,000

3 t2

8 KW

Temperature at inlet of core - 760 F

Temperature at core exit (mixed mean value) " 1300 F

Maximum cladding surface temperature - 1500OF

Average heat flux 1.1 x l05 BrU/Hr ft

Average heat transfer coefficient 275 BTU

Total heat transfer area 13h2 ft2

Max/av Heat flux radially (uniform loading)

"s " " axially it

2

/Hr ft2 *F

S

S

x.35

1.17
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C) Geometry and Size

Fueled section of core is a right circular cylinder

5.3 ft (D) x h ft (H)

Reflector - 1 ft on side and at both ends

A fuel element consists of a hexagon within which 169

coolant tubes are embedded in the fuel matrix. The hexagons

are right and cylindrical, approximately 4-1/2" across flats

and h ft. long. There are 30 of them in the core.

The graphite moderator is in the same size and shape

as the fuel elements. They are placed between the elements or

in the reflector region.

There are 5070 coolant channels in the fuel elements. Each is

0.257" x .01" x 48"

Overall dimension of the pressure vessel is 9'D x 15'H

Weight of core - 15 tons; Weight of entire reactor - 64 tons

D) Material

Fuel Elements: Fuel matrix - 10% enriched Uo2

Coolant tubes - 316 Stainless Steel

Enclosing Wall - 316 Stainless Steel

Moderator: Uncanned graphite; specific gravity - 1.75

Reflector: Uncanned graphite; specific gravity - 1.75

Thermal Shield Steel

Pressure Vessel Steel

Piping (Insulated) Steel

Biological Shield Barytes Concrete
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E) Control

Bottom Drive Rods

Number of rods

Regulating 1

Safety and Shim 6

Total reactivity in Rods 23%

Size of Rod - To fit into a 4-1/2" Hexagon

Material of Rod - To be decided

POWER PLANT CHARACTERISTICS

Direct, closed cycle is used. Powerplant is a gas turbomachine powered

by the coolant leaving the reactor. Circulating water is used an the

heat sink.

Overall Performance

Heat Input - )4 MW

Electrical output - 15 MW

Overall efficiency - 34%

Gas flow rate thru powerplant - 1.1 x 106 lbs/hr

Inlet temperature to powerplant - 1300F

Outlet temperature from powerplant - 760F

Operating pressure 530 psi

Pressure loss in system 10%

Turbine

Expansion Ratio - 3.9

Inlet temperature - 1300F

Outlet temperature - 820F
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Turbine

Inlet pressure - 510 psi

Outlet pressure - 130 psi

Efficiency - 89%

Compressor

Compression Ratio - 4.3
Inlet temperature - 90F

Outlet temperature = 235 F

Inlet pressure 125 psi

Outlet pressure =535

Efficiency - 86%

Recuperator

Hot Stream

Pressure - 130 psi

Inlet temperature - 820*F

Outlet temperature - 295 F

Cold Stream

Pressure - 535 psi

Inlet temperature - 235 F

Outlet temperature = 7600F

Pressure Drop 5 psi

"Efficiency" - 90%

Precooler

Pressure 125 psi

Inlet temperature 295

Outlet temperature 90F

13



Interstage Cooler

Inlet temperature 265 F

Outlet temperature 90



ECONOMIC ANALYSIS

A. Reactor Assembly and Appurtenances

1. Design

a. Engineering

b. Drafting

100,000 hours

70,000 hours

2. Fabrication

a. Instrumentation

b.

a.

d.

e.

f.

g.

h.

i.

Drives

Grid & Supports

Moderator & Reflector

Control Rods

Lead Casks

Materials Handling Eq.

Reactor Vessel & Piping

Test Loops

B. Reactor Building

C. Reactor Shield

TOTAL REACTOR DIRECT COSTS

D. Reactor Construction & Erection

1. Engineering

2. Construction

TOTAL REACTOR COST

ESCALATION 20%

$ 800,000

490,000

$1,290,000

$ 200,000

300,000

34,000

100,000

65,000

35,000

300,000

100,000

50,000

$1,184,000

$ 308,000

$ 150,000

$2,910,000

203,000

182,500

$3,317,500

663,500

$3,981,000
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The figures above are believed to be as accurate as can be obtained

on the basis of a theoretlal study. A sufficient contingency to cover manpower

training, errors and delays is recommended for the labor costs.

The cost of a duplicate reactor is estimated to be about $1,000,000

(80% of the reactor-engineering estimate) lower.

E. Power Plant Estimates

The following data were obtained from the turbine manufacturers and

a consulting engineering firm:

1. Land $ 50,000

2. Machinery, auxiliaries and transmission 1,991,000

3. Engineering 239,000

4. Construction 223,000

ESCALATION 20% (less land)

2,453,000

180, 600

$2,933,600

The cost of a duplicate power plant would be the same.

F. Grand Totals (less contingencies)

First Reactor

Second Reactor

0. Operating Costs Per Year

Plant

Reactor

$ 72,600

154,000

226,600

6,914,600

S,91U, 6 00



H. Per Unit Costs

Installed

(less contingency)

Generating Capacity

First Unit

Second Unit

$385/kw.

318/kw.

J. Estimated Annual Operating Cost

(75%Idoad factor)

Net Annual Output - KW Hrs/106  98.6

Capital Cost of Plant - $

Fixed Annual Charges
Debt Services 12.57% (10 year write-off)

Insurance

Replacements

Sub Total - $

Annual Operating Costs
General & Administrative

Operating & Maintenance (Plant)

Operating & Maintenance (Reactor)

Specialized Technical Service

Sub Total - $

Fuel Costs

Total Annual Charges

Cost per Kw Hr

$1, 554,600

.0i58

6,914,600

869,000

33,000

66,000

968,000

)40,000

72,600

154, 000

20, 000

286,600

300,000

17
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VISITS AND CONTACTS

Item

Torque wrench

Fuel Element
transport casks

Shaft seals-
rotary

Vendor & Representative

Vitro Corp.
120 Wall Street
New York, N.Y.

Ameray Corp.
Route 46
Kenvil, N.J.

Mr. A. Slutsky
Hoyt Equipment Co.
87 Walker Street
New York 13, N.Y.

Mr. G. Salzano

Mr. Rosensweig

for Cartriseal Co.
3515 W. Toughy Ave.
Lincolnwood, Ill.

Contacts - 1956

14/3

4/3, 6/15, 7/18
will send prints
and price

4/4
5/16 preliminary
proposal from
Cartriseal

Koppers Co., Inc.
Metal Product Division
via Nordberg Mfg. Co.
Milwaukee, Wisconsin

Preliminary
prints

Expansion joints
and flexible
connectors

Piping and Valves

Piping

Turbo Blower for
shut down cooling
circuit

Heat Exchangers for
shut down cooling
circuit

Turbo Machinery

Mr. D. Miller
Stanley Sales
1440 Broadway
New York 18, N.Y.

Mr. F.M. Schairer
Crane Co.
836 S. Michigan Ave.
Chicago 5, Illinois

Mr. A. Russo
Grinnell Corp.
347 Madison Ave.
New York, N.Y.

for Zallea Bros.
Wilmington 99, Del.

Mr. B.Lynch
Crane Co.
Long Island City
New York

Mr. Barrows
Ingersol Rand
New York, N.Y.

Dr. C. Eckles
Mr. Rogers
Harrison Radiator Division GMC
Lockport, N.Y.

No rdberg Mfg. Co.
Milwaukee, Wisconsin

4/la, 7/16, 8/20, 10/1
coaxial pipe arrgt.

7/18, 9/!i
coaxial pipe arrgt.

6/14, 7/13, 7/17
recommends single
pipe installation
does not fabricate
coaxial pipe

6/13, 7/13
will send letter and
prints

6/11, 6/25, 10/3
6/25 preliminary
proposal received

several times
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APPENDIX A A-1

CORE PHYSICS STUDIES

The core physics effort can be divided into several major sections:

I. Criticality Calculations
II. Neutron Flux Distributions
III. Shielding Calculations
IV. Control Rod Design

Each of these sections is covered in detail in one of the studies.

Much of this was reported previously in an Interim Report (Reference 5)

and will be cited as needed in the following discussion.

I. Criticality Calculations:

The details of all criticality calculations are given in Studies I,

II, and III. The first summarizes all the previous criticality calculations

as well as giving details of further calculations made since the Interim

Report was issued. On the basis of this work, a core 4 ft. high and 5 ft.

4 in. in diameter was chosen as standard for all future considerations in

this study. This core has 30 hexagonal fuel elements and uses graphite

with a density of 1.75 gis/cm3 as a moderator. It is surrounded by a one

foot reflector of graphite with the same density. The fuel is pure uranium

oxide with 10% enrichment in u2 3 5 . It has an estimated operating period of

1 year equivalent to 22.3% burnup.

The first study also discusses in detail the effects of varying

the percent enrichment of the fuel, the density and type of moderator, and

the percent bumup of the fuel. The second study supplements the first by

showing the effects of adding stainless steel to the fuel and of changing the

size of the fuel elements. The third study describes the method which was

used in our calculations to determine the resonance escape probability.



A-2

Our method of calculating the critical mass is based on a con-

tinuous slowing down model. This model is quite valid for a graphite mod-

erated reactor. Simple one-group theory was used to obtain the reflector

savings needed in our calculations. However, it was shown in the course

of our neutron flux determinations that this simple correction is very

close to that obtained by more accurate two-group methods because a simple

two-group method using infinite slabs and infinite cylinders will give a

larger reflector saving, but when a calculation is made with a finite

cylinder (cf. Appendix VIII, Interim Report, Reference 5) the reflector

saving becomes comparable with one-group values.

Two-group calculations would have been carried out, for compara-

tive purposes at least, were it possible to adapt the available calculator

within the time allotted for this work, hand calculation being out of the

question. Unfortunately, this could not be done for a finite reflected

cylinder, since rather complex calculations could have been carried out

for an infinite reflected slab, and in fact some preliminary calculations

were made, but such calculations have too low a quantitative accuracy to be

of value in this aspect of our work. The only reasonable alternative would

be to replace our reactor by an "equivalent" sphere. This would lead to

problems in determining the "equivalent" sphere radius and the functions

involved are more complicated than in the case of an infinite slab.

It should also be pointed out that two-group methods were de-

veloped in the course of our study which can be used for a finite cylinder

and these methods were used to determine flux distributions.

Study VII gives a complete evaluation of the neutron economy for

22



A-3

the proposed reactor both at the beginning and at the end of the operating

cycle.

Study IX gives the details of a calculation of the internal

pressure due to the fission products expected at our operating tempera-

ture (about 1800 F). This calculation shows that tremendous pressures

could develop during operation and experiments are needed to show exactly

how great the effect will really get. In any case, this problem exists

and must be taken into consideration in all design work.

In Appendix III of the Interim Report, (Reference 5), the tem-

perature coefficient of our reactor was calculated. Further calculations

are being carried out to supplement and improve the original calculations.

Study VIII shows how the variation of the average thermal flux with the

temperature affects the thermal utilizations and thus the total temperature

coefficient of the reactor. It can be seen that this is a small positive

contribution which is too low to affect the major negative coefficient

appreciably.

II. Neutron Flux Distributions:

It is necessary to determine the neutron flux distribution in

order to know the power generated in the various parts of the reactor.

Appendices VII and VIII of the Interim Report (Reference5 ) give the methods

used in obtaining the flux distribution patterns.

Studies IV and VI give the details of the neutron flux calculations.

Study VI gives the corrected distributions while Study IV gives the basic

calculations. These distributions are based on a "homogenization" of the

core so they must be modified in the vicinity of control rods and fuel
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elements.

The calculations given in Study V were made in order to get an

idea of the flux pattern distortion caused by control rods which are not

completely inserted. In these calculations our reactor was replaced by

an "equivalent" infinite slab reactor in order to make the mathematics

feasible. Study VI contains some corrections to the calculations of

Appendix V and also gives the corrected flux distributions.

Study VIII, which has been discussed previously in section I of

this mars gives the average thermal flux in the fuel element and in the

core as a function of temperature. These values can be used together with

the patterns obtained in Studies IV and VI in order to get a better idea

of the flux distribution near a fuel element.

III. Shielding Calculations:

The shielding calculations carried out within the scope of this

study are given in Study X. The material and thickness of the shielding

are determined. The basis for the calculations are described and the

validity of the results are discussed.

IV. Control Rod Design:

The control rod design is derived in Study XI.
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DETERMINATION OF OGRE LIFE

The estimates of core life made herein are to be considered

as preliminary and will eventually be more firmly established as des-

cribed below. A desired core life and burn-up were specified at the

start of the calculation. These values then allow the establishment

of the fuel element composition at the completion of the fuel cycle.

Using this composition, one can perform criticality calculations for

the "hot dirty" reactor at the end of the fuel cycle. The completion

of this calculation assures then (to a certain degree of approximation)

that the criticality can be maintained until the fuel cycle is complete.

A keff. is then calculated for the "cold clean" reactor, thus determining

the amount of akeff necessary to incorporate in the control rods to

take care of the excess fuel at the beginning of the fuel cycle.

Such a calculation is preliminary in that it does not consider

the effects due to non-uniform burn-up. However, it does allow a pre-

liminary design as a basis upon which more detailed calculations can be

made. Most probably, the effects of non-uniform burn-up due to non-

uniform flux and to gradual withdrawal of the control rods over the life

of the reactor will be to decrease the actual fuel cycle. However, some

compensation will be gained by fission of the produced plutonium.

In addition to flux considerations, core life will be limited

by material considerations. In this respect core life will be limited

by radiation damage, mechanical and thermal fatigue and chemical de-

terioration. Here, the mechanical design is such as to keep a sufficiently
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low stress level due to all causes below the maximum allowable as

ascertained from the known properties of the materials used. In a

few instances, the properties of some of the materials proposed are

not sufficiently well-known under the conditions of operation. In

these cases extensive life tests will have to be run.
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ABBR EVIA TONS

A = Escape probability coefficient.

B = Geometric buckling in cm 1.

d = Extrapolation length.

Dm = Diffusion coefficient.

E = Energy (units indicated in text).

F = Disadvantage factor for thermal neutrons.

H = Height of core in cm.

K = Effective multiplication factor.

LR = Diffusion length of reflector in cm.

M = Mass

N = Number

P = Resonance escape probability.

Q = Percent enrichment of fuel in U235 .

R = Radius of core in cm.

S = Outside surface area of fuel element in cm2 .

SS = Stainless steel.

t = Operating period in days.

T = Temperature in K.

V = Total volume.

w = Relative poisoning.

X = Percent of U2 3 5 burned up.

y = Operating period in years.

Z = Excess reactivity at start.
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ABBREVITIONS (continued)

a = Reflector savings in cm.

6 = Fast fission factor.

= Average # of fast neutrons emitted per thermal
neutron capture in fuel.

= Decay constant, sec- 1 .

A- = Surface absorption coefficient in gm/cm

V = Average # of neutrons produced per fission.
energy

= Av. logarithmic/decrement of moderator.

6 = Microscopic cross-section in cm2/atom.

= Fermi agel cm2.

= Average thermal neutron flux inside fuel neutron/cm2sec.

= Density, gm/cm2 .
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STUDY I

RESULTS OF CRITICALITY CALCULATIONS

SUMMARY:

1. Critical masses were calculated for reactors with two different

core sizes. The types and densities of the moderator and reflector, the

compositions of the fuel and the enrichment of the fuel were varied in these

calculations.

2. The results of these calculations are given in Tables 1 and 2.

The effects of varying the different parameters are shown in figures 1

through 5.

3. Critical radii were calculated for a reactor with a fixed height

and a fixed amount of fuel. In these calculations the density of the moder-

ator and reflector, the enrichment of the fuel and the percentage of U235

burnup were varied.

4. The results of these calculations are given in Tables 3 to 5. The

effects of varying the parameters are shown in figures 6 through 15.

5. The effects of the variation of the various parameters are dis-

cussed in detail. The following general results are found.

a) The use of higher density graphite permits the use of smaller

reactors or smaller amounts of fuel. Beryllium oxide leads to the smallest

reactors or the smallest amounts of fuel.

b) The use of higher enrichment of the fuel in U235 also permits

smaller reactors or smaller amounts of fuel. There is little saving in size

above about 12-14% enrichment.
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c) The addition of stainless steel to the fuel, requires an in-

crease in the size of the core or in the amount of fuel.

d) The use of larger percentages of U235 burnup increases the

operating period correspondingly. However, it also necessitates larger

reactors or more fuel for a given size.

e) Increasing the amount of fuel decreases the percent excess

reactivity at start and increases the amount of heavy elements formed.

f) Increasing the size of the reactor increases the percent ex-

cess reactivity at start and decreases the percent of Pu2 3 9 in the total

plutonium formed during operation.

g) The results of varying these factors are discussed in detail.

EARTICULA s:

A. Reactors with a fixed volume.

Our original calculations were carried out with a reactor with a

core height of 4 ft. and a core diameter of 5 ft. The core was surrounded

by a reflector of 1 ft. thickness. There were 36 fuel elements. A burnup

of 30% was assumed.

It was attempted to find critical masses for different moderators

and reflectors, different enrichments in U23 5, different number of flow tubes,

and different amounts of stainless steel in the fuel. It was found that

criticality could only be obtained under certain conditions. Thus, when

graphite was used as a moderator and reflector, no criticality could be ob-

tained unless at least 14% enrichment in U23 5 was used. Even then no criti-

cality could be obtained with a density of less than 1.75 gms./cm3 and with
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this density the number of tubes had to be below 6084. Also no stainless

steel could be added to the fuel itself.

With beryllium oxide as a moderator no difficulty was found in

obtaining criticality even with enrichments as low as 8%, with stainless

steel contents of up to 30%, with 6084 tubes and with graphite (1.75 gms./cm3)

as a reflector.

The results for the possible configurations are summarized in

Table 1.

Another series of calculations were carried out with a somewhat

larger reactor with a core height of 5 ft. and a core diameter of 6 ft. Again

36 fuel elements were used (hexagonal in shape with a distance of 4.4 inches

across the flats). The reflector thickness was also 1 ft. The number of

tubes was 6084 and the fuel consisted of pure uranium oxide with no stain-

less steel.

Table 2 summarizes the results with this core.

In this case graphite with a density of 1.62 gms./cm gives a

critical reactor provided a 14% enrichment is used. Graphite with a density

of 1.75 gms./cm3 gives a critical reactor with an enrichment of 10% and

more while with a density of 2.0 gms./cm 3 an enrichment of 8% is enough to

give criticality. Beryllium oxide provides no difficulty in attaining

criticality.

Figures 1 thru 5 show the effect of the various variables.

Figure 1 shows how critical mass changes with the percent enrich-

ment of U235 in the fuel. It can be seen that the critical mass decreases

rapidly at first as the percent enrichment is increased. Then it levels off

so that above 14% enrichment there will be only small changes in the
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critical mass. The minimum critical mass will depend on t he moderator and

the reflector as well as on the size of the reactor. The graphs clearly

indicate that in the case of the largr reactor considerably less than 8%

enrichment will suffice for graphite of density 2.0 and for beryllium oxide.

In the case of the high density graphite the minimum enrichment is undoubt-

edly below 6% as indicated by the shape of the curve while for BeO it is

probably in the neighborhood of Li%.

Figure 2 shows the change in the critical mass as the density of

the graphite changes. Here too, there apparently is a minimum critical

mass depending on the size of the reactor and on the percent enrichment of

the fuel.

Figure 3 shows how the operating time varies with the percent en-

richment. The variation is very similar to the variation of the critical

mass as obviously must be true since the percent burnup is constant in these

calculations.

Figure 4 gives the variation of the amount of uranium (236) formed

during operation with the percent enrichment. These curves are very similar

to those in figure 3. It is apparent that the amount of U236 formed depends

directly on the operating period and on the amount of U235 originally

present.

Figure 5 shows how the amounts of Pu 239 and Pu 210 formed vary with

the percent enrichment. Curves similar to figures 3 and 1 were obtained

which must hold true since the Pu 239 and Pu 20 depend on the operating time,

the amount of U235 present (which determines the flux), and the amount of

U238 at hand.
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The tables and the figures show that asnaller critical mass is

obtained by increasing the reactor size, by increasing the percent enrich-

ment, or by increasing the density of the moderator (or changing from graphite

to BeO).

Increasing the reactor size has two disadvantageous results:

1) It increases the percent excess reactivity at the start.

2) It decreases the percent of Pu239 in the total plutonium.

A comparison of table 1 and 2 clearly shows that with a fixed percentage of

burnup the fraction of Pu239 in the total plutonium is almost an exclusive

function of the siue of the reactor and varies only very slightly with the

moderator and the percent enrichment.

Increasing the percent enrichment or the density of the moderator

will tend to increase the percent excess reactivity in general. This effect

usually is not too pronounced. However, a change to Be0 can result in large

increases in the excess reactivity.

Naturally a smaller critical mass in itself will have two disad-

vantages:

1) The operating period is decreased correspondingly.

2) The amount of plutonium (239) is decreased.
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B gparetorc with A fixnd total mount of' uhi.

In designing a power reactor it is easiest to first determine the

cooling surface needed for adequate heattransfer to the coolant. This in

effect limits the number and size of the coolant tubes to certain configura-

tions. Furthermore, the number of fuel elements is restricted to certain

values for practical purposes, e.g. ease of removal. The size of the fuel

elements will then be the smallest which can take the required number of

coolant tubes.

Under these conditions the amount of fuel is essentially fixed

since only a definite volume is available for fuel and this volume must be

filled otherwise the presence of the empty spaces will cause additional

problems such as a non-uniform distribution of the fuel.

The next series of calculations were then carried out with these

considerations in mind. Assuming that 5070 coolant tubes with a length of

4 ft. and an O.D. of .276" are needed and 30 fuel elements with a hexa-

gonal shape, 4" across the inside of the flats, are used, we find that we

have space for 861 kg. of uranium oxide ( = 762 kg. of uranium). This,

by the way, gives us a "web thickness" for the U0 2 slabs of .0315". The

length of the core must also be kept at 4 ft. in order not to vary the

length of the coolant tubes.

The calculations were done by calculating the critical radius

for graphite of two different densities, different percents of enrichment,

and different percents of burnup. The results of the calculations are given

in table 3.

Figure 6 shows how the critical radius varies with the percent

enrichment. The curves show that there is a definite minimum percent en-
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richment needed to give criticality depending on the burnup and on the density

of the graphite.

There is a simple relationship between the critical mass of U235,

MUr, the percent burnup, X, and the percent enrichment, Q, i.e.:

Mcr - Mu Q (100 - X)10-(1)

where Mu - total amount of uranium ( - 762 kg. in this case).

This equation enables us to simplify the presentation of figure 6. We

plot the critical mass against the critical radius as in figure 7. In this

way we can find the critical radius by knowing the percent burnup and the

percent enrichment. We use equation (1) to calculate the corresponding

critical mass and read off the critical radius from figure 7.

Figure 7 shows not only that there is a minimum critical mass,

but also that for each critical mass above the minimum there are two values

for the critical radius; a low value which is the only important value to

us and a high value. Below the low value the neutron leakage probability

becomes too great to permit a sustained reaction. Above the high value the

U235 is too dilute for a chain reaction. Between the values the reactor

would be supercritical.

Since the calculations were carried out with only two different

densities of graphite, it was of interest to see whether these results

could be used to give some indication of the effect of higher density

graphite. Although the density comes into the critical equations in a some-

what complicated fashion, it was found that plotting the product of the density

cubed and the critical mass vs. the critical radius gives a fairly
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smooth curve for both of the densities. This curve is shown in figure 8.

Naturally this relationship only has a limited region of applicability,

but it can be used to get a fairly good approximation of critical values

for different densities of graphite than the ones which were actually used

in the calculation.

Table 4 shows how the critical radius varies with the density,

the enrichment and the amount of burnup. The values for graphite of den-

sity 2.0 gms/cm3 were obtained by the use of figure 8. It is interesting

to note that the effect of high density is mainly apparent at the lower en-

richments. At higher enrichments the use of higher density graphite would

result in the saving of only a few inches in the diameter of the core.

Table 5 gives the minimum critical masses and the minimum percent

enrichments needed to obtain criticality with the different densities of

graphite. These values were obtained by the use of figures 6 - 8.

Figure 9 shows how the operating time changes with the percent

enrichment. Since in the case of a constant amount of fuel a higher en-

richment means a larger amount of U 2 3 5 , it is obvious that a longer oper-

ating period must result. This is clearly shown in the figure.

Figure 10 shows how the amount of U236 formed varies with the en-

richment. Again the amount of U2 3 6 formed depends on the U235 originally

present. Thus, the variation shown in figure 10 is quite obvious.

Figure 11 shows how the amount of U236 formed depends on the per-

cent burnup.

Figure 12 shows how the mass of plutonium (239) formed varies

with the percent of burnup. Figure 13 shows the same variation for plutonium

(240) while figure 14 shows the variation for the percent of plutonium (239)

37



A-18

in the total plutonium formed.

These curves show several interesting features. The amount of

plutonium (239) formed increases with the enrichment. However, it in-

creases with the percent burnup only up to 10 - 15% depending on the en-

richment of the fuel and the density of the graphite. Beyond this per-

cent burnup the amount of Pu239 decreases somewhat. The amount of plu-

tonium (240) increases steadily with increasing enrichment and with in-

creasing burnup.

The percentage of Pu2 3 9 in the total plutonium decreases steadily

with an increasing percent burnup. This decrease is independent of enrich-

ment and of the density of the moderator. It is apparent that the optimum

enrichment of the fuel is about 10% since above this point both the total

amount of Pu239 and its fraction cf the total plutonium decrease.

Figure 15 shows how the percent excess reactivity varies with the

percent burnup. It is noteworthy that in our case the excess reactivity

does not depend to a great extent on either the enrichment or on the density

of the moderator. As shown in section A, the excess reactivity is mainly

dependent on the size of the reactor and thus, since the size decreases slightly

in this case with an increasing enrichment, the excess reactivity will also

decrease somewhat. It is also interesting to note that the excess reactivity

remains fairly constant between 10 and 20 percent burnup and then increases

sharply. Thus from the point of view of excess reactivity it would be ad-

vantageous to remain below 20% burnup.

The results of these calculations show the following:

I. Eff ets of increase ful enrichment.

a) Ad.antageous effects:
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1. Smaller radius -

A certain minimum enrichment is needed to make the

reactor critical (cf table 5). Increasing the enrichment decreases the

critical radius. However, beyond a certain enrichment the decrease in

critical radius becomes small. In the case of the conditions assumed in

this section, this point is reached at about 12% enrichment, i.e. with larger

enrichments only negligible decreases in the radius (or volume) can be ob-

tained (cf figure 6).

2. Increased amounts of plutonium (239) -

As the enrichment is increased the amount of plu-

tonium (239) formed increases considerably. For example when the enrich-

239
ment is increased from 6 to 10% the maximum Pu formed approximately doubles

(cf fig. 12).

3. Increased operating period -

As the enrichment increases the operating time increases

correspondingly (cf figure 9).

4. Decreased excess reactivity at start -

As the enrichment is increased the percent excess

reactivity decreases, but this effect is only small (cf figure 15).

b) Disadvantageous effects:

1. Increased amounts of uranium (236) -

The amounts of U236 formed increase together with the

enrichment in direct proportions to the increased operating period (cf fig.10).

2. Increased amounts of plutonium (240) -

The amount of Pu240 increases as the enrichment is in-

creased (fig. 13). However, the fraction of Pu239 in the total plutonium

is not affected (fig. 14).
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II. Effptscof Innreas d percnt burnup.

a) Operating time:

The operating time increases in direct proportion to

the increased burnup.

b) Plutonium:

The total plutonium increases as the percent burnup

increases. However, the Pu239 formed increases only up to 10 - 15% burnup

and beyond this a smaller amount is formed. Furthermore the fraction of

Pu2 3 9 decreases as the burnup is increased.

c) Uranium (236):

The uranium (236) formed increases together with the per-

cent burnup.

d) Sise of reactor:

A larger burnup in effect decreases the critical mass of

235 and thus it necessitates a larger radius or volume.

e) Excess reactivity:

The percent excess reactivity increases as the burnup in-

creases. However, between 10 and 20% burnup the excess reactivity changes

much less than with either less or more burnup.

III. Eff nts of mod rator. density.

a) Sise of reactor:

The size of the reactor will decrease as the density of

the moderator is increased. However, this effect is much less pronounced

at higher enrichments than at lower enrichments near the minimum.

b) Operating time:

The density of the moderator has no effect on the operating

time.
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c) Uranium (236):

The density of the moderator has no effect on the amount

of U 23 6 formed.

d) Plutonium:

An increased density of the moderator increases the total

plutonium as well as the plutonium (239). However, it does not affect the

fraction of Pu239

e) Excess reactivity:

The density of the moderator has little or no effect on

the excess reactivity.

B. Conc1uAiansa .

1. Enrichments of up to 14% in U235 are advantageous

the minimum size of reactor is concerned. Beyond this point the

in volume will be small.

2. Increased enrichments will increase the operating

the amount of plutonium (239) formed, if a constant total amount

used.

as far as

decrease

time and

of fuel is

3. If the volume of the reactor is held constant, increased en-

richments will decrease the operating time and the Pu239 but they also de-
creasebutotheylalsoUde-

crease the amounts of fuel required, the amount of formed and the

Pu2 4 0 formed.

4. Larger densities of moderator make possible the use of smaller

reactors.

5. With constant amounts of fuel, larger densities of moderator

will increase the amounts of Pu239 formed.
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6. With a reactor of constant size, larger densities of moder-

ator decrease the Pu2 3 9 formed and the operating period, but they also

decrease the amount of fuel required, the amount of u3 formed and the

amount of Pu240 formed.

7. Increased burnup increases the operating period. The op-

timimum burnup as far as the amount of Pu2 3 9 formed and the excess reac-

tivity is between 10 and 20%0
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Critical data

TA BLEA

for a reactor of core height = 4 ft.,

No. of fuel elements = 36

core diameter = 5 ft.

NO. OF
REFLECTOR TUBES

= 1.75 4572

= 1.9 6084

= 1.9 4572

Graphite, 6084
1.75

Graphite, 6084
1.75

BeO 6084

PERCENT
ENRICHMENT

14*

14*

14*

10

8

10

% S.S.
IN FUEL

0 **

0 **

0 **

30

CRITICAL
MASS OF
U23 5 -kg.

65.1

74.1

56.2

45.2

30 64.3

30 43.4

TOTAL
MASS OF
FUEL-kg.

753

857

650

1047

1846

1005

OPERATING
TIME
DAYS

599

681

517

416

591

400

U_ _

4370

4980

3780

3050

EL~wENTS

7740

9380

4920

3720

799

324

427

330

PERCENT
Pu2 3 9 IN

TOTAL Pu

90.6

96.7

92.0

91.9

4320 70770 7190 90.8

2920 3640 359 91.0

PERCENT
EiCESS
REACTIVITY

10.0

10.3

11.1

12.2

24.5

9.0

No critical mass possible with 10% or less enrichment.

No critical mass possible with 15% or more stainless steel.

MODERATOR

Graphite,

Graphite,

Graphite,

BeO

BeO

BeO

*

**

W:

N%

M.jM



Critical data for a reactor of core height = 5 ft., core diameter = 6 ft.

No. of fuel elements = 36

No. of flow tubes = 6084

Nn ts.finllafQ siPa1 in 1nA1

M0D ERATOR and REFLETOR

Graphite, o

Graphite, p

Graphite, g

Graphite, e

Graphite, 4

Graphite, 9

BeO

BeO

BeO

= 1.62

= 1.75

= 1.75

= 2.0

= 2.0

- 2.0

PERCENT
ENRICHMENT

14*

14

10**

14

10

8

14

10

8

CRITICAL
MASS OF
U235-kg

58.8

44.4

52.8

33.6

36.5

39.7

24.8

25.9

27.2

TOTAL
MASS OF
FUEL-yr.

678

512

852

388

589

796

286

417

549

OPERATING
TIME
DAYS

540

407

485

309

334

433

227

238

251

HEAVY ELEMETS FORMER
u236

3940

2970

3540

2260

2440

3160

1660

1740

1830

P239

2340

2310

2750

1140

1600

2290

228

273

375

PERCENT
D -Pu 2 3 9 IN
3330 T41.

3330 41.2

3300 1,1.2

3915 41.2

1637 41.0

2415 39.9

4017 36.3

324 41.3

430 38.8

500 4.2.9

PERCENT
EXCESS
RFACTIVITY

15.2

17.0

15.6

1806

18.4

18.0

22.3

21.8

21.9

* No critical mass

*# No critical mass

possible with

possible with

10% enrichment or less.

8% enrichment,
N



Critical data for a reactor with core height = 4 ft., total fuel (U0 2 ) = 861 kg. (= 762 kg. uranium).

No. of flow tubes = 5070
No. of fuel elements = 30
Moderator and reflector : graphite

DENSITY OF
GRAPHITE

PERCENT
EIRICHMENT

PERCENT
BURNUP

CRITICAL
CRITICAL MASS OF
RADIUS-cm. U2 3 5 -kf.

OPERATING
PERIOD

DAIS

PET
Pu INi ZAL Pn

PERCENT
EICESS

EAxCTIVITI

76.6
78.2
80.8
8302
80.5
82.8
85.0
89.7
87.0
90.8

9608-208
107.4-181
112-150

82.5
84.1
87
89.5
86.8
8902
92.7
98.4
94.8
100
111.8-197
130-150

1.75 10

8

6

4

1.62

0
10
22.3
30

0
10
20
30

0
10
20
30

0

0
10
22.3

30
0

10
20
30

0
10
20
30

10

76.2
68.6
59.2
53.4
61.0
54.9
48.8
42.7
45.7
41.2
36.6
32.0
30.5

76.2
68.6
59.2
53.4
61.0
54.9
48.8
42.7
45.7
41.2
36.6
32.0

0
163
365
490
0

131
262
392

0
98

196
294
0

0
163
365
490
0

131
262
392
0
98

196
294

0
1193
2666
3581

0
955

1910
2864

0
717

1432
2149

0

0
1193
2666
3581

0
955

1910
2864

0
717

1432
2149

0
13037
14072
13359

0
9568

10161
9745

0
6626
6678
5533

0

0
11573
12782
12201

0
8754
9145
8668

0
5885
5449
4786

8

6

0
4878
14104
19116

0
3579
9352

13940
0

2479
6145
7914
0

0
4330
12812
17458

0
3275
8416

12402
0

2202
5015
6848

72.8
49.9
41.1

72.8
52.1
41.1

0
72.8
52.1
41.1

72.8
49.9
41.1

72.8
52.1
41.1

7208
52.1
41.1

0
8.8

11.2
14.1

0
10.0
11.3
15.6

0
9.4

13.1
15.4

0

0
8.6

10.6
15.2

0
9.5

11.6
16.3

0
9.7

14.6
17.9

aN~

AC



TABLE 4

Comparison of critical radii for different densities of graphite. Constant total uranium.

CRITICAL

=.62

82.5

84.1

89.5

86.8

89.2

98.4

94.8

100

130

RADIUS - Cm.

L.2

76.6

78.2

83.2

80.5

82.8

89.7

87.0

90.8

107.4

' Data obtained from figure 8.

10 0

10

30

0

10

30

0

10

30

6

71.0

72.5

76.3

74.2

75.9

80.6

79.2

81.3

86.6

CRITICAL

515??

5'6"

5'10"

5'8"

5'10"

6'5"

6'3"

6'7"

8'6"

DIA. - ft.- in.

5'5"

5'2"

5'3"

5'3"

5'5"

5'10"

5'8"

5'11"

7'1"

4'8"

4'9"

5'0"

4'10"

5'0"

5'3"

5'2"

5'4"

5'8"

w ...



TABLE 5

Minimum critical values for a reactor with constant total uranium.

DENSITY OF GRAPHITE MIN, CRITICAL MASS OF U 2 3 5..kg,. MI". PERCENT ENRICHMENT (0% BURNUP)

1.62 gm/cm3  31.5 4.13

1.75 27.8 3.65

2.0* 18.6 2.44

* Data based on figure 8.
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Study II

EFFECT OF STAINLESS STEEL ADDITION AND SIZE

OF FUEL ELEMENTS ON CRITICALITY

S ummary

1) Three sets of calculations were carried out by:

a) Varying the stainless steel content in the fuel,

keeping the core size fixed, but allowing the fuel enrichment to vary.

b) Varying the S.S0 content, keeping the fuel enrichment

fixed at 10%, but allowing the core radius to vary.

c) Varying the size of the fuel element while allowing the

core radius to vary.

2) With a constant core size, increasing the S.S. content

causes:

a) The enrichment to increase from 10 to 41.3% as the 5.5.

content increases from 0 to 70%.

b) The amount of Pu239 to decrease,

c) The239c) The percent of Pu in the total Pu and the excess

reactivity at start to remain essentially constant.

3) With a constant fuel enrichment of 10%, the maximum

addition of stainless steel is about 34% (with 20% burnup).

4) The critical core radius increases rapidly as the size of

the fuel element is increased.

Particulars

A. Effect of increasing the stainless steel content in the fuel

with a constant core size0

A series of criticality calculations were carried out with a

63
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reactor with a core height of 1+ feet and a core diameter of 5 feet

# inches with 30 fuel elements of hexagonal shape ( inches across

the flats) and a reflector thickness of 1 foot. The moderator and

reflector consisted of graphite with a density of 1.75 gms/cm 3 .

There were 169 gas flow tubes in each fuel element. These tubes

are made of .010 inches thick S.S. 3160 Each fuel element is

encased in .030 inches thick S.S. 316. The operating period was

1 year.

The results of the calculations are given in table 6 and in

figures 16 and 17.

It can be seen that the critical mass of U23 increases as the

stainless steel content in the fuel increases from 0 to 30, but

when it is increased to 70o the critical mass remains essentially

the same.

The mass of uranium (236) formed is constant, The amounts of

Pu2 39 and Pu240 formed drop steadily as the stainless steel content

is increased. However, the percentage of plutonium (239 in the total

plutonium remains almost constant at about 50%. Similarly the excess

reactivity at start is almost unchanged at about li%.

Figure 16 also indicates that the maximum permissible stainless

steel content is about 75%.

B. Effect of varying the stainless steel content on the critical

radius.

Another series of calculations were carried out with the reactor

described in section A except that in this case the diameter of the

core was allowed to vary while the enrichment of the fuel was kept



constant at 10x.

The results of this series are shown in figure 18.

Figure 18 shows that the maximum stainless steel content is

about 40% with a 0% burnup while it is about 34% with a 20% burnup.

C. Effect of varying the size of the fuel elements on the critical

radius

A third series of calculation were carried out by allowing the

size of the fuel elements to change. The fuel in this case consisted

of 100% U02 10 enriched in U235.

The results of these calculations are shown in figure 19 The

"radius" of the fuel elements in this figure refers to the distance

across the flats of the hexagonal elements.

It can be seen that the critical radius increases rapidly as

the fuel element size is increased.
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TABLE 6

CRITICAL DATA FOR FUELS CONTAINING

VARYING AMOUNTS OF S .S . 316

Core Height
Core D iam.
Reflector Thickness
Number of Fuel Elements
Moderator and Reflector; Graphite, P
Fuel
Operating Period

4 feet
S 5 feet 4 inches
1 foot
30 (4tinches across flats)
1.75 gm/cm3

UO plus S.S. 316
= 1 year (44 MW Power)

% S.S. 316 in Fuel 0

% Enrichment of U 2 3 5 10

Tptal Mass of Fuel, Kg 861.3

Mass of Uo2 , Kg $6103

Mass of 8.S., Kg 0

Mass of Uranium, Kg 76203

Mass of U235 , Kg 76.2

Critical Mass of U2 3 5 , Kg 59.2

Percent Burnup 22.3

Mass of U 2 3 5 formed, Kg 2.7

Mass of Pu239 formed, Kg 1401

Mass of Pu240 formed, Kg 14.1

% Pu239 in Total Pu 49.9

% Excess Reactivity 11.2

Average Neut on Flux 1.28x1013
neutrons /cm /sec.

30

i6.3

960.5

630.5

270.0

558.0

90.7

73.7

18.8

2.7

11.7

9.5

5503

10.4

1.08x1013

70

4103

765.7

22947

536.0

203.3

90.1

73x0

18.9

2e7

4.4

3.6

55.0

10.9

1 08x1013
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Study III

Determination of Resonance Escape Probability

Summary:

1) The following expression is found for the resonance

escape probability p:

p =exp. [ O A( +s/ )

1  1 4 1  1

where Mu = mass of uranium metal in fuel in gms

= total mass of fuel in gms

S = surface area of fuel elements in cm2

V1 = volume of moderator in cm3

1 = average logarithmic energy decrement per collision

of' the moderator

Isl = macroscopic scattering cross section of moderator in cm 1

= average resonance flux in fuel
average resonance flux in moderator

= Volume absorption coefficient in barns

= surface absorption coefficient in gms/cm2

2) Tables and figures are given for determining the

absorption coefficients for any fuel.

Par ticular s

The expressions used in the following discussions are

obtained from Glasstone-Edlund, The Element of Nuclear

Reactor Theory, pp 250-263

The resonance escape probability, p, can be shown to

be:

p(E) exp - JNo O(ao) off (1)

y 1 1 l 

71(G.-E. p 263)
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wh

(m~ao) ef-

ere N0 = Number of uranium atoms per em3

V0 = Volume of fuel in crr3

o = Average resonance neutron flux in fuel

( i = Average resonance neutron flux in modern ator

V 1 = volume of moderator in cm3

= av. log. energy decrement per collision in

moderator

E sl = microscopic scattering cross-section of

moderator in cm-1

f dE1 = effective resonance integral

(C) eff dE1

where S

MT

(2)= a(E) dE1 + b(E)

( E.MTp

(G.-E. p. 260)

= surface area of fuel in cm2

= total mass of fuel in grvs

Fur thermore

a(E) =
ao

No

6 ao2

o 

Eo ao

(4)

(G.-E. p 261)

b(E) =-d
4N

(3)

72



Also we set:

A = f a(E)

B= A= b(E) T

So that we obtain from Eqs (2), (5) and (6)

dE1

( O ao) eff dE A+ B S+ )A + B A (1 +/a "

No V0 = number of uranium atoms in fuel

atomic . nin
x Avogadro' s number

.Lx6.O3xI1Q 23

233

.00253 x 10 Mu

= mass of uranium in grams

Substituting eq. (7) and (8) in (1) we obtain

p(E) = exp. - .X10 +24

V 1 1E

where Ais in cm

is in gm/cm2

If we use A in barns = 1024 x A1 in cm2, we get

p(E) = exp -< .00253 Mu

V141 sl

(9)o A1

L +1C sMT

Equations (3) and (4) show that a(E) and b(E) and thus

also A and /1. depend on _
No

73
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(5)

(6)

Nov

(7)

whereM

(8)

lo 
rA' 

1 +/ 
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where E = total microscopic cross-section for

scattering of the fuel.

Thus if we can determine the exact dependence of A and/-4

on = , the average scattering cross-section per U

atom, we can find A and g for any desired fuel.

This dependence is plotted in figures 20and 21,using

values for A and / given in the Reactor Handbook, Vol 1,

p 498.

Table 7 gives the values of /de and A for various fuels

as determined from the figures or from the Reactor Handbook.

TABLE 7

Re sonance Coefficients

Fuel Material barns per barns gm/cm
U atom

U 9.5 9.25 2.7

Uo2  17.9 11.51 1.92

U3 08  20.7 12 0 1.7

UF6 27.3 14.6 1.12

3U308+2C (by wt) 66 22.6 0.14

7U02+3(S.S.316) 18.1 11.5 1.9

(by wt)
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Study IV

FLUX DISTRIBUTION IN PROPOSED 15 MEGAWATT POWER REACTOR

Summary:

1) The average thermal flux in the moderator is

5.1 times the average thermal flux in the fuel.

2) The average thermal flux at the surface of the

fuel element is 2.2 times the average flux in

the interior of the element.

3) The average resonance flux in the moderator is

1.3 times the average resonance flux in the fuel.

4) The macroscopic flux distribution in the reactor

is given by the following equations: ( < = average

thermal flux in core).

a) In the Core

("Fast" flux) = .76 cos (.0173Z)J (.0207r)

-. 000015 Io(.131r) cos (.0173Z)cos(.0258Z)

.0000472 cosh (.131Z) Jo(.0207r)Jo(.0298r )

2C (thermal flux) = W 1. 58 cos(.0173Z)Jo (.0207r )

+ .000105 Io(.131r) 4cos(.0173Z)cos(.0258Z)

+ .000328 c osh (.131Z) IJ ( .0207r )J (.0298r) I

b) In Reflector

1) Along sides (Region 1)

("fast"flux) = 62.1 cos (.0173Z) [Ko(.0603r)

- .00000452 Io(.0603r)
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21(thermal flux) =f 68.9 cos (.0173Z)[Ko(.0277r)

.00612 Io (.027t)

- 873 cos (.0173E)UKo(.0603r)

- .00000452 Io(.0603r)

2) At top and bottom (Region 2)

1 2 ("fast" flux) = .100fJ0 (.0207r) sinh .0617(91.4 - Z)

22 (thermal flux) = .76f5.56 Jo(.0207r) sinh F.030O(91.4 - Z)

- 1.41 J0 (.0207r) sinh f.0617(91.4 - Z)

3) At Edges (Region 3)

1 3 ("fast" flux) = i ( ii. + #12)

23 (thermal flux) = ( 21 + 22)

5) The flux distribution along the central axis is

shown in figure 1.

6) The flux distribution along any radius from the

center of the reactor is shown in figure 2.

Particulars of Calculations

A. Reactor parameters

Power output = 44 megawatts

Operating period - year

Size of core: height = 4 ft (121.92 cm.) = H

radius = 2 ft 8 in (80.8 cm.) = R

Thickness of reflector = 1 ft (30.48 cm.) = T

78



A38

Fuel Elements: 30 hexagonal elements, 4 inches across

the flats

Flow tubes: 5070 tubes, .326 cm. I.D. (.351 cm. O.D.)

Fuel: 100% uranium oxide, 10% enriched in U(235)

Reflector and moderator: graphite, density 1.75 gm./cm3

Total core volume = 2.501 x 106 cm3 = VC

Moderator volume = 2.171+ x 106 cm3 = y1

Fuel element volume = 3.27 x 105 cm3 = V0
Mass of fuel = 8.613 x 105 gm. = MT
Mass of U23 8 = 6.861 x 105 gm. = M2 8

Mass of U23 = 7.623 x 104 gm. = M25
Total mass of uranium = 7.623 x 105 gm. = Mu

Mass of tubes = 2.58 x 105 gm. = Mtubes

Mass of oxygen = 9.90 x 104 gm. = M02

B. Calculation of Average Thermal Flux

R0 = 5.08 cm.

R1 = 13.38 cm.

0=WMo321.111A 0 M 1412. =.0229

= m (r 6126 x104._
=M s = _ - 0.187 cm

so V0 3.27 x 105
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Mao

ao = V = 0.451 cm-1

Z = so + Sao = 0.638 cm-1

1 2ao
- = 3 1-1 /-))(1-4/5 -----o

= 1.914 (1 - 0.566 + .017)

= Eao =

D

= 0.852 cm

= 0.421 cm' 1

ao Aoo

= 0.863 cm-1

/.5506 = .742 cm'l

A 0 1o = .0556

al =-00040 cm

1 s- + 4E. al = 0.421

F -
2

I 0 (K 0 R 0 )

I 1 (K 0 RB)

3.77 9.276

2 7.922

Av. Thermal Flux at side of fuel element

Av. Thermal Flux inside fuel element

E-1 = R )2 [ R 1 2 2

2 L R 1 2 -R2

In __ - 0.75

R
0

+ 2

4R12
J

(.2899)2 [179.02 in 2.62 - 0.75 + 25.81 = .01727
2 153.21 716.08 J

= F + o2ao (E--1) = 2.207 + 2.929 = 5.136

Vodal

Av. thermal flux in moderator

Av. thermal flux in fuel
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C. Calculation of Average Resonance Flux

No  A(1 +1A )

lao

In E1/E2

.23x 105(6.02x1025)(9.2 x1o-24)(1 + 2.7 .2x0

2.38x10 3.27x10 )(.1)

= .01418 cm-1

2.58 x 105 (3.2 x 10-2) 0 1

2 ass = = .02525 cm

3.27 x 105

au .61418 + .02525 = .03943 cm 1

o so + 1ao = .226cm

K02 = .02196 cm-2

Ko0 = .148 cm- 1

K1 = .1113 cm-1

1 = .0117 cm' 1

1.1898
F = .376 0.4032= 1.110

E-1 = 1.109 (.411) = o.4558

1 Av. resonance flux in moderator
. = 1.110 + .231

TO Av. resonance flux in fuel

= 1.341
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D. Calculation of Macroscopic Flux Distribution

1. Evaluation of needed constants

A 0

044 00

Zal

.o556

= .0229

= 5.136

= .0001+0 cm 1

ao = 0.451 cm'
1

tC = 397.1+ cm2

tr = 300.0 cm2

(2 T r r

Dlr 3(1 r-.

Dir = 10.29 cm

D32 ( , A-
3(1 - A00)

-a

= 105.89 cm2
These values were subsequently
revised. See Study VI of the
Appendix.

= 135.57 cm2

11.6+ cm

v ao

li al + Volao.-.

.01331 cml

vi + Vo

D2c = .980 cm
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L 
=

L2c 
a

L2r =1+6.3 cm

D2r .852 cm

)(l.iC 2

_l 2 =

.002516 cm-2

.003333 cm-2

Xir = .0577 cm-1

1 2=

L2c2

1 22=

L2r 2

2r

1

.01358 cm-2

.0004665 cm-"2

.0216 cm

1
+

L2c

= .01610 cm-2

2. Buckling constants from 1- group theory

J1 (a8 R) -D2rK2r (I1(X2rR ) + Io/XAo r(R+T)1X(Kar)

D2c lo(X2r )-Io/o 2r (R+T ) ]X(K2rR)

1(80.8,e)

J
0

(.852)(.0216) [1.2496 + (43.76)(.15719)

.980 (1.918 -(43.76)(.19666)

= .02282
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6 = .02068 cm"1  2 = .0004277 cm-2

al tan (a H) = D2r coth X2rT
2 D2

0/ tan(60.96 d) = .01878 (1.7328) = .0325+

o = .01726 cm-1 e 2 = 2.979 x 10'4 cm-2

S2 =W 2 +4 2 = .0007256 cm- 2

Y 2 2 +1 +
7 0'c

1

L2c

i .01683 cm-1

2 = v2 + 2 = .01713 cm- 2  = .1309

2 2 + 42 = .01726 cm- 2  .1314

12 + r2 + 2 = .003333 + .000298 = .003631 cm- 2

y 22 = X2r+2 + 2 = .0004665 + .0002979 = .0007644 cm" 2

1 = .06026 cm"1

= .02765 cm-1

2 1r2 + 2 =-

122 )(2r2 + 2 =

.003811 cm-"
2

.0008942 cm-2

_ .06174 cm-1

(2 = .02990 cm'-1

S= Dlc-1 = 2.089

cD2c A + A 2
L 22c

S= 1 = - 9.196

7'cD2c(_. 2J

L2c2
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Dlr /1 =A44
S3 - r ' 2 2= - 1.04o8

3 X2r 2r2 ^Xlr2

3. Flux distribution by two - group theory

We solve the following equations to obtain the

constants. (Note: we solve the first three in each group of

four and use the fourth to check.)

A J0 (8R) + C I ($ R) = F [I( r1%R) = I0/K fr1 (R+T)] K0 (r1 R)J

S1 AJ 0(4R) + S2CI 0(,QR) = G LIo( b'2R) - I/Kf r 2 (R+T)? K0( '2R)j

+ S3 F LI0( R ) - Io/Ko4 1 (R+T)K0 ( 4R )

- D1cQAJ1 (IR) + D1c j CI1 (t3 R) = Dlr 1F[I1 ( j1R)

+ I/Ko f b(R+T)] K1 ( ?'1 R )

- D2c4SiAJ(3R) + D 2c jS2CI1 (4eR) = D2 r 2 G Ii( 2R

+ Io/Ko 2 (R+T ) JKl ( g2R

+ D2r ?133 F [I1 ( 1R) +

+ I/K! o 1(R+T)fK1(? 1R)

A cosecH/2 + C cosh r H/2 = F' sinhd 1 T

S1A cossdo H/2 + S 2 C' cosho cH/2G= G sinh 1 2T + S3F' sinhJ 1T

Dic .dA sin * H/2 - Dic t C i sinh c H/2 = Dlr J1F' cosh 11T

D2coaSiA sin«cH/2 - D2 c[S2C' sinh & H/2 = D2r 2G' cosh 1 2 T

+ D2 r J1S3F' cosh J1 T

.4148A + 4885c = - 918.6F

.8665A - 4493OC = - 11.486 + 12901+F

- .1386A + 7083C = 655.3F

- .02438A - 3+8+c = .2790G - 762.3F
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.4959A + 15000' = 3.207F'

1.036A - 13790C' = 1.042G' -45.05F

.1745A 2294C = 2.134F

.03068A + 1776C = .03684G' - 2.482F

C = - .00001507A

F = - .0003714A

G = .5516A

C' = - .00004724A

F' = .1325A

G' = 7.349A

lc = A cos (.C Z)J(4r) + CI(,Br) cos ' Z cos )TZ/H

+ C cosh (oC.Z) J(Aro(2.05/R)

2c = S1 A cos (a(Z )J0 (a r) + S2C I0(r) 1cos ." Z cos.r7Z/H

+ S2C' cosh (:tZ) Jo($ r) J 2.405r/R

11 = F cos (et Z) fIo( 1r-) - Io/f 1 (R+T ) g.( lir )

21 = G cos(" Z) I( (2r) - Io o '2(R+T)]?0( ?2r)j

+ S3F cos (aG Z) Io( I 1r ) - I/ ?i(P+T )Xw l(ir)j

#12 = FJ( r) sinh /1(t H+T Z)

22 = G'J 0 (A r) sinhJ "2(- H+T - Z) + S3 F1J 0(4 r) sinhfd(-H+T - Z)

is = Afcos (.0173Z)J0(.0207r) - .0000151 Io(.131r)

I cos(.0173Z) cos (.0258Z)

- .0000472 cosh (.131Z) Jo(.0207r)J0 (.0298r)
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2C = A [2.09 cos (.0173Z) Jo(.0207r) + .000139 10 (.131r)

f1cos (.0173Z) cos (.0258Z)

+ .000434 cosh (.1312) 4 Jo(.0207r) Jo(.0298r )

11 = A 82.1 cos (.0173Z) [LK o (.0603r) - .00000452 Io(.0603r )J

12 = AI [91.2 cos (.0173Z) LK0(.0277r) - .00612 Io(.0277r)J

- 1154 cos (.0173Z) [K0 (.o603r) - .00000452 Io(.0603r)]

12 = .133A Jo(.0207r) sinh f[.0617 (914 - Z)J

22 = A{1 7.35 Jo(.0207r) sinh L .030(91.4 -Z) - 1.86 Jo(.0207r)

sinh L .0617 (91.4 - Z)

Letting = average thermal flux in core we have

12N H/2 R

2C r dr dzd4

If r dr dZd*
0 0 0

we obtain A = 0.756 T

Our solutions thus become:

A. In core (Region C)

lC = .76 Lc os (.0173Z)Jo(.0207r) - .0000151 0Io(.131r )

cos (0.173Z) cos (.0258Z)

- .0000472 cosh (.131Z) J0 (.0207r)Jo(.0298r)

2C = 1.58 cos (.0173Z)Jo(.0207r) + .00010510(.131r)

cos(.O1232 cos (.0258Z)

+ .000328 cosh (.131Z) 4J0 (.0207r)J0 (.0298r)
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B. In Moderator

1. At Sides (Region 1)

11 = J62.1 cos (.0173Z) fKo(.0603r) - .00000452 Io(.0603r)Jf

21 = IT 68.9 cos (.0173Z)j K0 (.0277r) - .00612 Io (.0277r)J

- 873 cos (.0173Z)jK(.0603r) - .00000452 Io(.0603r)Jg

2. At top and bottom (Region 2)

12 = .100 Jo (.0207r) sinh [ .0617 (91.4 - Z)J

22 = .76 T 5.56 Jo(.02068r) sinh 1 .030(91.4 - Z))

- 1.41 Jo(.0207r) sinh [.0617 (91.4 -Z)

3. At edges (Region.3)

#13 (11 + f12)

23 (*21 + #22)

Figure 22 gives a plot of the flux distribution along the

central axis of the reactor.

Figure 23 gives a plot of the flux distribution along a

radius from the center of the reactor.
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Study V

ADD mate Neutron Flux Distributio~n in an Infinite

Slab Reactor with Half-In erted Control Rods

Summary: The approximate neutron flux distribution in an

infinite slab reactor, equivalent to our proposed

reactor, with half inserted control rods was obtained:

1) In core ( Z = distance from center in cm. )

A. In region with no control rods

4 lc (fast flux) = .60 > -sin .0435 Z + .89 cos .0435 Z

+ .0505 sinh .134 Z -. 0523 cosh .134ZJ

2c (thermal flux) = 1.16 [sin .0435 z + .89 cos .0435 Z

+ .177 sinh .134 Z + .180 cosh .134 Z

B, In contr o lrod rgg io n

p (fast) = -0.60 4 sinh .0326 Z + .0504 cosh .0326 Z+.O2 e-- 1 2 32
lc

2c (thermal) = -1.5 sinh .0326 Z + 1.3 4 cosh .0326 Z-.o4 123Z

2) 3gInReflector

A, Next to region with no control rods

lr (fast) = .41 sinh .0577 (55 + Z)

2r (thermal) =-5.74 sinh .0577 (55 + z) + 21.2 sinh .0216 (55+z)

B. In region next to control rods

lr (fast) = .0023 sinh .0577 (55 - Z )

2r (thermal) = -0-.033 4 sinh .0577 (55 - Z )

+ .116 4 sinl .0216 (55 - Z ) 91
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Figure 24 shows a plot of these equations.

Figure 25 shows the neutron flux distribution along the

central axis of the proposed reactor as obtained previously.

Figure 26 shows the flux distribution in the equivalent

infinite slab reactor without control rods.

)' lr, ) 2r,

Dlr, D2rs

lr s /2r

Reflector

k ,C ,k ,V , Ik

12c, Dlc, D2c, L2 c, Dlc, D2 cI

#lc, 2c #lc, k2c
No Control Rods With Control

Rods

Center of core

,lr , 2r,

Dlr, D2 r,

Slr #92r

Reflector

Particulars of Calculations:

The following assumptions was made in order to carry

out the calculations:

1) The proposed reactor is replaced by an equivalent

infinite slab reactor, is. one with the same buckling.

2) The control rods are considered to be uniformly

dispersed in the control rod region, i.e. this region has

an increased macroscopic absorption cross-section.

3) The diffusion constants are considered to be
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unaffected by the control rods.

We first obtain the height of our equivalent reactor:

2 =

+--2= .000758= 
B2

S= L 2tanh
R D LRR

where LR = 1+6.3 cm.

DR = .852

DM = 1.037

T = 0.25H

We obtain

H = 73.32 cm.

T = 18.33 cm.

We now obtain the excess macroscopic cross-section in

the control rod region:

TE P ( 25 " + 28 + IS.S.)e-BkC

25 +28 + S.S + W E + tes + F p + FS (Za +ZaT )+ DM B2

~25 2k8 s~s 25 ~tubes pM
2

Here 1 la = excess macroscopic cross-section due to

control rods.

ri = 2.001+6

E = 1.00

p = .81+1+

E 25 = .0537

Z25 +228 + Ss = G7_25 = .0556
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Wz 25 = .00266

FEp = 1.6E2

tubes = .00330

= .00104
a

2=
DB2 = .00074

eB2tc
e-Bc .= 740

We get: E a = .0113

Ea = -00035

k = 16 p f

f = .866

k = 1.465

k = 76Epf%

G 125

= GE25 + 25

F ' = 1.6

Tubes F y p + a

= 6 = .573
.0971

k' = (2.0046) (1.00) (.844) (.573) = .969

2c

+ vc + 12 + 4

2 + 1 + 1
'to L29

-'c= 397.4 cm2

.2 = .001895

'AL 2-.00107

L2c2 =X73.63

2
2= .01809

Y'2= .01503

A51

.00162
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be seen later.

We can obtain:

B = .89A

C = .0505A

D = .0523A

F = -. 679A

A =A

B = .834A

c' = .0035A

D = - .0035A

F = - .0039A

G = - .194A

Thus

1c = A [sin .0435 Z - .89 cos .0435 Z + .0505 sinh .134 Z

+ .0523 cosh .134 z]

2c = 1.931A[ sin .0435 Z- .89 cos .0435 Z- .177 sink .134 z

- .180 cosh .134 z]

1 = A [sinh .0326 Z- .834 cosh .0326 z - .0035 e-' 2 3 Z

42c= 2.389A sinh .0326 Z - 2.126A cosh .0326 Z +0721A e-.12 3 Z

ir = - .679A sinh .0577 (55 - Z )

2r = 9.539A sinh .0577 (55 - Z) - 35.3A sinh .0216 (55 - Z)

V = - .0039A sinh .0577 (55 - Z )

2 r =.o55A sinh .0577 (55 - Z ) - .194A sinh .0216 (55 - z )
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Our diffusions equations can be within as:

MA = A

M =g2

A = -. -k lc

cpl

SI 1

2c L 2c

We diagonalize to obtain

MT = =TAT'1T = TA4= AT

Leto= T

M ON = NO

2 0

0 Y2

6 1 =Asinp Z +Bcosp Z

(ore = A sinhp Z+ B sinkZ1if 2 C0)

62 = C sinhk'Z +D coshY Z

S= T = S®

S 1 2

S1 D1  
1/22+ 7 ~
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lc

#2c

S2c

D 1

T2cD2c L2 2

u1 = 1 +0lc lL

2c S 1 1 + S 2 &' 2

= A sinp Z + B cos/ Z
1

= C sinh ')Z + D coshVZ
2

1' A' sinh,2 Z + B coshPA Z

2 C sinh V 'Z + D coshV ''Z

(l
(f-ft.)

= A sin,,s Z + B cost Z + C sinhV' Z + D cosh) Z

= S1 A sinp Z + S1 B cosMZ + S 2 C sinh Z + S2 D cosh ) Z

= A sinhp Z + B coshp Z + C sinh J Z + D cosh, Z

-l A  sinhp Z + S B coshp Z + S 2 C sinh)'Z

+ S2 D cos -) Z
By similar methods we obtain

ir = F sinh (lr ( (j + T + Z)

2r - S 3 F sinh)Slr (iH + T + Z) + G sinh } 2r (jiH + T + Z)

lr = F' sinh }ilr (H + T - Z)

2r - S3 F' sinh (jlr (H + T - Z) + G sinhf2r (tH + T - Z)

D
S =-. ( )

3 02 K r2 Kir2

97
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Since the flux and the current are continuous at the

boundary we must have:

At the center:

B + D = B' +D'

S1B + S2D = S1 B + S2 D

,A+)C =' A + C

23 2S1 PAA+ S29 C = S1  A+ 2C

At the Left

F sinh 1,7 T = -A sinAA H/2 + B cos ' H/2 - C sinh Q H/2

+ D cosh Q H/2

S3F sinHXylrT + G sinh) 2rT =-S1 A sing H/2 + S1B cos,4A H/2

-S2C sinh ) H/2 + S2D cosh) H/2

Dlr r F cosh X lr T = DiczU A cosp!H/2 + D 1 ;t B sin"-H/2

+ Dlc0) C cosh-) H/2 - Dlc.f D sinh1) H/2

D2r S3.lr F coshXlr T + D2rY2r coshI( 2r T = D2 cS1litA cosp'H/2

+ D2c S 1 :B sin m H/2 + D2c S2 )C cosh H/2 - D2c S2 ) D sihhY H/2

At the right
3 33 f1 g 1g

F' sinh) 1  T = A sinh A H/2 + B cosh .« H/2 + C sinh ' H/2

+D' coshf H/2

S3F' sinhi 1r T + G sinh)2r T S1A' sinh i H11/2

+ SiB cosh ' H/2 + S2C sinh ) H/2 + S2 D cosh H/2
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Si = = 1.931

S2 .=-= -6.627

s '=_.02989 = 2.389
1 .01251

S8= - .02989 = -20.612 .0014

We obtain the following set of equations for our constants:

A + .020B + 678c - 67.8D + 1.267F = 0 1)

1.931A - .0386B - 449.3C + 449.3C -17.80F + .407G = 0 2)

.0101A - .506B -105.8C + 105.8D + 9577F =0 3)

.00165A - .0823B + 59.00C - 59.OOD - 1.114F + .0199G = 0 4)

1.499A * 1.803B + 45.50' + 45.5D - 1.267F' = 0 5)

3.581A + 4.307B' - 937.8C' - 937.8D + 17.80F - 407G - 0 6)

.6842A + .5688B' + 65.14C' + 65.14D' + .9577F = 0 7)

.1376A + .1144B' - 113.0C' - 113.OD - 1.114F' + 0199G = 0 8)

B+D-B' -D' =0 9)

1.931B - 6.627D - 2.389B + 20.61D = 0 10)

.0435A + .134C - .0326A' - .123C' - 0 11)

.o840A - .888c - .0779A' + 2.535C' = 0 12)

This is a set of 12 homogeneous equations for 12

unknowns. It possesses a solution only if the determinant

formed by the coefficients vanishes. This vanishing of the

determinant is accomplished by the proper choice of the

buckling constant/A& . Assuming we made the correct choice,

we can solve for all the constants in terms of one constant

A. This constant is determined by the average flux as will
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-Dlr lr F cosh Klr T = Dlc A' A coshA' H/2

+DlcA4' B sinh ,U H/2 + Dlcb) C cosh' H/2 + Dlc ''D sinhJ'H/2

-D2r S33)r F cosh)k t  T - D2rX2r G cosh)(2r T

"D2c S1  A coshA. H/2 + D2c S1 *iB sirhA. H/2

I r g o t 1 t

+D2c S2  C cosh H/2 + D2c S2  D sinh H/2

We have the following values for our constants

= 0435cm-1

.134 cm' 1

= .00107 cm'

' .123 cm1

H/2 = 36.66 cm

T = 18.33 cm

Dlc = .02989 cm-2

'cDlc

?2 = .01356
L2c

Dic = 11.' cm

D2c = .. 980 cm

Dir = 10.29 cm

D2r = .852 cm

lr = .0577 cm 1

) 2r - .0216

S =3 -14.048
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Qbviousl:

0H/2 2c d Z + H/2 12 d
= rf o 2c

H

where = average thermal flux in core

= - 1.661A

A = - .60 f

T have finally for our flux distribution:

= .60 [- sin .0435 z + .89 cos .0435 z -. 0505 sinh .134+Z
1c -. 0523 cosh .134]

2c = 1.16 [- sin .0435 Z+ .89 cos .0435Z + .177 sinh .134 Z

+ .180 cosh .134]

.

= -.60 sinh .0326Z + 0.50 1 cosh .0326z + .-

2c -1.5 sinh .0326z + 1.3 1cosh .0326Z - .04 e--123 Z

Slr 0.411 sinh .0577 (55 + z )

2r =-5.74 # sinh .0577 (55 + Z) + 21.2 sinh .0216 (55 + Z )

11'= .0023 4sinh .0577 (55 -z .)

4) 2r = - .033 sinh .0577 (55 -Z) + .116 sinh .0216 (55- z)

These results are plotted in figure 24.

In figure 25 previous results are plotted for the flux

distribution along the central axis of the proposed reactor.

Caution must be taken in comparing these two figures for

the following reasons:

1) The results in figure 26 are only a great approximation

since we take a so-called "equivalent" infinite slab reactor
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and we assume the effect of the control rods "smeared"

over the entire half of the core .

2) The flux in the central axis is larger than the

average flux along the length of the reactor. Thus a

better comparison would be obtained, if we consider the

flux to be lower than shown in figure 25.

In order to get a better basis for comparison the same

infinite slab reactor was calculated without control rods:

P A2 = .000758 cm- 2

4.2 = .01686 cm- 2

J = .0275 cm~'

9 = .130 cm 1

S1 = 2.09

S2 = - 9.20

S = -1405
3

Die = 11.6

D =1.
lr 10.3

D2c .98

D2r = .85

k lr = .0577

S2r = .0216

By the same process as before, we find:

lc = lc = .5 1 cos .028Z - .000053 cosh .13 z

2c 2c = 1.13 cos .028 Z + .0049 cosh .13Z

I .200 sinh .058 (55 - Z)

2r =-2.82 { sinh .058 (55 - z ) + 10.9' sinh .0216

This distribution is platted in figure 26 which can be

compared directly with figure 24. It clearly shows how the

control rods displace the flux distribution.

102
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Study VI

Corrected Neutron Flux Distributions

Summary: 1) A more accurate equation for the diffusion

constants of the "fast" neutrons was derived.

2) The new values for the diffusion coefficients

require a change in the previously calculated flux dis-

tribution patterns. However only the magnitude of the fast

flux is affected. The thermal flux is not affected.

3) Equations for the corrected flux distribution

in the 44 MW proposed reactor are given.

4) Equations are also given for the corrected

flux distribution in an infinite slab reactor with and

without control rods.

5) The flux distribution patterns are plotted

in figure 27 thru 34.

Particulars

A. Derivation of Expression for diffusion coefficients

The equations cited are from Glasstone-Edlund,

The Elements of Nuclear Reactor Theory. The pages given

behind each cited equation correspond to the pages in

Glasstone-Edlund on which the equations are given.

Dlc
= c (1) (p. 243)

lc

1 1 (2) (p. 228)

Eth

=)1=(3) (p. 98)
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From Eqs. 1 & 2 we have

7-E

th

Dlc c lc (4)

Multiplying Eqs. 3 and 4:

2 C s 1
Dlc ln E0  3Z C(1-f )

th)

rc

3(1-/) (1 in Ei)

1th

since it is apparent that if Equation 3 is valid for

the E s must be an average E S i.e . Cs-.

Similarly we have

D 2
lr 3(1- o) ( In Eo)

SEth

B. Flux Distribution in nro ?osed 44 MW Power Reactor

Due to the above equations the following values must

be corrected.

D = 1.00 cm
lr

Dl = 1.13 cm

S1 = .203

2 = -.893

s = - 1.3643-

107
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Note that the net effect of the change is to change the

relative magnitudes of the slow and fast fluxes. Since

both diffusion constants in the reflector and the core

are changed by a constant factor, the boundary conditions

are not actually changed. Furthermore since the magnitude

of the thermal flux is determined by the power level, it

is obvious that only the magnitude of the fast flux is

changed.

In this case it turns out that the fast flux is 10.3

times as great as calculated previously. (Note we use

E= 2Mev Eth=O.lev)

We also find that:

G = - .05355A

G = .7135A

A = 7.79 f

Our corrected flux distribution is:

5c = 7.8 fcos (.0173z) Jo (.0207r)

- .0000151 Io (.131r) (cos(.0173z) cos(.0258z ))

- .0000+72 cosh(131z) (Jo(.0207r) J0 (.0298r) )

2c = 1.58cos(.0173z) Jo(.0207r)

+ .000105 I0(.131r) (cos(.0173z) cos(.0258z))

+ .000328 cosh (.131z) 7J 0 (.0207r)Jo(.0298r))
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$ = 640 J cos (O.73z) EK(.0603r) - .00000452 Io(.0603r)]

21 =9j68.9 cos(.0173z) [K0 (.o277r) - .00612 Io(.0277r)

- 873 cos(.0173z) Ko(.06o3r) - .00000452 Io (.0603r)

0 12 = 1.03 f Jo(.0207r) sinh L.0617(91.4 - z)]

22 = .76 f (5.56 J0(.0207r) sirilh L .O3OO(91.4-z)]

-1.41 Jo(.0207r) sinh [.o617(91.4-z)]}

13 ~ Ii11 + f12)

23 ~ U 21+22)

(Figures 27-30 give plots of these results.)

C. Approximate Neutron Flux Distribition in an Infinite

Slab Reactor with Half-Inserted Control Rods.

Our corrected values are:

Dlc = 1.13 cm

Dir = 1.00 cm

S1 = .187

2= - .643

S1' = .232

S2' =-2.00

S3 = 1.364
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Our corrected coefficients are

G = - 3.43A

G .0188A

A = - 6.18!

Our corrected flux distributions become

0 1c 6.18 [.- sin(.0435z) + .89 cos(.0435z) + .0505 sinh(.134z)

- .0523 cosh (.131+z)1)
2c = 1.16 f [sin(.$435z) + .89 cos(.0435z) + .177 sinh(.134a)

+ .180 cosh(.134z)]

i1c = - 6.18 f

# 1 1, 1 5

sinh(.0326z) + .515 cosh(.0326z) + .021ke-.12 3Z

sinh(.0326z) + 1.3 j cosh(.0326z) - .04+ e-.123z

S= 4.22 j sinh [.0577(55 + z)]

2r 5.74+

# lr = .024!

2r
=- .033j

sith [.0577(55 + z)] + 21.2f; sini(.0216(55 + z)]

sih [.0577(55 - z)]

sih [.0577(55 - z)] + .116 F sin [.0216(55 - z)]

With no control rods we have the following corrected

value s:

S1 : .203

s2 - .893

83 - 1.36

= 1.13

Dlr = 1.00

110
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c -l l 5.6 cos(.028z) - .00055 i cosh(.13z)

2c 1c = 1.13 f cos(.028z) + .0049 cosh(.13z)

ir = 2.06 Sinl [.058(55-z)]

2r = - 2.82 sirnh .058(55-z)] + 10.9k sinh[.0216(55-z))
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Study VII

NEUTRON ECONOMY IN PROPOSED 15 *W REACTOR

Summary. Table 9 gives a neutron balance in the proposed 44MW Rei-

actor at the beginning of the operating cycle (cold, clean reactor),

and at the end of the operating cycle (hot, dirty reactor).

Particulars. The neutron balance is obtained from the following

scheme. (of. GLASST0NE-EDLUND p. 202).

Fast Neutrons formed =77 f E

Neutrons entering resonance region = 77 f 6 PF

Neutron escaping capture f4E p PF = k PF

Neutron thermalizing kPFPr = ke-B2r

Thermal neutrons absorbed in reactor

Thermal neutrons absorbed in fuel

Thermal neutrons absorbed in fuel leading to
fission

U f

a

Loss of. eu tro

Neutrons leaking out before resonance region =

Neutrons captured in resonance region

Neutrons leaking out between resonance and z
thermal regions

Thermal neutrons leaking out 3

Thermal neutrons absorbed in control rod

Neutrons captured in moderator and structure =

Non-productive capture by fuel

Using the values given in table 8, the following

obtained:

of = f

f E (l-PF)

f E PF (1-p)

k Pp (1 -r

ke, - 1
1ff

1 - f

f(1 - a) = f(1 )

balance sheet is

120
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Fast Neutrons formed

Neutrons entering resonance region

Neutrons escaping capture

Neutrons thermalizing

Thermal neutrons absorbed in re-
actor

Thermal neturons absorbed in fuel

Thermal neutrons absorbed in fuel
leading to fission

Neutron Losses

Neutrons leaking out before
resonance region

Neutrons captured in resonance
region

Neutron leaking out between resonance
and thermal region

Thermal neutrons leaking out

Thermal neutrons absorbed in control
rods

Neutrons captured in moderator and
structure

Non-productive capture by fuel

Table 9 gives the neutron economy in

above balance sheet.

Beginning of Cycle End of Cycle
(Cold, Clean Reactor)(Hot, Dirty Reactor)

1.8114 1.6619

1.4709 l.3561
1.2414 1.1215

1.1283 1.0239

1.1148 1.0000

.9036

07363

08347

06755

.3405

.2295

.1131

.0l35

.1148

.0964

.1673

the reactor based on

.3058

.2346

.0976

00239

o 0000

.1653

.1592

the
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TABLE 8

NEUTRON ECONOMY CONSTANTS FOR THE 44 144

At Beginning of Cycle
(Cold, Clean Reactor)

2.004677
f

p

e

At End of Cycle
(Hot, Dirty Reactor)

1.9910

.9036

-B2 -

-0.69 B2 2-
PF= e

1

k

kef f

1.00

.827

.745

1.00

.844

.738

.812

.988

1.1283

1.1148

.816

.977

1. 0239

100000

REACTOR

122
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TABLE 9

NEUTRON ECONOMY IN 4+ ML REACTOR

Beginning of Cycle End of Cycle
(Cold, Clean Reactor) (Hot, Dirty, Reactor)

Virgin Fast Neutrons 100.00 100.00

Fast Leakage 25.04 24.27

Resonance Capture in Uranium 12.67 14.12

Thermal Leakage 0o75 1044

Capture by Moderator and 5.32 9.94
Structure

Control Rod Capture 6.34 0.00

Fuel Element Capture 49088 50,23

d) Non-fission capture 9.23 9.58

b) U23 5 fission 40.65 40065

123



A70

Study VIII

Variation of Average Thermal Flux withTemperature and

its effect on the Temperature Coefficient

Summary 1) The ratio of the average thermal neutron

flux in the moderator to the flux inside the fuel

changes from 4.86 at 200 C to 2 8r at 18000F.

2) The ratio of the average thermal flux at

the surface to that inside the fuel changes from 1.20

at 200C to 1,4Q2 at 18000F.

3) Figures 1 and 2 plot these ratios versus

the core temperature in degrees Fahrenheit.

4) These variations cause the thermal utilization

to change and thus the temperature coefficient due to

the thermal utilization is about + 7 x 10 -6 er0 C

at 1000 C 800 .

5) The total temperature coefficient of our

reactor is then

lI gg= .36 x 10-5 per*C

k dT

Particulars

F = Average thermal fuX- at sides of fuel
Average thermal flux inside fuel

From Glasstone and Edlund (p.270)

F = K Ro I (k' R0 )

2 I1(<0 R )
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It can be shown, using eq. 9.63 & 9.x+8.1 that

2= F + .. aIAQ.1 (E-1)

o l al

From Littler and Raffle page 94

(X 2

2
R1 2  n -0.75 +
R2-R2 R 4R2

1 0 0 1
3

where R = radius of fuel element = 5.08 cm

R = radius of "cell" = 13.38 cm

3Z (1 - oo)1(C -

D = 0.852 cm

1 
D

o ao so

.0229

Sao ao 20

al = a920

and finding the cross-sections at 20 0 C

(fao 20 = 0.451 cm -1

(2al)20 =.000+0 cm "1

125
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The total volume of the fuel element is

V0 = 3.27 x 105 cm3

The total volume of the moderator is

V 1 = 2.17 x 106 cm3

Using this information we obtain the following results

680 F
,930K

ao 0.451

o 0.638

al 0.00040

Do 1.19

YO .615

K1 .0217

E--1 0.0175

F 1.90

4.86

10000F
8110 K

0.271

0.458

0.00024

1.38

.443

.0168

0.0105

3.31

13000F

0.247

0.434

0.000219

1.41

.418

.0160

0.00956

1.48

3.10

15000 F

0.234

0.421

0.000207

1.42

.406

.0156

0.00907

1.45

2.88

18002F
12 i4K
0.218

0.405

0.000193

1.44

.388

.0151

0.00844

1.42

2.85

These results are plotted in figures 35 and 36.

We can write the thermal utilization f in the following

f = Z Fuel -M"IM
. Fuel +' Tubes +Fgladding'1

SM

clad- dT +M dT
ding 0

2 Fuel +4 2 Tubes addingg
o M

1

way:

(rf d1

126



For our reactor

E Fuel = .0564

S Tubes .0033

(including poisons)

Cladding = .0010

= .00035

From figures 1 and 2 we find at 18000F (1000 0 C):

A ID- 1 0 ' p e r C

d (i)

-l0 "3 per C
dT

Thus

1 df
f dT

C-. .00110-4 - 40015 0- 3))_
- .-06Y+.0033;(1'+2).0010);Y-- 5(0O5

45xo10-7

6.21 x 10-2

-6 e0
~7x 10 per C

Previously we obtained

1 dk = - 4.3 x 10-5 per C neglecting the effect due to f.

5 = (4.3 + 0.7) x 10- 5= - 3.6 x 10-' p r C
k dT

Note this calculation does not take into account the

variation of the poisoning with temperature. This effect

is being calculated separately. However a rough calculation

has indicated that this effect is negligibly small.
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Study IX

Internal Pressure of Fuel Elelenp

Due to Gaseous Fission Products

The calculation of the internal gas pressure due to the

buildup of gaseous fission products involves determining the

number of moles of fission products formed which exist as

gases at the temperatures and pressures found in the fuel

element. The ideal gas law gives the pressure.

Table 10 lists the pressure for 10% voids and 5% voids

after one month, six months, and one year.

TABLE 10 PRESSURE .IN LBS./SQ. IN.

10% Voids 5% Voids

1 Month 420 840

6 Months 2500 5000

1 Year 5000 10,000

The per cent yield and half life of fission products are

from J. O. Blomeke, ORNL-1783, "Nuclear Properties of U2 35

Fission Products". Table 11 is a simplified listing of products.

Table 12 lists the gases formed at their boiling points,

and for some the critical temperature. The operating temperature

is far above the critical temperature of the most abundant pro-

ducts such as Xenon and Krypton so that these gases will not

condense out.

The extremely high pressures present a real problem and

indicate the necessity of an experimental study of this problem.
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32 Ge
Ge

Ge

Ge

33 As

34 se

se

Be

Se

Se

35 Br

36 KR
KR

KR

KR

0.6

Table 11

72

73

71+
76

75

77

78

79
80

82

81

82

83

84+

85

Ij1d $

1.5 x 10-5

1 x 10'4

3 x 10'4
2x10-3

8 x10-4

9.1 x 10-3

.02

.04

.08

.25

.133

3.8 x 10-5

.48

1.1

1.2

0.3

2.1

2.7

3.7

4.6

5.2

3.2

2.7

1.3

KR 87 7;iRb 87

KR 88 -Rb 8 8

KR 8 8 2.77 min.

KR 89 -- Rb 89

3.18 min.

KR 90 --- + Rb 90
33 sec.

KR 91 Rb 91
9.8 sec.

KR 92 --- Rb 92
3.0 sec.

KR 9 3  - Rb 9 3

2.0 sec.

KR994 -- ab 94
1.4 sec.

A75

KR 85n

KR 8 5

4.36r Rb 85

- Rb 85

10.27 yr

KR 86

KR 87

KR 88

KR 89

KR 90

91

92

93

94

KR

KR

KR

KR
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IN 115

IN 117

IN 118

IN 119

I 127

I 129

54 X129

Xe 131

13 2

X 134

X 136

4X141

Xe 143

55 cS 133

Cs 135

C 136

cS137

cs 138

c 139

c 140

c 142

Yield %

9.9 x 10-3
.01

.01

.01

.25

1.0

4 x 10'9

2.9

4.4

7.6

3.2

1.8

0.2

6.5

6.2

.0060

5.9

5.8

5.9

6.0

3.4

Table 11

IN 115 6 xi014y Sn 115

IN 117 - + Sn 1171.90h

IN 11818
IN 411 m Sn 8

IN 119 175I"Sn 119

Xe

Xe

Cs

Cs

Cs

Cs

Cs

Cs

Cs

141

143

135

136

137

138

139

140

142

1.7 sec

ec (Cs 143) Ba 143

3.0 x i0
6yr Ba 135

13 day Ba 136

-+) Ba 137
33 yr

32m Ba 138

9.5 m Ba 139

66 sec Ba140

ID Ba 142
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TABLE 12

GASEOUS PRODUCTS

Elemrent

Br2

Cs

Os

In

I

Kr

Se

Te

Xe

As

Boilin I Pt C

58.78

670

184.35

-151.8

688

-109.1

6150

Oxide
Critical

AD OC

302

553

-63

16.6

SeQ 2

TeO2

23

B. P. OC

710

700

315.7

193 C

From "Handbook Of Chemistry & Physics Thirtieth Edition"

Calculations Internal Pressure of
FUEL ELEMENT

The Fission Products can be put in three classes

(1) Stable Products

(2) Those with A t << 1 where \ = decay constant

t = time in sec (1 mo., 6 mo., 12 mo.)

(3) Those with A t )) 1

Let g = rate of generation atoms/sec

g = (Lyield) x fissions/sec
100

N = No. Atoms

N =g (1 - e -
A

At) for decay products

GeO

In2

133



for class (2)

" i" (3)
(1)

We now treat 1 & 2 in group I

2 in group II

After calculating the A t and grouping the products
and taking into account diatomic molecules we find

Class I

Class II

4o.4% Atom
Atom Fiss.

= . % Yield

Z Yield = .8 x 105

Fissions/sec. = 1.375 x 1018

Avogadro's No. = 6.023 x 1023

Class I 104 1 3x 1018 = .922 x 10-6
100 .023 x1

1 mo = 2.63 x 106 sec

Moles/mo .922 x 10-6 (2.63 x 106) = 2.4 moles

Class II
2' % Yield x L__ x Fissions A 1

A 100 sec. Avo.No.
= Moles

.8 X 103 (1.375) (10 8) = 1.9 x 103 Moles
6.023 (1023)

1.9 x 10-3 + 2.4 = 2.4 Moles

14.4

28.8

A78

N = gt

N = gt

1 mo

6 mo
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Gas Law

PV = nRT
n = No.Moles
T 1000 + 273 K

RT = (8.317) (107) (1273) = 106 x 109

P1V = (2.+) RT 2.5+ x 1011 dyne-cm

For 10 IS , total vol. 8.78 x 10 cm

=2.4 = 2.89 d
7 

103 x 07 c

1 = 1.45o4 x ic-5 p.s.i.
cm

P' = (2.89) (1.450+) (10~5) (107) 420 psi

Air In Voids

p=p P T (14.7)
*0

Ptotal

(c23) =
323

58 psi

58+kxp 10% void k= ,96,12

5% void k = 2, 12, 24

Pressure Due To Air Can Be Ignored

total a420 
x k
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The calculations in this report were made to determine the

thickness of a barytes concrete biological shield for the 44 Megawatt

Reactor.

The radiations from the core pass through: (1) graphite re-

flector (1 foot), (2) an iron laminated thermal shield (6 inches), (3)

an iron pressure vessel (2.5 inches), (4) and the barytes concrete bio-

logical shield (thickness to be determined by the calculations).

A neutron spectrum (0-2, 2-4, 4-6, 6-8, 8-10, >l0 Mev) was de-

rived from Watt's fission spectrum*. The gamma spectrum (1, 3, 5, 7,

9 Mev) includes prompt gammas, fission product decay gammas and U235 cap-

ture gammas.

The secondary gamma spectrum" in the core was determined on

the basis of the number of absorptions per cm3 and the number of secondary

gammas emitted per absorption in SS 316 and the carbon moderator. Since

the secondary gamma production in iron is due mainly to thermal neutron

absorption, the thermal leakage flux was determined and used for calcu-

lating the secondary gammas in the thermal shield and pressure vessel.

The attenuation calculations were made on the basis of an in-

finite plane source with linear build up factor. The final result is

corrected by a plane to cylinder conversion factor of where ro is

the radius of the core and r is the total radius of core plus shield.

The calculations show that 5 feet of concrete gives a dose of

8.4 mhrem ; 5.5 feet gives a value of 1.5 % and 6.5 feet gives a

dose of .27 o The conclusion is that

NOTE: * Ref. 5 - Table 5-6 page 209
' Ref. 6 - Table 3.6 page 42
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6.0 feet of concrete would be adequate to bring dose below the present

maximum permissible exposure of 7.5 for a 40 hour/week exposure.

SHIESLD

REFLECTOR GRAPHITE 12 inches

THERMAL SHIELD IRON 6 inches

PRESSURE VESSEL IRON 2.5 inches

BIOLOGICAL SHIELD BARYTES CONCRETE 72 inches

FULL POWE CORE SOURCE ESTIMATES

The power density in the core is 17.5 . Therefore, the

prompt neutron source strength Npn is N =

(17.5watt (2.5fast neutrons 10fiaona
cm fission watt-see

N = 1.36 x 1012 fast neutrons
Pn cm3-sec

By using Watts' fission spectrum normalizedd to 1 neutron per

fission), the spectrum of the uncollided source neutrons may be determined.

This method is pessimistic since a spectrum of this type is "hard" as com-

pared to the actual neutron spectrum of the core.
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PROFIT NEUTRON SPECTRUM

AVERAGE ENERGY
(EY)

1

3

5

7

9

>10

RELATIVE NO. OF
FISSION NEUTRONS

.602

.289

.083

.02022

.00456

.00122

NO. FAST NS/ 3

8016 x 1011

3.92 x 1011
11

1.13 x 10

2.74 x 1010

6.18 x 109

1.65 x 10

The prompt gamma spectrum was obtained by using the informa-

Table 5-6 of Reference 1. The values for the number of gammas/

include the prompt gamma, fission product decay gammas, and U235

gammas. The total number of gammas per fission is normalized to

-'s/fission and the number of fissions per cm3 in the core is

10 *1f6i(34 1 l ktt.-sec ) (44

2.5 6 c 3
25 x 10 cm

6x 10 watts)
= 5.46 x 101cm3 sec

OM)PT GAMMA SPEC'IUM

AVERAGE ENERGY
(mEV)

1

3

5

7

9

PHOTONS /FISS ION

9031

.75

. 099

.0154

.0029

PkIOTONS/c 3 ne,

5.08 x 1012

4.095 x 10

5.41 x 1010

8.41 x 109

1.58 x 109
138
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The secondary gamma distribution in the core may be determined

by knowing (1) the number of nmatr, s br in SS 316 and carbon
cm - Sec

moderator; (2) the number of gammas at energy E(1,3,4,7,9 Mev) emitted

per absorption*. Table III gives a summary of the results.

NOTE: * Reference 2, Table 2

TABLE III

WAM SPECTRUM FROM T=EMAL CATURE IN CORE

ELEMENT

C

( .)mod = 1.22x10 9

Cr
( F) = 1.33x109

Ni
( )= 1.24x109

Mo 8
( .)= 6.8x10

6.21x10

Fe

( f) 3.86x1010

0-1EV

0

at Energy E
cm -sec

1-_3MEV 3 -5MEV

3.66x109 12.19x10 9

5-7MEV 7-_7 EV

0 0

4.92x10 9 2.13x109 1.59x109 2.39x109 9.17x109

0

0

0

0

0

0

0

1.73 x 10"

. 5 7 x 109

1.68 x 109

9.27 x 109

3.7x 109

.18 x 109

1.68 x 109

8.90 x 109

.02 x 109

1.68 x 109

8.50 x 109 19.32 x 109

4.92x109 9.65x109 27.03x109 16.63 x 109 39.09 x 109

139
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CWlncition of RAaxetion Lenrtha

In order to determine the surface source strength, the relax-

ation length of the elements in the core must be determined. The values

of P/P were found using the data in APEX-176. These values were multiplied

by the mean density of the material in the core. The results are listed

in Table IV.

TABLE IV

core

core (=ore)

reflector

href( 
re

ENERGY (Ev)

1 3 5 7 9

10 4 m1 -058.6 cm-1 047l4 cm-1 .039 cm' .034 cm'1.03 9

9.14 cm 17 .06 cm 2 1.10cm 2 5 . 3 2 cm 28.65 cm

.1155 cm .0613 cm-1 .0490 cm 1 .0403 cm 1

8.66 cm 16.31cm 20.4 cm 24.8 cm

.0350 CM4

28.6 cm
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Attenuation Calculations

It is assumed that the reactor is an infinite plane source

so that the radiation intnesity between the core and reflector is

1 =-

2

where Ai is the relaxation length of the core and Sv is the isotropic

volume source strength (# Dclparts es) at a specified energy E.ofmartie eiideeg ~

For an infinite plane source with a linear build up factor,

the radiation intensity at the outside surface of the shield is

I = X la2 o = 5 e 2o2 2

where 12 is the cross-fiction of the shield, XO is the thickness of the

shield and Sa = Sv 1 is the isotropic surface source strength.
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TA CILE V

i .. SOURCES IN CORE

Primary /cm 3 -sec Secondary 6 /cm -eec S,(photons/cm3-sec). \(cm) SA(photons/cm2 sec)

1 5.08 x 101

3 4.095 x 1011

5 5.41 x 1010

7 8.41 x 109

9 1.58 x 109

4.92 x 10 9

9.65 x 109

27.03 x 109

16.63 x 109

39.09 x 109

5.08 x 101 2

4.19 x 1011

8011 x 1010

2.51 x 1010

4.07 x 1010

9.14

17.06

21.10

25.32

28.65

4.6 43 x 101 3

7.I 48 x 1012

1.71 12 x 1012

6.3 55 x 1011

1.16 61 x 10

Energy

(Mev)



Gamnas Leaving

sore
( 15 f

e-sec 3

Core Attenuated
Gammas Leaving

( efletor)
( 'd S/cm -sec)

G4A ATTENUATIONL N REFLECTOR

Secondary Gammas
Produced in Re-
flector

cm -Sec

Secondary Ganina Source
Strength at Edge of
Reflector

T

Total Gammas
Leaving Reflector

cm -sec

1 2.32 x 1013

3 3.58 x 1012

5 8.6 x loll

11
7 3.18 x 10

9 5.85 x lol

11

6.87 x 1011

5.57 x 10l

1.94 x 10l

9.39 x 1C 1 0

2.00 x 10l

0

4.38 x109

1.46 x 1010

0

0

0

3.57 x 1010

1.49 x 10l

0

0

6.87 x 1011

5.93 x 1011

3.43 x 10

9.39 x 1010

2.00 x 10

TABLE VI

H

Energy
(Mev)
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ATTENUATION OF GAMMAS THROUGH S ERML
SkiIELD & PRESSURE VESSEL

Incoming 0
Ener g

(Mevj (cm -sec

1

3

5

7

9

6.87

5.93

3.43

9.39

2.00

x

x

x

x

x

111

1011

111

1010

1011

(cml)

.464

.275

.252

.236

.236

Attenuation

(-21.5/4)

3.76

2.63

4.34

6.10

6.10

x

x

x

x

x

1-510-

10-3
1-3

10-3

Leaving
Pressure Vessel

E's/cm2-sec

2.58

1.56

1.49

5.73

1.22

x 107

x 109

9

x 10

x 109
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letArmIning SA4onan ry GrmmA Production in the Thermal ShiAl & Presurr VeAnRRA

Since the absorption cross-section of iron is high at thermal

energies, we will consider the secondary gamma production in the iron

thermal shield and pressure vessel due only to thermal neutron absorp-

tion.

This thermal neutron group can be calculated on the basis of

thermal neutron leakage from the core.

0 leak = 6.78 x loll neutrons/cm2sec

We may determine the secondary gamma dose at the outside of the

pressure vessel by assuming that a 'f-ray is produced at the point a

neutron is absorbed.

The following method was used:

Figure 1

0 (x) = 0Leak e- a X

of
nupmber/absorption-..to

dx interval at x = a $(x) dx = a leak ea dx

(x,E) = (E) :a 0 (A) dx

= I(E) 2a 0 Leak e La x

145



A90

(,E)e= (E) ($ e - ax) (e-A(X' -x))dx
0

where 4(E) = photons produced at energy E/thermal neutron capture

0 (x) = neutron flux at x

\f(xE) = gamma flux of energy E at x

a=

leak =

.211

6.78 x 10l

(21.59)

1

3

5

7

9

= (1.42 x 10 (E) e-2 1 .5 9 A)

(,k( - .21)

3 (E)AA4

0

.1

.24

.22

.50

.464

.275

.252

.236

.236

Since we will assume on isotropic distribution of all secondary gammas

our final value of must be divided by 2.

Oudalculations give the following values for i

EY 2
E (MPv) (photonR/nm -n

0

7.85 x 108

2.60 x 109

2.75 x 909

6.25 x 109

1

3

5

7

9

821.59 (44 - .21) 1

L



NEUTRON ATTENUATION THROUGH PRESSURE VESSEL & 'IERMAL SHIELD

E-R2SA A 21.59I

0-2 .168 4.63 x 1010 2.65 x 10 1.23 x 109

2-4 .168 3.09 x 1010 2.65 x 10- 2  8.19 x 10+8

4-6 .168 8.90 x 109  2.65 x 10-2 2.36 x 10+8

6-8 .168 4.67 x 10 9  2.65 x 10-2 1.24 x 10+8

8-10 .168 6.90 x 10 2.65 x 10-2 1.83 x 107

>)to .168 1.84 x 108  2.65 x to.2  4.88 x 106

11 -2 9
Thermal 1.1 6.78 x 10 1.05 x 10 7.12 x 10

HAL

0
N
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GA" A FLUX LEAVING PRESSURE VE$SEL

E(MEV)

- I3 5 79

('r ) photons/cm2 sec) 0 7.85x108 2.6x109 2.75x109  6.25x109

(shield& vessel)

Core photons/cm2 sec 2.58x107  1.56x109  1.49x109  5.73x108  1.22x109

TOTAL (P ) 2.58x10 2.35x109 4.09 x3& 9  3.32x109  7.47x109

cm -sec

NEUTRON FLUX LEAVING PRESSURE VESSEL

The total fast neutron cross-section of iron (Y-T) varies from

.236 cm-1 to .197 cm-1 at energies between 1 to 10 Mev. Using these

values for attenuation of fast neutron would give a very optimistic answer.

On the other hand, using the absorption cross-section would give too

pessimistic an answer. The removal cross-section if iron at 8 Mev is

.168 cm-1. Because of the lack of available neutron cross-section data,

we will use this compromise value for "fast" neutron attenuation in the

thermal shield and pressure vessel.

Values of the neutron cross-sections of Barytes Concrete are

not available; however, the cross-section can be calculated on the basis

of its composition. The cross-section at a particular energy was es-

timated for each of the major constituents of Barytes and an arbitrary

value of 1.5 barns assigned to the minor constituents. See Table U.
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TEU'ON CROSS SECTION OF BARYTES

Ix 10 (cm)

0-2 2-4 4-6 6-8 8-10 >10 02 2-4 4-6 6-8 8-10 >10
MH Max Mnv Max MMA31 -Mlv May

Element

Fe

H

0

Ba

S

Other
Elements

Nx1O2 2

cm

.331

.903

3.28

.643

.655

.463

2.5

0

1.4

3.0

2.0

1.5

.99

2.71

4.26

3.54

1.31

.7

1.03

1.72

3.61

3.54

1.44

.7

1.16

1.26

3.28

3.34

1.44

o7

1.06

.99

3.28

3.22

1.38

.7

.99

.86

3.94

2.89

1.18

.7

.83

0

4.59

1.93

1.31

.7

.093.135 .120 .112 .106 .106

TABLE IX

HI

3.2

1.1

1.0

5.0

2.1

1.5

3.0

.95

1.2

4.5

1.8

1.5

3.0

3.0

1.3

5.5

2.0

.5

3.1

1.9

1.1

5.5

2.2

1.5

3.5

1.4

1.0

5.2

2.2

1.5

6(in barns)



NEU'RON ATTENUATION THROUGH CONCRETE

(5.5 feet)

4( )li

.135

.120

.112

.106

.106

.094

0

0-2

2-4

4-6

6-8

8-lc

>10

' x

22.63

20.12

18.78

17.77

17.77

15.74

1.49

1.83

7.07

1.Q2

1.92

1.42

-40

1.23

8.19

2.36

1.24

1,83

4.88

19 e~

018

1.5

1.7

2.38

.35

.69

x

x

x

x

x

x

1-1010

10-
9

-8
10

10

10'

x 109

x 108

x 108

8
x 10

x 107

x 106

Dose in
Mr rm/hr

.022

.180

.255

.438

.07

.138

1.10 mrem/hr

TI BLE X

Boom.



NEUTRON ATTENUATION THROUGH 6,0 FEET OF CONCRETE

(cm 1

.135

.120

.112

.106

.106

.093

Energy.

0-2

2-4

4-6

6-8

8-10

10

. Sy

24.69

21.95

20.48

19.39

19.39

17.01

1.87

2.95

1.32

3.99

3.99

3.30

1.23

8.19

2.36

1.24

1.83

4.88

x

x

x

x

x

x

10~

10-10

10-9

10-9

10-9

108

x

x

x

x

x

x

108

108

106

10

1067

H-

.. mmooldsommanmmmmwmd....

2.3 x 10-2

2.42 x 10-1

3.12 x 10 1

4.95 x 10~I

7.3 x 1- 2

1.61 x 10 1

Igo e In hr

.27¬x 10-2

.290 x 10'1

.468 x 10-1

.891 x 10C~

1.46 x10-2

.322 x 10-1

.214 mrem
hr



t, REU'ITRN ATT1E UATION THROUGH CONCRETE (60s fAot)

Energy 4.(cm 4 ) x : Ix 00f e~ xDose in

0-2 .135 26.75 2.38 x 10 1.23 x 10 9  2.93 x 10- 3  .352 x 10-3

2-4 .120 23.77 4.78 x 10-3 8.19 x 10 3.91 x 10- 2  .469 x 10-2

4-6 .112 22.19 2.39 x 10-10 2.36 x 10 5.64 x 10-2 .846 x 10-2

6-8 .106 21.00 7.97 x 10-10 1.24 x 108 9.88 x 1C-2 1.78 x 10-2

8-10 .106 21.00 7.97 x 10-10 1.83 x 10 1.46 x 10- 2  .292 x 10

>10 .093 18.43 7.97 x 10-9 4.88 x 106  3.89 x 10- 2  .778 x 10-2

mrA4_
.042 hr

TABLE XII

t0
a'.



DETERMINATION OF FR BARITES AT 5. 7. and 9 MEV

2

/u((in gin )
at

-~May ---7 4ev

" a
In Barytes

Q Maw EO/r,3

All Elements

***

.032

.C50

.027

.028

.031

.036

.028

.030

.028

.031

.030

.111

.030

.040

.023

.025

.029

C38

0024

.027

.025

.029

.C27

.107

.030

.(34

.020

.024

.029

.039

.022

.026

.024

.029

.026

.307

.015

1.090

.013

.159

1.470

.005

.061

.02

.003

.348

.213cm .127cm .111 .107 .105

.1C5

TABLE XIII

* See ORNL - 1414

** ORNL - 421 & APEX -176

*** ORNL - 1414 & Reactor Handbook - Physics

**** Exact data not available - data interpolated from other elements.

7 9

Fe

H

0

* Mg

* * Ca

Ba

Na

Si

Al

**** S

A1-1

H
ir0

g
, .- - - ..I I L



PRIMARY GAMMA DOSE USING 5 ._5 FEET OF AES
r

.213

.127

.111

.107

.105

-167.6,-

-16
3.28 x 10

5.73 x 10 10

8.35 x 10

1.63 x 10-8

-8
2.29 x 10

2.58

2.35

4.09

3.32

7.47

7
10

109

109

109

9
10

"'0

1.35

3.4 x

5.4 x

1.7 x

101

10 1

102

Total Dose

PO 0

.006

.211

.432

1.666

= 2.32

TABLEXIV

Enerv

1

3

5

7

9

x

x

x

x

x

Domp in r/hmr(e~ 1cc



PR[MARY GAMMA DOSE USING 6.0 FEET BARYTES

(182.88 '-

213 38.95

127 23.23

111 20.30

07 19.57

105 19.20

-182.88s

1.2

8.3

1.5

3.2

4.6

x 1018

-11
x 10

-9
x 10

-9
x 10

2.58

2.35

4.09

3.32

7.47

x 107

x 109

x 109

x 109

x 109

-182.88"
eL A _ DoRe in hr

3.1 x11G0

2.0 x 10 8.6 x 10

6.1 37.82 x 10

.

-3

1

3

5

7

9

84.8 x 10-3

3.37 x 10-3

.461 E
hr

1e.6

34.4

TABLE XV

H

T3,tnerJyEvn~r~ A



PRIMARY GAMMA DOSE USING 6, 5 FEET OF BARY TES

e-198.'/

-20
4.7 x 10

1.2 x 10 1

2.8 x 10~10

6.2 x 10

-10
9.3 x 10

.213

.127

.111

.107

.105

2.58

2.35

4.09

3.32

7.47

107 1 .2 x 10

109 2.8 x 10

109 1.1

109 2.1

10' 7.0

TABLE XVI

0

H
ON

Energy

1

3

5

7

9

42.19

25.16

21.99

21.20

20.80

x

x

x

x

x

-12

-2

wmdmmv12000 mr /hr

'L 0

/- 0

.007

*017

.069

.093 hr
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Senondary Gammn D atrihution in Barytes Concrete

It is assumed that every fast neutron entering the shield

produces a 4 Mev gamma at a distance C/A in the concrete. For Barytes,

'= 350 cm2 and A = 8.2 cm. Therefore, the secondary gamma source

intensity, originating at a distance of 42.68 cm in the concrete, is

2.43 x 109 - at 4 Mev.
cm -sec 4

For 5.5 feet of concrete, the uncollided secondary gamma dose

is 12.56hr for 6.0 feet 2.31 hr and for 6.5 feet .4 hr .

The assumption for thermal neutrons is the production of a

3 Mev gamma produced at the inside surface of the shield. The thermal

neutron flux is 7.12 x 10 , therefore, the secondary gamma
cm -sec

source at the inside surface of the concrete is 7.12 x 109 at 3 Mev.
cm -sec

For 5.5 feet of Barytes, the dose due to thermal (nV) reactions

is .014 ; for 6.0 feet .003 ; and for 6.5 feet the dose ishgglhr

negligible.
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FINAL DOSE RATE OUTSIDE SHIELD

Thickness of Concrete

I I- I F-RAT bfC FPat 6 - 5 FeA t
Neutron Dose ( rem

Primary Gamma Dose ( )

Secondary Gamma Dose (L )
(due to thermal

neutrons)

Secondary Gamma Dose ( )
(due to fast neutrons)

1.10

2.31

.014

12.56

.214

.461

.003

2.31

TOTAL 16.0 3.0 .56

Geometrical Factor for Slab to .52 50
Cylinder Conversion *0*49

.042

.093

0

.42

Total Dose for Cylindrical Shield 8.4 1.5 hr .27 LZ

H"
0

I-2

C C Q_ / - w
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STUDY XI

CONTROL RF)D DESIGN

In the present study, the control rod configuration is chosen to con-

sist of a central rod surrounded by six shim rods equally spaced 1L" on

centers at a radial distance of 14". A more sophisticated study would

include a parametric study to determine an optimized number, spacing and loc-

ation of the rods. A maximum rod worth would then be derived as a function

of these geometrical factors.

For this preliminary investigation each element is cylindrical, hollow

and four feet in length. The rod is considered to be essentially "black"

to thermal neutrons. The fast neutrons are assumed to be neither absorbed

or moderated in the hollow control rod.

The selection of a material suitable for the control rod elements must

be investigated further. A variety of materials with high thermal or

resonance absorption cross-sections present possible solutions when clad

with a suitable material. The effects of radiation damage and burnup

of the poisoning atoms during several cycles of core life must be con-

sidered, as well as the mechanical integrity of the control rod elements

in the high temperature of the core.

If the mechanical design were to permit the cntrol element to be filled

with a moderating material, the worth of the rod for a given size can be

increased. The rod would act as a sink for fast neutrons. The analysis

of such an arrangement will be made in a future study.
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The central rod will be the regulating rod and will control an excess

reactivity of 0.5%. The six shim rods will control a minimum of 12% excess

reactivity (A k); since this is the initial excess reactivity built into the

reactor to take care of fuel burnup, temperature increases, poisons, etc.

Each shim rod will be designed to account for excess k = + 4% so that they

may be positioned half way into the reactor core, for the cold,clean

conditions. In this position each rod will control + 2% p k.

It is desired that any pair of shim rods scram the reactor in a time

adequately short to avoid damage to the components in the event of an ac-

cident such as loss of normal coolant flow. This problem should involve

consideration of the finite time to drop the rods, the temperature rise in

the reactor as a function of the power and fission product gamma heating,

the emergency cooling measures, etc.

At cold, clean, critical operation the fully inserted shim safety rods

will add the smallest amount of negative p k. The mean neutron lifetime of

such a reactor is of the order 10-4 seconds. If the rods are suddenly

inserted the period of the reactor is:

T = 1*
Ak

*

1 is the mean neutron lifetime

Sk "4%

Under these conditions, the period T 10 / 4 x 10-2 - 2.5 x 10-3 sec.,

and the neutron level is reduced by a factor of 10 in less than 0.06 seconds.
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The following discussion and calculations will be concerned with the

determination of the radius of the control rod; so that when a shim rod is

fully inserted, a negative A k of 4% will be introduced. The radius of the

regulating rod which will control a a k of 0.5% will be calculated as well.

A large, finite, cylindrical, bare and homogeneous reactor is assumed.

To simplify the treatment it will be supposed that when the control rod is

pushed in, it expels an equivalent cylinder of reactor core, and that when

the rod is withdrawn it does not leave a hole along the axis of the reactor

core. The result of this assumption is to overestimate the effect of the

control rod, since pushing in the rod not only introduces a strong neutron

absorber, but removes some of the fuel material as well.

It might be mentioned at this point that in addition to increasing

parasitic capture of neutrons, a control rod has another effect in re-

ducing the effective multiplication factor. Because of the strong absorption

of neutrons in the rod, the thermal flux distribution in the reactor undergoes

a marked change, the flux goes vertically to zero at the rod, as well as at

the extrapolated boundary of the reactor. This leads to a relatively higher

thermal neutron flux near the boundary, and consequently the probability of

leakage of thermal neutrons is increased.
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Physically the absorption of thermal neutrons by the rod means that

relatively more fissions take place in the outer regions of the reactor,

thus leading to an increase in the flux and the leakage, and a decrease in

the multiplication.

Using a two group neutron method, the excess multiplication 4 k,

controlled by a concentric rod is given by:

O K = 0.116 (1+t) + T In _T_+ in __

R LR 2LR

where R is the radius of the bare homogeneous reactor, including the

reflector a 106.7 cm.
For a graphite moderator of density - 1.9 /cm3

L2 42.6 cm2, where L is the diffusion length

[ = 382.9 cm2, where is the Fermi age.

M - h25.5 cm2 , where M is the migration area - L2 + "

Ro -R + d, where Rl is the effective radius,

d - extrapolation length - 0.71 A. - 1.57 cm.

The following table gives the R1 associated with a given p k.

R1

0.031

2.075

2.514

5.08

7.62

1.590

3.635

1.100

6.6140

9.180

A k

.005

.02

.0233

.0548

.0910

Therefore, for the central regulating rod, a radius of Ro - 1.59 cm.

will control a A k of .005.

162



A107

For this reactor the six shim rods will be symmetrically arranged at a

radial distance of 1W" from the axis. A symmetrical arrangement prevents

excessive distortion of the thermal neutron flux, and minimizes thermal

stresses. It is assumed that in this position there will be no loss in ef-

fectiveness due to mutual shadowing. The effectiveness of each rod depends

upon the value of the neutron flux at the point of insertion of the rod. It

can be shown (the Importance Theorem) that the effectiveness varies approx-

imately as the square of the neutron flux as a function of geometry. Thus,

as single rod is most effective where the flux is a maximum-usually at the

center of the core.
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The thermal neutron flux at the axis of the reactor is:

- 1.67 x 1013 neutrons/ cm2 /sec.

The thermal neutron flux at a distance of 14" from the axis is:

2- 1.53 x 1013 neutrons/cm 2 /sec.

Z

0.839

From the table, a control rod of radius 1.10, which controls an

excess reactivity of 0.023 at the axis; controls only (0.839) (.023)

- 0.02, 14" from the axis.

Figure is a plot of the excess multiplication A k vs Ro;

from this curve, for an Ro - 6.3 cm. ; L\ k is 0.048

A t 14" from the axis the k controlled by a rod of radius - 6.3 -

(0.839) (.048) - .0[4, which is the desired value.

In the above calculation the fast neutrons were neither absorbed or

moderated in the hollow control rod. Therefore the slope of the fast neutron

flux is zero at the rod surface. The condition for the thermal flux is

(outside rod) - d, the extrapolation distance.
in si erd ) '
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APPENDIX B

HEAT TRANSFER, FLUID FLOW, AND GAS-TURBINE CYCLE ANALYSIS

Appendix B covers a number of computations relating

the size, number, configuration, and detailed design of the fuel

element with the heat generated in a 41+-Wu gas-cooled reactor,

with the flow of the ooolant gas, and with the heat transfer

from the element to the gas. This report also covers some

relationships between the overall turbine cycle and the fuel

element design.

A method was first developed to compute the size and

diameter of the tube employed in the fuel element (figure 5).

This led to a selection of a preliminary fuel element configura-

tion.

Many heat transfer parameters were calculated for this

proposed core design. The ideal rate of heat-flux generation

along the length of the fuel element with its corresponding

temperature distribution was calculated and compared with the

temperature distribution for uniform heat-flux generations

Another important heat transfer calculation shows the variation

of the heat transfer coefficient (h) over a wide range of

temperature for the proposed reactor core design (figure 6).

The variation of the mean temperature difference with

reactor power output (figure 7) was investigated in order to

show when the reactor would be operating at maximum temperature.

Calculations were made to show the effect on reactor

outlet gas temperature of increasing or decreasing the coolant

gas flow rate without changing the reactor power output.(Figure 8)
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A graph (figure 9) was plotted to enable quick calcula-

tions of heat transfer performance for given core dimensions

(i.e. size and number of coolant tubes). This graph was used

to calculated the reduction in the mean temperature difference

which could be achieved by increasing the number of coolant

tubes in reactor core while holding the frictional pressure

drop constant (figure 10).

A complete section was devoted to closed-cycle gas

turbine performance characteristics. The gas turbine cycle

parameters were calculated as a function of compression ratio

and turbine inlet temperature demonstate the maximum efficiency

range for a cycle using nitrogen (figures 12,13, & 14). Cycle

efficiency was calculated as a function of compressor inlet

temperatures (figure 15) to show the effect of the temperature

of the cooling medium on the cycle0 Cycle efficiency was also

calculated as a function of pressure loss in the reactor and

reactor outlet temperature (figure 16).

After recognizing the difficulties caused by unequal

power generation around the various tubes in any individual

fuel element, the idea of using an orifice plate to apportion

the gas flow correctly was explored.

An alternate fuel element design was suggested and

preliminary calculations (figure 17) were presented to support

the feasibility of the element. Using neutron flux data developed

in the core-physics phase of the study, a very important calcula-

tion was made to determine the effect of control rod position on
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the longitudinal temperature distribution in the proposed core

(figures 18,19 & 20).

A method was developed to combine reactor core design

data and closed-cycle gas turbine performance data so as to

select the reactor core which would give maximum efficiency

for the gas turbine-reactor combination (figure 23).
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AF - gas flow area (ft 2 )

As - heat transfer surface area (ft 2 )

B - number of tubes per fuel element

Cp - specific heat (Btu/lb F)

D - internal tube diameter (ft)

De equivalent diameter (ft)

E number of fuel elements

f - friction factor

g - acceleration of gravity (32.2 ft/sec2)

G - mass flow rate (lb/hr ft 2 )

h - heat transfer film coefficient (Btu/hr ft 2 OF)
H - heat transfer flux (Btu/hr ft 2 )

2
k - actual thermal conductivity (Btu/hr ft F/ft)

k - thermal conductivity evaluated as recommended in

1. A. C. A. Report 1020 (Btu/hr ft2  F/ft)

L - fuel element length (ft)

N - number of coolant channels

P - static gas pressure (psi)

A Pf- gas pressure loss due to friction (psi)

Re - Reynolds Number

t - gas temperature ( F) or ( R)

th - tube wall temperature ( F)

ti - reactor inlet gas temperature ( F)

to - reactor outlet gas temperature ( F)

4 tm - mear. temperature difference ( F)
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SYMOLS (Continued)

- heat transferred (BTU/hr)

- average gas velocity (ft/hr) or(ft/sec)

- weight flow (lb/hr) or cb/sec)

average gas density (lb/ft3)

- average gas viscosity (lb/hr ft)

SubsIl~ cripts-V

b - refers to average bulk gas temperature.

f - refers to average fluid film temperature L1/2 (th+tb)J
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HEAT TRANSFER, FLUID FLOW AND GAS TURBINE CYCLE CONSIDERATIONS

AFFECTING FUEL ELEMENT DESIGN

Introduction: The fuel element design consists essentially of a

heat generating nuclear fuel which is mechanically bonded around

gas carrying coolant tubes. The basic requirements of the fuel

elements are:

(1) To provide space for the proper amount of nuclear fuel

(2) To provide sufficient heat transfer area without

developing excessive element temperatures.

(3) To provide enough flow area to limit pressure losses

in the element.

There will be a maximum safe fuel-element operating tem-

perature which will exercise control over the variables in the

system. For different fuel-element tube configurations it can

be said that the pressure loss increases with the heat transfer

coefficient and hence with the outlet gas temperature. Both

effects tends to cancel each other out since the former increases

overall efficiency while the latter decreases efficiency. By

balancing heat transfer and fluid friction it is possible to

find the fuel element design which will allow the gas turbine

cycle to be operated at maximum efficiency.

174



B7

BAsis of Analvsis

Experimental data in the fields of heat transfer and

fluid flow were examined to find the most suitable methods of

analysis of high temperature nitrogen flow through the fuel

elements. This investigation revealed that the most pertinent

information was to be found in Report 1020 of the National Advisory

Committee for Aeronautics, "Measurements of Average Heat-Transfer

and Friction Coefficients for Subsonic Flow of Air in Smooth Tubes

at High Surface and Fluid Temperatures" by Humble, Lowdermilk and

Desmon. It was felt that this report approximates more closely

the anticipated conditions than any other now available.

At first some difficulty was encountered in finding

accurate values for the thermal properties of nitrogen. The

values found in the U.S. Department of Commerce, National Bureau

of Standards, Circular 564, "Tables of Thermal Properties of Gases"

were finally used for the various heat transfer calculations. (See

figures 1, 2 & 3)

Since no complete enthalpy vs. temperature tables were

available for nitrogen, air tables were used to calculate gas

turbine cycle efficiencies. When absolute values of nitrogen

enthalpy were needed a conversion factor (nitrogen enthalpy/

air enthalpy - fig. 4) was applied. The air tables used were,

"Gas Turbine Gas Charts", Research Memorandum No. 6-44, Research

and Standards Branch, Bureau of Ships.
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Fuel Elemgent Selection

The bulk of the heat transfer and fluid friction work

was done on the following basis:

(1) Inlet gas temperature 760 F.

(2) Outlet gas temperature 1300 F.

(3) Nitrogen flow rate 294 lb/sec or 288 lb/sec.

Figure 5 shows the possible reactor tube configurations

for mean temperature differences of 3000 and +00&F. It can be

seen from the graph that decreasing the mean temperature dif-

ference will greatly increase the number of tubes needed for

the same friction pressure loss. For example, if it is required

to limit the frictional pressure drop across the fuel elements to

10 psi with a mean temperature difference of 300 F the required

number is 9450 tubes of 0.202" I.D. But if a mean temperature

difference of 4000F were allowed only 5000 tubes of 0.256" I.D.

would be needed.

The heat transfer analysis was made as follows:

* 0.8 Cf f0.4 -O.l
h = 4.034 (k ) V(Df)0.) ( CfM.f)4. ( L )".4

f kf D

Q = hAs A tm, Q=1.5 x 108 Btu/hr

A tm = 3000F or 4000

_Q_= hA = constant
tm

As = 7TDDLN = 4AF )

W b AF Vb
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Substituting and combining terms:

hAs = 0.136 kf (t ) 0. 8 (C o::I).4 (L) i 0.2

SbMufk f D.

AF and D being the only variables in the above equation

the following can be written:
0.1818

D = (constant) (AF)

The fluid-friction analysis was made as follows:
2 2

V b fL W
fr D 2g W 2gebAF

(1) f =functions of Re; Re = ('b Vb D

"'b

Substituting the known constants:

A pfr = (constant) (D )

The above analysis gives only the friction loss. There

will be small additional losses due to entrance and exit effects

and to acceleration of the gas.

(1) The values of the friction factor (f) were taken from:

"Fluid Mechanics" by R.C. Binder, Prentice-Hall 1952, p. 95.
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From the graph (Fig. 5) it became possible to make a

preliminary fuel element selection. The hexagon was proposed

as the primary shape for the arrangement of fuel elements in

the core and also for coolant tubes in the individual fuel

element. To maintain symmetry, the fuel elements must be placed

in the reactor in multiples of 6. For nuclear and materials

handling reasons the allowable number of fuel elements was put at

30 or 36. To maintain hexagonal symmetry inside an individual

fuel element the coolant tubes must be arranged in increasing

multiples of 6 according to:

B = 6 (1 + 2 + 3 + ... + a) + 1

where: a = The number of tube rows from the center

of the element to the outer edge starting

with the central tube as row 0.

A preliminary estimate of the maximum number of tubes per fuel

element was 169. By consulting the graph, the following fuel

element configurations were then deemed feasible:

(1) 4 572 tubes for 36 fuel elements with 127 tubes

per element.

(2) 5070 tubes for 30 fuel elements with 169 tubes

per element.

(3) 6084 tubes for 36 fuel elements with 169 tubes

per element.
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After choosing the three possible reactor core configura-

tions it became possible to calculate the allowable fuel loading

for each type of element. This was done for the conditions

limiting the maximum and minimum hexagon sizes of the particular

element. It was felt that the element should be no bigger than

4.6" across the flats of the hexagon. An allowance of 0.050" was

made for external stainless-steel cladding to retain the gaseous

fission products. Thus 4.5" was available for actual fuel volume.

It was estimated that the walls of the stainless steel coolant

tubes could be placed no closer than 0.050" from each other.

This establishes the minimum possible fuel element volume.

Then, depending on the density of the fuel to be used, a range

of fuel loadings was established for each element type and the

problem could be turned over to the nuclear physics-section for

criticality calculations. The last physics report indicated

that configuration (2) was best from a nuclear point of view.
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Supnlemontarv Fuel Element Calculation

I Idaal Heat Generationu Alon the Lenth of a. Fuel Element

Maximum utilization of the heat transfer surface area will be

achieved when the inside surfaces of the stainless steel tubes

are maintained at a constant temperature regardless of radial or

longitudinal position in the core. The tube temperature can be

found as follows:

If: A tm = 1+000

4tA m t i -t

t - to

F, ti = 760 F, to

1300 - 760
400 = t -760

th -1300

th 14899F

The temperature (t ) at any point

the fuel element is found as follows:

Q = h A t

t -t
tm/x = th t-t

t - t
h x

x along the length of

= W cp (tX - ti)

tx

t
x

= ti

t
0

at x = 0

at x = L

Substituting and combining terms:

(It -t
In h i

th - t c,
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th - te
th - tx W cp/

t = t - th-t

x h -- A

But the heat flux at any point x can be represented as follows:

H = h (th-tx) = h e7 pi

where:

Ax = )[ DNX

II Tmp aatur Di7trihltion Along the Length of a Fuel Element

Assumin Uniform Heat Generation

H = Q = h4tm

The heat flux term (H) is a constant as stated under con-

ditions of the problem. The film coefficient can be assumed a

constant over the length of the fuel element as will be shown later

This means that the temperature difference th - t will be constant

over the length of the element and the gas temperature will rise

with a constant slope vs. element length from (ti) to(to). The

tube-wall temperature will also rise with the same constant slope

from (ti + Q tm) to (to + Q tm).

III Variation of Film Coefficient with Temperature

So far, the value of the film coefficient (h) has been

assumed constant. Figure (6) shows the values of h vs. gas

temperature from calculated from:
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h=0.034 ) (Vb f D)O.8 cyf 0.4

k

-0.1

b b Af

T T

Q r Tf T t + 200

Substituting and combining terms:

(.8) 0 8 ((8L0*8C) 0.4

h .. o71Tf(kf k

(D )(Ar )(L

Using the core configuration previously agreed upon.

D = 0.0214 f

AF = 1.823 ft

W = 294 lb/sec = 1.059 x 106 lb/hr

L = 4+ft.
tm = 400 F

Then:

_ 3 T 0.8 C o.4

h = 1.773 x 10 (T +)7 8)(k*f) .A
The above equation was calculated for various gas tempera-

ture. The results show that from 760 F to 1300 F, the film coeffi-

cient increases about 8% above the value at 760*F. This increase

can be compensated for by evaluating the film coefficient at an

average gas temperature since the plot of film coefficient vs. bulk

gas temperature is very nearly a straight line for the reactor

temperature range.
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IV Variation of the Mean Temperature Difference with Reactor

Power Output

It is desirable to know the variation of th (tube wall

temperature) with reactor power output. Theoretically the power

output of a closed-cycle gas turbine is directly proportional to

the heat input. The reactor heat input can be represented as:

Q = W cp (to - ti) = W (ho - hi)

Since the plant is to be operated at constant reactor inlet and

outlet temperatures:

ho - h = constant

Then the reactor heat output is directly proportional to the

weight flow. A required weight flow will thus correspond to each

reactor heat output. (Assumed: If Q = ++ Megawatts
W = 288 lb/sec)

Q = h As 5 at

AS = 1312 ft 2

h = K (W 0.8)

Stm =)(= (constant)(W).2

Figure 7 shows that the mean temperature difference and

hence the maximum tube wall temperature decreases with reactor out-

put. At half/rated output the reactor will operate on a mean

temperature difference of approximately 350 F, 50 less than at

full load.
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V Effect of Gas Flow on Reactor Outlet Temperature

If nitrogen is added to or lost from the system without

a corresponding change in reactor power level, the outlet gas

temperature will change.

Q = W cp (to - ti)

Cp will be assumed constant since the mean gas temperature

remains about the same. Then the change in the term (to - ti) will

be inversely proportional to the change in weight flow. The effect

of flow rate change on outlet gas temperature for full and half/

rated power is shown in Figure 8. It was assumed that W = 288 lb/sec

at full power. Figure 8 illustrates the importance of both the

reactor and gas turbine control systems if steady state conditions

are to be maintained. No effort has been made here to estimate

the time required to reach the new outlet temperature following a

change in gas flow. This should be a subject for further study.

VI Correction of Heat Transfer and Fluid Friction Data for Flow

Through. a Single Tube.

The following analysis was made to provide a quick method

for calculating heat transfer and fluid friction data for different

reactor configurations. The results are per tube and are

easily converted to the number of tubes needed for a complete core

design. The following will be used to correlate weight flow vs

tube diameter for a constant-friction pressure loss:

2
p = (An tn)ns2g

An equation for (f) has been fitted from standard pipe friction graphs.
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f = 0.181+ Re-~ 0 . 2 = 0.181+

w =9VA; V 9= where: W = weight flow/tube

AT = tube flow area

(= 0A \(. 2
f = 0.184

O p = 0.84L

AT = 0.785 D2

(JA) 0 . 2 (W)l
8

1.8
= 0.647 D3 . 6

L = 4 ft; AC = 2.4 x 10-5 lb/sec ft

e = 0.894 lb/ft 3

D P = 2.36 x 10-3(Wr*

W = (constant) ( CAp)o (D)21 6 6 7

The results of this equation were plotted on Figure 9 for

A p = 5, o10and15 psi.

For heat transfer purposes the significant variable is

(h As). It can be plotted against W and D in the following manner:

h = 0.0341k
9 VbD0

V = -- -

b AT B

k*

w
0"785 D (fib

0.1

LL)-

h = 0.034

A
s

o.Af1. 27f w8eitD ]
='r DL (Surface area of a single tube)
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=09*f0.8( 0.
Okh As = 0.034 ) L 9 k( 2'fD 07

If a value for T is assumed then all the physical properties can

be evaluated and the equation becomes:

h As = (constant)(D0 . )
Solving for W:

W = (constant) (h A 1 .25 DO.875

This equation was solved and plotted for h As = 50, 60, 70, 80,

and 90. Now the equation (Q = h Asp tm N) may be solved using

Figure 9 for an allowable pressure loss. For example if it is

desired to use N tubes in the core with a certain allowable

friction pressure loss, the flow per tube can be calculated and

found on the graph. From the intersection of d p and W it is

possible to find h As and D. Using h As and N it is possible to

calculate the required heat transfer quantities.

VII Reguired Mean Tem erature Difference

If the friction pressure drop across the core is held

constant, the mean temperature difference necessary to transfer

the required ++ megawatts of heat will decrease as the number of

coolant tubes of appropriate diameters is increased. Q tm was

plotted against N using Figure 9 as follows: Moving along a

constant friction pressure drop line corresponding values of h A
s

and W/N can be found. Since the required weight flow (W) is

known, the magnitude of N is calculated. Since Q is known o tm
can be found from:
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Atm = (hA N

Figure 10 illustrates the difficulty in trying to reduce

tm without increasing N and ,6 pf beyond resonable limits.

VIII total Static Press re Loss Across the Reactor Core

The total static pressure change is composed of four

different parts:

(1) Sudden contraction entrance loss

(2) Friction tube loss

(3) Acceleration tube loss

(4) Sudden enlargement exit increase

The total static pressure loss for the entire core shall

be evaluated for:

W = 291+ lb/sec

N = 5070 tubes

D = 0.257 inches

p = 525 psia

To = 760F = 1220R

T3 = 1300F = 1760R

AO = A3  = 4.5 ft2
a

I 2

0 3
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The entrance pressure is given by:

p0 p1

Al = (0.785)(2

1 lRT

w
A

3t
w
A 00

A1

0o

- vo2 + K v12

(5070) = 1.826 ft2

= ( 3{ 0) = 1.125 lb/ft3

143 ft/sec

( 2 . = 58.i ft/sec

= 0.406; k = 0.35

For values of "K" see: McAdams, Heat Transmission, 3rd Ed. p. 159.

(1 + 0.35) (1.43 x 102)2 - (5.81 x 10)2po- Pi

0.4

k
0.3

0.1

0.2. 0.4- o.6 1.0

A, /A 0

B20

-- --------

2g

1.12

188



B21

po - p1  = 424 lb/ft2  = 3.0 psi

The friction loss is calculated from:

p - 2 f

1 2

9 V 2

2g

c.9* xToi

b
= 0.917 lb/ft3

2

Vb = ?b*i 1 = (1 .261.756 x 102

Re = V _ ,(.9Ax12.26142x1n2) (-A 3)
e ... 2 (. 70 x 10-2)

Re = 1.43 x 105;

p 1
(1.71 x 4 x .

1 p2 ~ (2.1+ x 10'-

pl - p2

f = 0.0171

2) (.21-7)( .756 x 10 2 2

) (6. x 10)

= 1.407 x 103 lb/ft2 = 9.8 psi

The acceleration loss is found as follows:

P1 - P2 = 2

V22
g

v =w.A

w 2
- ( )

1l

1 g

RT
P

[ gp2 gp1

Multiplying by p2:

2
p2 p2 pl+ (L)2 ) .1 + [(.)2 (2J) =

b ()

- p2

0
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2
b = p1 )

1 Al

- b p2

(ml)

(iT 2 )
g

+ C= 0

+b l2
2

522 psi = 7.519 x 104 lb/ft2

b = 7.591 x 10l

c = 7.806 x 107

+7.591 x 0 _ (7.591 x 104)2 - (4)(7.806 x 107)
2

72.6 psi or p2 = 519.9 psi

p - P2 = 522.0 - 519.9 = 2.1 psi
1

The exit pressure change due to sudden enlargement is:

p2 P P3

2 2

P2- p =
23

V2 T2A

v32 2
2 + (v 2 v3)2

1(+#1O = 0.757 lb/ft3

g
(V - V2)

3 2

0.57)TFB2Y
29=+

09757(495'V3

p2 3 . ( . 6 [86.3 - 212.7]

.iZ:

B22

w 2
C = (C )

Then:
2

P2

2

P21i =

e 3

212.7 ft/sec

86.3 ft/sec

190
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P2 P3 = 256 lb/ft 2  = -1.8 psi

p0 -p 3  = 3.0 + 9.8 + 2.1 - 1.8 = 13.1lpsi

The calculated value of the pressure loss across the core

is 13.1 psi.
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Cloce - Cycle Gas__Tujrbine Ca1.ac 1a ions

I. Basic Asu"1tions

In order to present the data in

certain assumptions concerning component

made. They were as follows:

some consistent fashion

performance had to be

192
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%

%

(1) Low Pressure Compressor - Efficiency =8

(2) Intercooler - Pressure Loss = 1.'

(3) High Pressure Compressor - Efficiency = 85

(4) Recuperator Effectiveness= 90
High Pressure Loss 1.

Low Pressure Loss = 1.

(5) Reactor - Pressure Loss = 3%

(6) Turbine - Efficiency = 899

(7) Precooler Pressure Loss = 2.
The calculated results using the above give thermal

efficiencies. Leakage losses, mechanical losses, auxiliary losses

and other system inefficiencies have been neglected. Thus the

thermal efficiency should be about 5, higher than the overall plant

efficiency.

II. Effect of Compression Ratio on the Cycle

The isentropic compression ratio was varied from 5.0 to

2.5 for reactor outlet temperatures of 13OO*, 1200 and 1100 F.

The compressor inlet temperatures was assumed to be 80 F and high

pressure compressor outlet was assumed to be at 525 psia. The

nitrogen weight flow and the reactor heat output were calculated

for a gross power output of 16 MW. 1 t4W was allocated for

auxiliary power supply leaving a net useful output of 15H i.

n OAel
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Three curves were plotted using the given information:

Figure (L2) Thermal Efficiency vs. Compression Ratio, Figure (13)

Nitrogen Flow vs. Compression Ratio and Figure (14) Reactor Heat

Input vs. Compression Ratio. They indicate that for a unit opera-

ting at a turbine inlet temperature of 1300F the optimum compres-

sion ratio is about 4. It gives the lowest weight flow for the

maximum possible efficiency. The compression ratio chosen for the

remaining calculations was 3.941.

III. EffIct of Comressor Inlet Temnerature pn Cycle 'ieal

Effi aiency

At a compression ratio of 3.941 the compressor inlet tem-

perature was varied from 40* to 140F. The results show that a

decrease of 10F on the compressor inlet temperature will result

in an efficiency increase of about 1%. Figure (15) shows that the

lowest temperature in the cycle is much more important than the

highest. For example, if a machine were operating at a turbine

inlet temperature of 1300 F and a compressor inlet temperature of

80 F, a 100 F loss in turbine inlet temperature could be compen-

sated for by a 30F drop in compressor inlet temperature. This

emphasizes the effect of the cycle cooling fluid temperature on

the thermal efficiency of the cycle.

IV. Efect of.Reactor Pressurh Loss o Cycle Thermal Efficiay

So far, the reactor pressure loss has been assumed to be

3% for all gas turbine cycle calculations. No such restriction

was placed on the pressure loss during the reactor core design

phase of the study. Figure (16) makes it possible to approximate
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the effect of changes in reactor core design on the overall gas

turbine cycle.

Temperature Eaualization Problem

The radial power generation per unit area in any fuel

element varies from a minimum at the center to a maximum at the

outer edges. If the coolant tubes are all of the same diameter,

the nitrogen flow through all of them will be the same. If they

are equally spaced from each other in the fuel element hexagon,

the temperature rise of the gas flowing in the outer tubes will

then be greater than the temperature rise of the gas flowing in

the central tubes. This is due simply to the fact that there is

more heat to be transferred to the gas flowing in the outer tubes.

The following mechanical solution is offered to equalize the tube

wall temperatures along a horizontal section through a fuel element.

The power generation was assumed to vary with the perpen-

dicular distance from the center toward the side of the hexagonal

fuel element. A triangle which is 1/6 of the original hexagon was

used as the area element for the purposes of this analysis. If

the power generation is assumed to be a parabolic function of the

distance x, then the power generation as a function x is:

P(x) = P(x) avg (r-12x2 + (2-r)

dA Btuh --

sodx h

where: P = power generation (Btu/hr)
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A = total area (in2 )

P = P/A
avg

r ratio of maximum neutron flux to average neutron

flux = 1.1+82 (assumed)

x = distance from the center of the hexagon to an outer

side = 2.123 in (assumed)

Then the total power, P, as a function of x is:

P = P(x)av ['j X1  2.2r1)x~2 SXI' (2-r)1 dA
0v 2 + Jo j

dA (2 tan 30 x dx)

P = P(x) a0.0617 x = .299 x4
avg11

8
Total reactor power generation = 1.5 x 10 Btu/hr

Power generation per fuel element = X10 = 5x10 Btu/hr

6
Power generation per triangular section =jX 10 = 8.33 x 10 Btu/hr

Substituting: x1  = 2.123 and combining terms P(x)avg _ 319 x 10

Then P as function of the distance x is:

P = (3.19 x 105) (0.0617 x + .299 x2 )

The triangular section is next broken up into a series of strips

of equal thickness each containing one more tube than the preceding

strip. The one central tube (Row 0) is divided equally among the 6

elementary triangles. The power generation in each strip and in each

tube is then calc elated, making it possible to calculate the necessary

weight flow.
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totio 1s

4000

0 ow Z

to- ti = W
p

tm = t - t

Adding : th - ti = +
max p s

It can be shown that for the assumed core configuration:

h =(2.7 x 103)W0-8

th - tj = + 7T O A
max P27 0W A

This equation can be solved for W using Newton's Law of

Tangents. Then using standard methods the pressure drop that would

be caused by flow through each tube should be calculated. The

maximum pressure loss (which would occur in the tube with the max-

imum weight flow) is then the required pressure drop across the

reactor core. For all the other tubes which have a pressure drop

less than the required value, an orifice plate will be added to

supply the additional pressure drop. Thus for all the tubes the

orifice pressure loss plus the tube pressure loss will equal the

required pressure loss across the reactor core.

The size of each orifice can be calculated assuming incom-
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pressible flow:

W = CA2 2g a p
2 avg

where: C = orifice flow coefficient.

p = required additional pressure loss.
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Alternate Fuel Element Desin

The alternate fuel element design reverses the positions

of the fuel and the coolant channels. The fuel is carried inside

the tubes while the nitrogen circulates outside the tubes. The

tubes will be packed into a hexagonal shaped fuel element. The

following analysis is based on 1/6 of the hexagon which is an

equilateral triangle with R tube rows.

c/

0/
'OO/

Fuel Area:

Total Area:

2

AAu = 0.785DN

Lt At = 0.4233 2

where: R = (a

Flow Area: A Af = AAt

Heat Transfer equivalent

e W ettederimeter

h = 0.034 10.8

Evaluating this equation at T

+ 1/2)(D + b)

-LA 
u

diameter:

af. ngA (ft )

'A.. 0 . 102

D A

The fluid friction pressure loss can also e evaluated in terms of

Af and another D ' oPf =b

e
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where: D I _ D44e TDN+ R

Jlgoj The equivalent diameter for fluid friction is slightly

smaller than for heat transfer since it takes into account the

outer walls which contribute to friction but not to heat transfer.

1-1

AP = 9 -f1* 9
A4F D1e

The basic factors controlling the heat transfer and gas

flow are the tube quantity and size and the spacing between the

tubes. Three different configurations were analyzed for pressure

drop and mean temperature difference vs fuel element size using a

constant number of tubes and tube diameter. Figure (17) gives the

results and shows that from the point of view of heat transfer the

alternate fuel element design is definitely a feasible approach to

the problem. For example, using case I if a 10 psi frictional

pressure loss were allowed then the mean temperature difference

need only be 306 F to transfer the required heat.

Effect oIf.Control Rod Position n Lon itudinal Te erature Distr.

buttin theReactor Core

Recent nuclear calculations have made known the variation

of thermal neutron flux with longitudinal position in the reactor core

with no control rods in the core and with the rods inserted halfway

into the core. Assuming the thermal neutron flux is directly pro-
2

positional to the heat flux (Btu/ft hr) generated in the fuel

elements, it was possible to estimate the gas and tube-wall tempera-

tures as functions of core length. The neutron flux data were first
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converted into equivalent heat flux data. The core length was

broken up into 20 sections - each 0.2 ft. long. The core is

assumed to have 5070 tubes of 0.257" internal diameter, the

weight flow is 294 lb/sec and the total gas temperature rise is

540F from 7600 to 1300F. The total heat generated in each of

the 20 sections was calculated by multiplying 1/20 of the heat -

transfer surface area by the average heat flux in the section.

If the specific heat is assumed constant than it is possible to

calculate the gas temperature rise in each section from

At WC
p

The addition of successive values of At make it possible to plot

gas temperature vs. core length. The tube wall temperature needed

to transfer the required amount of heat in each section can be

gotten from:

t = t + _Q _
w g haA5

where As is 1/20 of the total heat transfer surface area, h is

the heat transfer coefficient, (assumed to be a constant), Q is

again the heat generated in each of the core sections and tg is the

average gas temperature in the section.

These calculations were carried out for three differenct

cases:

A. - With no control rods in the reactor core.

B. With the control rods inserted halfway in the gas outlet end

of the reactor core.

C. - With the control rods inserted halfway in the gas inlet end
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of the reactor core.

Figure 18 shows the temperature distribution without

control rods. The tube wall temperature reaches a maximum of

about 161+0 F at the gas outlet end of the core. Tube wall tem-

perature of 1500*F or higher will be present in one half of the core.

Figure 19 and Figure 20 compare the effect of inserting

the control rods in the gas inlet or "cold" end of the reactor

core vs. inserting the rods in the gas outlet or "hot" end of

the core. Inserting the rods in the "hot" end of the core will

give a maximum tube wall temperature of about 1640 F near the middle

of the core. The ends of the core will be comparatively cool -

under 13500F. But if the rods are inserted in the "cold" end of

the core the maximum tube wall temperature rises to about 1830 F

at the gas outlet.

This analysis indicates that in a gas-cooled reactor it

is necessary for the "cold" gas to enter the core in the region of

the highest neutron flux and leave the core in the region of the

lowest neutron flux. This very basic requirement indicates that

the control rods which act to depress neutron flux should always

be inserted at the gas outlet or "hot" end of the reactor core.

In the example just cited using the correct control rod insertion

drops the maximum tube temperature almost 200 F.
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Correlation of Gan Turbine and Core Design Calculation to

Determine. Ontirnum Onerating Polints fgr Both theReator__and Gas_

Turbine CY "e

This analysis will attempt to show a method for the

correlation of the reactor core design to a particular gas turbine

cycle in order to get the maximum efficiency from the resulting

combination. It will be shown that the most effecient system is

not necessarily the one where the reactor outlet temperature is

the highest.

Figure 16 shows the variation of cycle thermal efficiency

vs. percent pressure loss in the reactor for different turbine

inlet temperatures. The cycle efficiency can be found directly from

the reactor outlet temperature and the pressure drop in the reactor

for a particular gas turbine machinery set.

The heat transfer in the reactor can be represented by:

Q = h A8 A t
m

There is a maximum temperature (tmax) to which any of the tube wall

surfaces can be subjected. The mean temperature difference (4 tm)

can be represented by the difference of tmax and to provided the

heat flux at the heat transfer surfaces is constant. If the heat

flux is not constant, it may be necessary to introduce a correction

term so that:

Litm tm - t, + CLm = max to C

For this example C will be assumed to be zero. Then substituting

for tm and solving for to:

to tnmax - h As
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It has been shown previously (see p ) that h A can be found from:

h A = 0.034 k (1t273 W Th )0.8 (C PfiGl.)0.1+ (N) 0 .2(L) 0 9 (D) 0 *7

s motf gTf k

Substituting for h A. and reazrangin$S
T .8 0.7

(1 )(U) (D)

t = -
0.8 cj 004 2 0.2 09

0.034 k (1.27z) ( ) (N) (L)

In this equation it is possible to assume that the thermal properties

of the gas are constant since the temperature over which they may

have to be evaluated is small. N and L can be made constant for any

particular set of calculations. The internal tube diameter (D) is

considered the basic variable. This leaves the term (4O8(~) b
unaccounted for. In the course of the calculations leading to the

plotting of figure 16 values for Q and W were also plotted (See

Figures 21 and 22). Table 1 shows the values of (O ) (2 )
W Tb

for various values of a p and To. It is surprising to find that this

term which is made up of four variables is a constant within 1.7%.

Whether this will hold true for all closed-cycle gas turbine cycles,

or not has not been determined at this time. If this term were not

constant considerable difficulty would be met in attempting to

pursue this method. It was then possible to determine the reactor

outlet temperature (t0) as a function of only the tube diameter.

It is next necessary to relate the tube diameter to the pressure

loss to define the cycle efficiency.

This was done by reducing the fluid friction equation,
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=V 2

= 
'Pf = D 2g to

0.2 W1.8 T

p =fr (constant)

Then taking each D under consideration separately values of Tb

and b can be obtained using the value of To found from the heat

transfer equation. This reduces the friction for the particular

value of D toA pfr = (constant) W '8.

This equation can be solved graphically using Figure 22. Values of

Q pfr and W were plotted on Figure 22 and the solution is found

where they intersect the correct T. value.

For the sample case it was shown that the optimum efficiency

does not lie at any sharply defined point. The maximum efficiency

was encountered between 3" and 50 pressure loss in the reactor.

(Only the friction pressure loss was included in the sample cal-

culation but the other losses can be included in future more

accurate determinations) Optimum tube sizes were figured to be

somewhere between 0.235" and 0 .210" .
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TABLE I

Q (Btu/sec) W (lb/sec) Tb(*R) T (OR) (T)8 b)018

39,305

42,276

4 6,333

40,097

43,226

47,529

40,9514

44, 280

48,895

41,897

45,447

50,374

42.9551

46,754

52,085

281.1

3214. 2

382.7

289.8

334.9

396.7

299.3

346.8

412.3

309.5

360.0

429.8

321.0

374.7

Average :

Max. deviation

1

1

1

3

3

3

5

5

5

7

7

7

CA

9

9

T ,,: The original values of Q and W as shown above were multiplied

by 3600 to convert the time unit to hours before calculating the

value of the term (4).
W
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FIGURE B1
SPECIFIC HEAT OF NITROGEN FOR

Ictm AND 4-Ottm
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FIGURE B3
THERMAL CONDUCTIVIT! OF NITROGEN
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FIGURE B4
RATIO OF THE ENTHALP/ OF N 2 TO THE ENTHALPY OF AIR vs. TEMPERATURE
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FIGURE B6
VARIATION OF FILM COEFFICIENT

W TH AVERAGE BULK AS TEMPERATURE

FOR A PROPOSED REACTOR COMFI URATIOIJ
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FIGURE B7
MEAN TEMPERATURE DIFFERENCE FOR VARIOUS

REACTOR POWER OUTPUTS
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FIGURE B8
EFFECT OF VARYING GAS FLOW ON STEADY STATE OUTLET TEMPERATURE

FOR CONSTANT POWER OUTPUT AT STEADY STATE CONDITIONS
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FIGURE B9
CORREL.ATION OF HEAT TRANSFER AND
FLUID FirTICN DATA FOR NITROGEN FLOW
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FIGURE BIO
NUMBER OF REACTOR TUBES vs. MEAN TEMPERATURE

DIFFERENCE FOR VARIOUS TUBE FRICTION LOSSES
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FIGURE B12
THERMAL EFFICIENCY vs. COMPRESSION RATIO

AT VARIOUS TURBINE INLET TEMPERATURES
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FIGURE B13
NITROGEN FLOW v5, COMPRESSION RATIO
AT VARIOUS TURBINE INLE TEMPERATURES

FOR I6 KW GPOSS CYCLE POWER
OUTPUT
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FIGURE B14
REACTOR HEAT INPUT vs. COMP RE SSON RATIO

AT VARIOUS TURBINE INLET TEMPERATURES
FOR 16 MW GROSS CY'LE POWER OUTPUT
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FIGURE 815
CYCLE THERMAL EFFICIENCY vs.

COMPRESSOR INLET TEMPERATURE AT
VARIOUS TURBINE INLET TEMPERATURES I_3o9_4_1
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FIGURE B16
REACTOR PRESSURE LOSS vs. CYCLE THERMAL EFFICIENCY

FOR VARIOUS TURBIME INLET TEMPERATURES
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FIGURE B17
HEAT TRANSFER AND PRESSURE LOSS DATA FOR VARIOUS

MODIFIED FUEL ELEMENT DESIGNS
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FIGURE B18

GAS AND TUBE WALL TEMPERATURES vs. REACTOR CORE LEtJGTH
WITHOUT CONTROL RODS
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FIGURE B19
GAS AND TUBE WALL TEMPERATURES vs. REACTOR CORE LENT H

WITH CONTROL RODS INSERTED HALF WAY IKTO THE CORE
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FIGURE B20
GAS AND TUBE WALL TEMPERATURES vs. REACTOR CORE LENGTH

WITH CONTROL RODS INSERTED HALFWAY INTO THE CORE
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FIGURE B21
REACTOR PRESSURE LOSS vs. REACTOR HEAT

OUTPUT FOR VARIOUS TURBINE INLET TEMPERATURES
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FIGURE B22
REACTOR PRESSURE LOSS vs. NITROGEN FLOW
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FIGURE B23
CORRELATION OF REACTOR AND GAS TURBINE DESIGN DATA

TO OPTIMIZE A 5070 TUBE REACTOR OPERATING AT
A MAXIMUM TUBE WALL TEMPERATURE OF 1500 F
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APPENDIX C - CONTROL AND INSTRUMENTATION Cl

Plant Centre1 Syatam

In the design of the control system, two elements of safety have been

primarily considered. They are:

1. Fail safe operation.

2. Safety during normal operation.

The core temperature must not be allowed to exceed a safe maximum.

Direct measurement of core temperature presents many difficulties. There-

fore, outlet temperatures are used for control purposes. This outlet

temperature is related to the heat cycle characteristics, but its exact

relationship to fuel element temperature is not known. A rise (above a

safe level) in outlet temperature, however, is an indication of increased

core temperatures, and hence must be avoided.

An on-off control system will be used for controlling the outlet tem-

perature. A system of this type necessitates a dead zone, in order to

attain a non-oscillating system. A system like this would not be able to

take corrective measures until the outlet temperature reached the end of

the dead zone,and then these measures would be further delayed due to

system lag. Some advance notice of temperature rise is therefore necessary.

There are two basic methods of obtaining this information. The de-

rivative of the temperature with respect to time can be used, or changes

in system variables (neutron flux, system pressure) which affect the out-

let temperature can be measured. The first method, that of rate feedback

involves practical difficulties, while the second has the disadvantage of

complexity due to the many variables which must be accomodated.
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A safe core temperature will be determined, which in turn will deter-

mine the level at which outlet temperatures will be maintained (tentatively

1300 F). There will, however, be transient periods, when the output tem-

perature will tend to vary. Temperature transients which overshoot the de-

sign level must be prevented. This is accomplished by making the corrective

measures follow a sequence which will first cause the outlet temperature

to fall, and then increase it to the designed level.

Power demand will constitute the primary control information for the

plant control system. During steady state operation (no change in power

demand) the control will be based on the outlet temperature - control rod

loop. During transient periods, the plant control computer will override

the outlet temperature loop. The computer commands will be such that they

tend to undershoot the outlet temperature. For example, if the power de-

mand increases, the coolant flow rate will first be increased, and then the

reactor power level will be brought up to the required operating point.

This requires that the computer be capable of measuring the rate of change

of power demand, and be able to decide when the magnitude of this rate ex-

ceeds that magnitude defining a transient. In addition, it must be able

to override the control system when necessary, for example, where the rate

of change of outlet temperature exceeds preset safe magnitudes.

Since the plant control computer must accept many inputs, and contain

decision making elements, the use of a digital computer is indicated. With

a computer of this type, arrangements would have to be made to convert

primary analog information to digital form.
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Central Sy ten Aaly is

(1) Control of regulating rod.

Exact analysis of the control rod regulating system necessitates

a complete system design, which is beyond the scope of this study. There

is, however, sufficient indication of the system to perform an approximate

analysis. To indicate the relative system stability, and also to indicate

areas in which the stability could be improved. The approximate analysis

will also provide a basis for later, more detailed designs.

No detailed conclusions concerning the characteristics of the

actual system can be drawn from this analysis because of the approximations

used. All indications derived from it, however, are favorable.

(2) Shim-safety rod control.

The shim-safety control system is substantially open-cycle, and

its dynamics are more straight-forward than those of the regulating rod.

The major problem in the shim-safety rod dynamics is that of acceleration

and deceleration in the safety mode. This is mainly a problem of mechanical

and structural design.
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Plant Prot ctivy SystArn

Component failure in the plant can result in damage to the reactor or

other equipment, or hazardous conditions for plant personnel. It is the

function of the plant protective system to detect the existance of a

dangerous condition and to take action to eliminate it or alleviate its

effects.

The most dangerous accidents in a nuclear power plant, are nuclear

incidents and loss of coolant accidents. The effects of a nuclear in-

cident, an increase of neutron flux beyond safe limits, can be compensated

for by a scram or setback, which will decrease the flux more or less rapidly

A loss of coolant accident, in which much of the coolant is lost, will cause

a rapid rise in core temperature, even after scram, due to the radioactivity

of fission products in the reactor. A coolant accident, therefore, requires

a scram, plus the use of an emergency source of cooling for the reactor.

Emergency shutdown cooling is discussed in a separate section of this report.

Other failures which must be guarded against are cooling system leaks,

which can expose plant personnel to the beta active coolant, and fuel element

rupture, which will permit gamma active isotopes to enter the coolant system.

Since temperatures above the design level could damage the reactor, the

reactor outlet temperature must be monitored as part of the reactor protective

system.

In case of a dangerous condition, three actions are possible. They are:

1. Rapid scram of the reactor and actuation of emergency cooling

in case of a coolant accident.

2. Slow shutdown of the reactor by driving all rods to their

lower limit; and
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3. setback by driving in all rods until the danger is elim-

inated.

The actuation of safety measures will be in the reverse order of their

presentation. This procedure is intended to maintain continuity of opera-

tion, and to minimize nuisance scram. All parameters will be routed

through a decision making computer, which will compare the actual levels

to predetermined safety levels. One exception to this coolant gamma

activity, which is always assumed to be due to a ruptured fuel element,

and which will actuate a scram.. Both scram and slow shutdown are lock-

out actions that cannot be overriden (except that scram can override shut-

down). The setback, however, will cease as soon as the action causing it

has returned to its safe limits.
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Instrumentation includes all signal level channels in the reactor

system. The primary instrumentation consists of all measuring devices

and transducing elements, both for nuclear and non- nuclear measurements.

The primary nuclear measurements consist of neutron flux and radio-

activity level measurements for control and safety. The primary non-

nuclear instrumentation includes all instruments for measuring coolant

pressure, temperature and flow, turbine compressor operation, and elec-

trical output and generator operation.

The purpose of the information recorded by primary instrumentation

is threefold. It must;

1. Control the plant automatically.

2. Indicate to the operator the condition of the plant.

3. Permit evaluation of the plant at a later date.

In order to perform functions 2 and 3, therefore, the plant instrumentation

must include indicating and recording instruments.

As this is only a preliminary study, no definite instruments have

been chosen as yet. For the first reactor of a type, however, it is ad-

visable to have a complete log of operations, so that calculations and

correlation of plant characteristics can be made. This implies that all

measured variables are to be recorded.
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GLOSSARY

rmbol Definition

A describing function for non-linear control elements

Cp specific heat of Nitrogen, Btu/# *F

CR reactor specific heat, Btu/F

d/dt derivative with respect to time, sec-1

E error signal

f system frequency, cps

G transfer function of linear control elements

H transfer function of feedback elements

h relay hysteresis

hR film coefficient times area for reactor, Btu/sec-

K general gain constant

K1  amplifier gain (dimensionless)

K2  rod travel Z motor displacement, in/rad

K 3  rod constant,6 K/in

Keff effective multiplication factor of reactor

MI Motor transfer function, Rad/sec/volt

Pd system power demand, Kw.

Pr pressure in reactor vessel, psi

R transfer function of reactor, 0 F/& K

S complex variable O- + jw, sec

T reactor inlet temperature, 'F

To reactor outlet temperature, OF

Tref reference temperature in regulating system, OF
tc temperature coefficient of reactivity, J K/F

235



C-8

GLOSSARY

Symbol Definition

V voltage, volts.

W weight flow rate of coolant, lb/sec

X GRH

incremental variable; generator
power angle, degrees

SK excess reactivity (Keff )

max. value of forcing function

S d width of relay dead zone

output

decay constant of group of delayed neutrons, sec-

average decay constant of delayed neutrons, sec'1

summing point

reactor period, sec

neutron flux, n/cm 2 /sec

w motor speed, rad/sec
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I Description of System

1. Plant Control System

Two elements of safety of the operation of the gas cooled

reactor plant have been primarily considered in the conceptual

design of the control system. These elements are: 1) safety

in case of a failure in the plant and 2) safety during normal

operation. The first is in the province of the reactor and

plant protective or safety system which will detect a failure

and take proper action, overriding all other controls if

necessary; the second is a property of the control system for

the plant.

The core temperature, particularly the temperature of the

fuel element jackets, must not be permitted to exceed a safe

maximum. The smaller the transient temperature overshoot,

the higher can be the steady state temperature without exceeding

this maximum. It is desirable to maintain the steady state

temperature as high as possible in order to maintain cycle

efficiency as high as possible. Direct measurement of fuel

element temperature presents several practical difficulties

both in the technique of measurement and in the relationship

between this temperature and heat cycle parameters. Coolant

outlet temperature will be used as the basic system control

variable because it can be directly related to heat cycle

characteristics; its relationship to fuel element temperatures

is uncertain. A rise in outlet temperature, however, is an indication
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of increasing core temperatures and an excessive rise in outlet

temperature must be avoided.

An on-off control system will be used for regulating outlet

temperature, and this implies the existance of a dead zone

in which there is no control action in order to attain a non-

oscillating control. The wider this zone, the more stable the

system but the greater is the uncertainty of outlet temperature.

A dead zone no greater than 100F from the set level (tentatively

13000F) is desirable. A control system obtaining its informa-

tion from the outlet temperature level only would be unable

to act to decrease reactor power level until this temperature

reaches 1310 F and a further rise during the correction is to

be expected because of system time lags and heat storage. An

indication of temperature rise in advance of the fact is neces-

sary. Two basic approaches are applicable: the derivative of

outlet temperature with respect to time (its time rate of change)

can be used; or changes in variables (system pressure, inlet

temperature, neutron flux) which will affect outlet temperature

can be measured and appropriate correction made before the out-

let temperature rises above the dead zone. The former is a

lead; the latter an anticipation.

The maximum rate at which system pressure will be changed

is 5-10% of maximum rated pressure per minute. This corresponds

to a rate of change of weight flow rate of coolant of .25 to

.5#/sec 2 . Approximate calculations indicate that this cor-
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responds to an initial outlet temperature rate of change of

.28 to 2.3 F/sec depending on the initial pressure. If an

arbitrary transducer constant of lV/ F is set, the dead zone

of 10OF becomes 10v of error. To obtain an appreciable

effect from the time derivative of the temperature the deriva-

tive signal should be of the same order of magnitude for the

expected rate of change. A gain constant of 5 to 40 volts/F/sec

is therefore necessary. The ratio of the gain in the deriva-

tive channel to that in the temperature channel (time constant)

is 5 to 40 sec, which is quite large. A strong derivative

effect of this magnitude will also tend to over emphasize noise

and random variations. Thus, while some improvement in

transient response (reduction of overshoot) might be expected

from a rate feedback, there are practical difficulties which

must be overcome. The practicability of this approach has

not been demonstrated.

The second approach, that of anticipation, must also be

evaluated. Coolant outlet temperature would still be the

control reference so that correction would be obtained outside

of the range 1300 10 F. Effects that increase this value,

an increase in inlet temperature, a decrease in system pressure,

or an increase in neutron flux or the derivatives of these

quantities, can be made to actuate the control before the out-

let temperature rises above the dead zone. An even greater

degree of anticipation can be obtained by monitoring plant load

variation. This approach has the advantage of flexibility:
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any number of variables can be accommodated and their magnitudes

weighted in accordance with a pre-arranged program. It has

the disadvantage of greater complexity.

Recommendations:

A safe continuous core maximum temperature will be deter-

mined, and this in turn determines the level at which coolant

outlet temperature will be maintained (tentatively 13000 F), at

all times, but there will be transient periods during which

variations must be expected. Because temperature transients

which increase the coolant outlet temperature above the design

level (overshoots) can cause damage, they must be prevented.

This can be accomplished by making control actions follow a

sequence in which the first step will cause the outlet tempera-

ture to fall (undershoot); subsequent control actions will

return this temperature to its designed level.

Control actions will be initiated by changes in the power

demand on the plant. These changes are beyond the cognizance

of any component of the plant. Power demand will therefore

constitute the primary control information for the plant control

system. An increase in reactor power level will increase the

coolant outlet temperature, while a decrease will decrease it;

an increase in coolant flow rate will decrease coolant outlet

temperature, while a decrease will increase it; an increase

in power demand will decrease coolant outlet temperature, and

a decrease will increase it. From these basic considerations,

tne conceptical design of the plant control system can be developed.
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During steady state operation of the plant (no variations

in power demand) the control will be based on the outlet

temperature - control rod loop. During power demand transient

periods which are defined by the rate at which power demand

changes,the plant control computer will override the outlet

temperature loop. The control command from the plant control

computer to the two control elements of the cycle, the reactor

control rod, and the coolant mass flow rate control,

will be arranged to give a transient undershoot of reactor

outlet temperature. That is, if the power demand increases,

the coolant flow rate will be increased first and the reactor

power level will be raised second; if power demand decreases,

the reactor power level will be reduced first and the coolant

flow rate will be reduced second. This schedule requires that

the plant control computer be capable of measuring the rate of

change of power demand, both magnitude and sign, and be able

to decide when the magnitude of this rate exceeds the magnitude

defining a "transient." In addition to this action, the plant

control computer must be able to override the control system

in cases where override is deemed desirable; i.e., in cases

where period, rate of change of cycle pressure or rate of

change of outlet temperature exceed preset safe magnitudes.

These actions are all separate and distinct from the plant

protective system.

Since the plant contrcl computer must accept many inputs

and contain decision making elements, the use of a digital
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.... STEADY STATE...........

15 Mw 35)4Amw

Outlet Temp. To

dTo/dt

Inlet Temp. Ti

dTi/dt

Neutron Flux f

d0/dt

Reactor
Pressure

Weight Flow
Rate of Coolant W

c/dt

13000F
0

760"F

0

.53xO1

0

170

0

100

0

13000F

0

7600F

0

1.3x10 3

0

410

0

240

0

1300F

0

7600F

0

1.6x10O

0

5l0

0

300

0

REACTOR PcWER
.... TRANSIENT.....

Increase Decrease

Inc. Dec.

GAS FLLW
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+

Inc.

+

0

0
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+

LOAD
TRANSIENT
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0 0 0 0
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- 0 0
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NOTE: The figures in the table are approximate
Zero temperature coefficient assumed.

Behavior of Several System Parameters Under Transient Conditions
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machine for this purpose may be desirable. With such a computer,

analog primary information would have to be converted to digital

form; the computation of rates and storage of operating limits

would be facilitated.

2. Plant Protective System

Component failure in the plant can result in damage to

the reactor or other equipment or hazardous conditions for

plant personnel. It is the function of the plant protective

system to detect the existance of a dangerous condition and

to take action to eliminate it or alleviate its effects.

In addition to the usual hazards of a power plant such as

run away machinery, or explosive failure of piping or pressure

vessels, there are accidents or consequences of accidents of

special significance to a nuclear reactor. In particular,

there are nuclear incidents and loss of coolant accidents.

The dangerous effects of a nuclear incident, an increase of

neutron flux beyond safe limits can be minimized by a setback

or scram that will decrease the flux less or more rapidly. A

coolant accident, in which all or most of the coolant is lost,

will result in a rapid rise in core temperature even after

the reactor is scrammed because of the radioactivity of fission

products within the reactor. A coolant accident requires a

scram plus the use of an emergency auxilliary source of cooling

to minimize its effects.
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There are other failures and malfunctions which

can have serious consequences and must therefore be guarded

against. The coolant, nitrogen, becomes beta-active in passing

through the neutron flux of the reactor. There is no danger

from this to plant personnel as long as the coolant system

maintains its integrity. A small leak of the beta-active

coolant can, however, endanger personnel. If a fuel element

ruptures, the coolant will become gamma-active because of

fission products escaping into it. The gamma radiation can

penetrate the walls of the cooling system and also endanger

personnel. Corrective action must be taken in case of either

coolant leakage or fuel element failure that causes the coolant

to become gamma-active.

It was previously pointed out that the design level of

reactor outlet temperature would be based on the temperature

characteristics of the reactor core materials, and that

temperatures in excess of the design level could prove damaging.

Therefore, reactor outlet temperature will also be monitored

as part of the reactor protective system.

Three actions are possible in case of a dangerous condition.

They are 1) rapid shut down of the reactor by scram (and

actuation of emergency cooling in case of a coolant accident);

2) slow shut down of the reactor by driving all rods into the

lower limit; and 3) setback by driving in all rods until the
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dangerous condition is eliminated (in case of an incipient

nuclear incident). Continuity of plant operation implies

minimizing of shut-downs, and longevity of equipment implies

minimizing of scrams. Safety levels will therefore, be

established to provide actuation of safety actions in the

reverse order of their presentation above. That is: if

safety limits are slightly exceeded, a set-back will follow;

if they are moderately exceeded; a slow shut down will follow;

if they exceed the maximum limits, scram will follow. This

procedure is intended to maintain continuity of operation and to

minimize nuisance scram. In all cases where instrumentation for

the protective system parallels that of the control system

duplicate instrumentation will be utilized.

The system outlined above will require the use of a

dicision making central protective system computer to compare

actual levels of the various parameters to the preset safety

levels. All parameters will be monitored through this pro-

tective system computer except for coolant gamma activity which

will be assumed to be the result of an irreparable failure of

a fuel element and which will actuate a scram. Both types

of shut down described above are lock-out actions. That is,

as soon as they are initiated they will procede to conclusion

without any possibility of being overridden (except that a

scram will be permitted to override a slow shut down). The

set-back, however, will cease as soon as the action causing

it has returned to its safety limits e.g. high flux or fast

period.
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II Control System Analysis

1. Control of Regulating Rod

A complete system design is necessary in order to perform

an exact analysis. In this case there is no detailed design.

However, there is sufficient indication of the system design

to perform an approximate analysis. The object of the analysis

is to indicate the relative system stability and, further, to

indicate areas in which stability can be improved if such

improvement should prove necessary. The approximate analysis

will also provide a foundation for later, more detailed de-

signs. The method to be used in the following system analysis

is the frequency response approach; non-linearities will be

treated by using describing-function analysis.

The control system under discussion is to be used with

a reactor that powers a small central power station. As

such, the output level of the reactor will be determined by

the load on the generator. The reactor control system is

therefore a regulator rather than a servomechanism; i.e:

it responds to changes in output demand rather than input

commands when only the temperature loop is in operation.

The system will be composed of linear and non-linear

elements. The contribution of the reactor itself and the

control rods will be treated as linear although an assumption

is implicit here. The effect of the control rods depend on

their position, and this effect describes an S - curve as

the rods are moved from full-in to full-out. Since the

control system is primarily associated with short term
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variations, and the rods will not be moved great distances

during these short intervals, the linearizing approximation

is valid to the degree of approximation inherent in the rest

of the analysis. The transducer (thermocouple) and feedback

function are also linear as is any gain introduced into the

system. The rod control motor will be assumed linear. This

motor will, however, be controlled by a relay or set of relays

and it is here that no linearizing assumption can be made and

use will be made of the amplitude sensitive describing function.

The proposed actuator design makes use of standard motors for

the rod drive. The characteristics of there motors are well

known and a transfer function can easily be written. The

characteristics of the feedback function will be left at the

discretion of the designer for optimum performance and the

choice of this function will be made with this fact in mind.

An exact reactor transfer function can be used which contains

six factors in the numerator and seven in the denominator but

it is unwieldy and will be used in simplified form. The

effect of temperature coefficient of reactivity will be in-

cluded. Its important contribution is to limit the "neutron

flux gain"of the reactor at zero frequency to a finite

quantity and the phase shift to 0 rather than 90*;i.e: it

reduces the integrating effect of the reactor. The exact

effect of temperature coefficient is difficult to predict

because, while its magnitude can be approximated, its time

constant cannot be approximated with any degree of reliability

(actual measurements are required).

250



C-20

The effects of external limiting loops as discussed

in the description of the Plant Control section will not be included

in this analysis. It is expected that this limiting will,

however, provide additional stability for the control system.

The reactor control system is based on the outlet

temperature which is regulated to its desired value. The

block diagram is as follows:

Linear ControI P o,-linear Reactor

- .- EleEmemntt

GA R

HT
Teed bacK Elements

& Transducer

H

The control system blocks will be treated in the order

of signal flow in the loop; i.e.: G, A, R, H. Laplace

transform notation will be used for the linear elements -

G(s), R(s), H(s). A = f(a) where a = signal amplitude and

describing function techniques is used. A = f(a) is

abbreviated A(a).

G(s): The proposed actuator design permits the use of

a standard servo motor. The Diehl FPF 66-11-1 50 watt,

115/115 volt, 60 cps, 2 pole; 2 phase motor has been chosen

as a typical servo motor for this application. In the on-off

servo, the motor will operate between zero speed (off) and at
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3200 RPM at 18 pz-in (on) when energized with rated voltage.

The motor transfer function is M(s) = w s) where w(s) is the
V(s)

speed in rad/sec and V(s) is the input voltage M(s) = 2L9 __
.06s+1

rad/sec. M(s) contains the frequency varying factor of G(s).
volts

In addition, the following constant factors complete G(s):

K1 = amplifier gain (non dimensional)

K2 = ratio of rod travel to motor shaft position (inches )
radians

K3 = rod constant in reactivity/inch of rod travel

Therefore

G(s) = K1 K2 K3 M(s) = Kg M(s) where K1 K2 K3 = Kg

K1 = 22 x 106 (overall gain)

K2 = 7.5 x 10-4 in/rad (rod speed = .25 in/sec)

K = 10-4 Sk/in (.5% rod over 50 inches)

(K3 x rod speed = 2.5 x 10-5 Sk/sec = max reactivity rate)

G(s) = 5 Sk sec
.06s+l volt

R(s): The reactor transfer function relates Sk as an input

to To as an output. That is,

R(s) = T(s)

bk(s )
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define RA(s) = Q#(s) where 6Sis change in neutron
Sk(s) flux 6k is excess reactivity

(8k = keff -1)

R , (s) = L
1*

(S + a)
S(S + a)

using average values

i.e. A is the average of the

six A and a is the average

root of the denominator

= 0.075, a = 50 (both rad/sec)

o = 6 x 1013 n/cm2/s at rated power in moderator

1* = 10' sec

(s)= 6 x 1017

a 0o = 6 x 1013 corresponds to a power level of 44 x 106

watts or 42 x 103 Btu/sec

Rn(s) = 42 x 103 R (s) = 7
6 x 1013

where Rp(s) 6 , P(s)

x 1010 RA(s)

= reactor power level in

Btu/sec

R (s) = 42 x l0(+ & ...075)
S(S + 50)

The temperature coefficient feedback factor is estimated as

100(S + .01)

= 2.5 x 107 = F(s)

S + .01
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The combined transfer function Rptc(s) = RP(s)

1 + Rp(s) F(s)

Rptc(s) = 42 x 107 (S+.075)

S(s + 50)

1 + 42 x 107(s + .075)]F2.5 x iaf

S(S+ 5o) S + .01

= 42 107 (S+01) =
(S + 48) (S + 2.2)

= R(s) =
s To(s)

6k(s)

42. x lob (S__+ .j

(S + 48) (S + 2.2)

the overall reactor

transfer function from

Sk to outlet temp To.

R(s) =F42 lob (S + .01) 1

R(s + 48) (S + 2 . 2 ) 7 x 102 (S + .00 9 )

= 6-z05j (S + .01)

(S + 48) (S + 2.2) (S + .009)

A(a): The describing function of the relay A(a) is

expressed as follows:

A(a) = 4+ 9o

&mrax

where o4 = arc co

sin +

S Oid
2 1max

(1+ h )

= arc cos 9id

Ti max

- 1)
Oid

9 id = width of dead zone in input units
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Rptc(s) 6To(s)

SP(s)



h = hyteresis in input units

i= 8i max sin wt = forcing function

output

a- = o

8 max

d = chain for 1:1 transfer rates of relay

h

Oid
= 0.1

K 1/A(a)
1-1/Al

.72

.643

.4

.44

.54

.63

.83

1.03

162.5

171

175

176

177.5

178

178.5

178.7

H(s): The transfer function of the thermocouple is

2.5 x 10- F/volt where the constant 2.5 x 10-5 F/volt
1 + 25

reflects an output of 250 microvolts per 10 F temperature

change. The time constant is estimated as 2 seconds.
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A lead of 1 + S will be cascaded with this function

Therefore H(s) = 2.5 x t0-5 1 + S
1 + 2S

= 1.25 x 10- 5 s + i
S + 0.5

Linear Complex Loop Gain

Let X(s) = G(s) R(s) H(s)

or for sinusoidal variations X(jw) = X(s)

Then X(jw) = 625 (S + .01) (S + 1) e-ajw

(S + .009) (S + 0.5) (S + 2.2) (S + 16.7) (S + 48)

The factor e-ljw accounts for accumulated relay and other dead

times in the system. A value of .03 will be used for . .

X(jw)

w lxi

2 .74 -66

5 .4 -103

10 .2 -144

20 .07 -191

50 .001 -293

and the values have been normalized (as in the case of A(a)).

A plot of X(jw) and -A- 1 (a) appear on the following page.

The system described by these curves is stable but the only

conclusion that can be drawn from this f act is that there is

a good indication that the actual system can be designed for

suitable stability. No detailed conclusions about the
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characteristics of the actual system can be drawn from this

analysis since many approximations and estimated values of

constants and functions have been used. All indications,

however, are favorable.

Shim-Safety Rod Control

The dynamics of the control of the shim-safety rods are

somewhat more straight forward than those of the regulating

rod. The shim-safety control system is substantially open-

cycle. The shimming operation is low-speed, manually con-

trolled, and infrequent. The safety operation is high speed,

automatically actuated in one direction only, and infrequent.

The major problem in shim-safety rod dynamics is that of

acceleration and deceleration in the safety mode. The drives

for the shim-safety rods will be very similar to that for the

regulating rod primarily to minimize stock of spare parts.

The high performance servo system of the regulating rod drive

is not required for shim-safety operation. There will,

however, be minor differences (in gear ratios) between the

actuators for the two types of control.

Since there is no closed cycle operation of the shim-

safety system expected, there is no need for closed loop

stability analysis. The dynamics of the acceleration and

snubbing of the shim safety rods is a problem of mechanical

and structural design and is treated in the section on

Actuator design.
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3 - TDrECTS OF CHANGES IN COOLANT FLCW RATE ON

OUTLET TEMPERATURE

This section and the two following were taken Pron an interim
report and are included for reference

Two simplified equations are used:

dt

cpW

where -R

W lt)

PR

CR

C g

(2i
2 )

are functions of time;

are not functions of time but which may not
be constant for all power levels and these
symbols have the following definitions:

reactor outlet temperature

= reactor average core temperature
(urilforri distribution assumed)

weight flow rate of coolant

= reactor inlet temperature

= reactor power level

= where AT/m is the mean temperature

difference between coolant and fuel element surface

= reactor specific heat

= specific heat of N2 at constant pressure
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The following values are used:

= 7600 F (assumed constant; i.e.: flow rate changes will
be assumed to occur after a steady state level
has been attained)

C R = 7 x I t3/#oF

C.,2 = .. t~

(constant)

(constant)

Ico ( JjO 7 e L3K,/t 0

Now differentiate equation (2) with respect to time and

between (1) and d of (2) with the following result
dt

eliminated
dt

dt Pd t

let ~ t-&>and
dt dt

+ p

because i is constant

-- R

(4) ( t
dt

using a Maclaurin's series solution:

(5) T -~~ + t )
d~t

and'T 77

2

2 -
1S77o)
dt -

Sv, (6) ~7(#V = Y4#J S~l~o)

d h

which is the same as:

(7) (7t)= -T(o) + *-tdT70(o)

dt

2

L 2 2
2 citZ

c 2 y
at ZIT4-
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All disturbances will be taken from an existing steady state so that

1(o)= 300P* F T -()oj= $>?1 ohF

solve (:4) for

(8) 1S=

d t

dt

L - +
1n I

2

at o D , the steady state power level \/C S/

(9) H) 7L2:6
dt

~ ~ ~

r d 5T(o? )
-#p dW (o\i' (o)- d t

Iv

Now differentiate (8) with respect to time

(10) d T
cii + C C + j -

dt Q 9t

Only linear changes in W will be considered so --9 O
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Simplifying and substituting initial conditions gives:

't ))(d) d

AC W/(o)
2.

A second degree polynomial approximation of 7p(t) following

a change in W can be now written by combining equations (6), (9),

and (11) and the fact that S TY-) = $O'f with the change in fit).

Only linear changes in W ( with respect to time are being considered.

The change in W(t) must not be permitted to become large since this

will have an effect on R . The presence of h R=(4I) makes the

equations non-linear. h R may be considered constant, and the equations

linear, only for small changes in W . The approximate expression for

i (t') is valid only for the initial part of the transient.

Substitution of values:

A rate of change of VJ0. g will be used.
dt

Extraction of gas will be negative and injection positive. This rate

corresponds to a power change of 5% per minute. h vawill be evaluated

for the steady state value of W just preceding the change.

i) C: 7x10,3 ,0.27

hk i oo , W= 29O dci/vL 0.26-
d t

(-.9)7)(.- )(:V)
di

'o f. 27 (2')

- .__ f r. 2 _. 27(-. 2 5- 28 )
AtS 70 7-- ----- a - - 0017

.14
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W:- 220 dt --' 2
dt

(-. 27)(-. 2 )(YSa)o -
0+ -#27(220)

- z,. 0'yo 70o

.. - ,5 * . 2 0.7 3

/)0c

7 ( 5+ $ 22o)3 ()
7oo

_w-.. 2
'/t

- -. 7)(. 2Y"(j'o) -

'G+,.27(ZZ0)

)__ 6.0 _

3-49 709

.4) V/ /b5

SJIo)

dt

mow= -, '
dt

2q 8 7 ~27(O'/i)

A,?- /coK) a

dt2

5) WZ/I

- 5 .7 X .53(

1f0 7 o
. 27G(-- 2 t+>'?'i/5'3(

700

. oo24

=.75 2(

* 6 - _ _ _

7. X.c'

S-.0/8l
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2)

dt
d < T o)
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= 00/9

3)
/

cit2

/ --- .3

70

x-, 27 f t2"+.v(Z

o. e

h R = ADD 
29v ) 

8

A 1 :-090

--. i '

's g

Ag - r7, s'

d t

Vo ) _

dt1
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b) W29 J. .2% R
____ 2q

2,.3
cIL' ~ 4,27x29

_____ 2,3 + /- 23 .. 27(-.2 +/2

dt 770
/O' S

d2

-2.3

2..

~o/7

-/ 2, 3 + ,-2 7^2.13 A. &/

700 + /<1?

100 290 -. 25

{-.2575 
220

1225
+.25

-. 25

10 29

+.25

1300 + .285t + .ooo85v 2

2300 + .365t + .00097t 2

1300 - .365t - .00072t 2

2300 + .536t + .0012t 2

1300 - .5361 - .00093t2

1300 + 2.3t + .0111t 2

1300 - 2.3t + .0085t 2

de(o)

+.285

+.365

-. 365

+.536

-. 536

+2.3

-2.3
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ci ~

-1 .14

-1.146
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-2.15
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dt

Initial Rate of
Change of Outlet
Temperature

dT0 (0)

dt

2

2

1

1

1

vs W (o)

for datfo) = .25 /sec2
dT

Ti content

__---__ - _

.4-

.2 -

.8 -

.6

.4 -

.. 2

.0

.8 -

.6 -

.

.2

1

0
0 50 100 150 200 250 300 350

eight Flow Rate at t = o #/sec 1w (o)]
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- EFFECT OF CHANGE IN REACTOR POWER LEVEL GN

OUTLET TE PERATURE

See Page C-27, equations (1) and (2).

are functions of time; wJ1 are constant parameters

as before.

2CpW dt

C&A dt or p-.S
K Akd

of t;: o
J

So

or T

/

=c

C9 (. 2$'W* *+,

St.

t

for i (0) =

N' (0)

220

266 29

X3coz kt 2 (csint /i free ferm5 o fe / 5 o

it ~/

1.12 /i0'

1.21 i0-4
.43> I/04

c c

3) d2
dt

ci7~
ci t

or +

suhi llvte infoI )

co /w
cISEf..?2) wiM 'espec f 've

) 7-C W(77)= c {.2rg'- g) 7;

R p w (To- T )

,Sec- min SeG .

PL



K
P

p 10

EP= To
I 1. 4

1.3

1.2

1.1

1.0

VS W (o)

i i', '- '-*----'44 -

0 50 100 150

Weight Flow Rate

I 1 1
200 250 300

at t = 0 I/eec

350

[w( o)]
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A dPr of 5%/min. of rated power (42 x 103 Btu or Lh megawatts)
IE~ sac

has bee chosen as the maximum rate at which the power machinery can

respond. A 5%/zmin. change of power level in the reactor corresponds

to a period of 20 to 21 minutes.

Reactor period T '~' where .0075 for smafl reactivity

jSk l -08

fa 2Qmei = /200 se.

80k171o'x .:,o- 3 9 ,a-k = 7 eO x t ^10 3
7 .J 3

If the regulating rod is allowed to control .5% reactivity, i.e.,

S k of regulating rod = .005, a period of 20 minutes is equivalent

to a ohaige in rod position of 7.8 x 10-5 = 1.55% of full travel
.=No

(assuming k linear over the range of motion considered). Operation

of reactor at power will entail regulating rod excursions not

exceeding 1.5% of full travel to maintain the 5% power change per

min. limitation .
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S - FFETS OF CHANGES OF INLET TEPERATURE ON OUTLET

TEMPERATURE

(Refer to Page C-27, for equations (1) and (2))

From equation (2)s

From equation (1)s

cpd St

dt

cW
J (7-7')

dSt

R ~ p

where r eI are functions of time and 1,1?, w are parameters

at t '7~ CQ
dt

let
cw

;wN d&
which is true only for

or for OcST 9
di

-1(which it isn't

-_0 j -T
if e ddr =v)Tdt

9 iK

or o 7..dT
d df

or the outlet temperature changes at the
same rate as the inlet temperature at t'-o
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CORRELATION OF RESULTS

Disturbances from the steady state can enter the system as a

result of a change of weight flow rate ()I ; a change of

reactor power level L7o(P) ] , or a change of inlet temperature

/o{ 7 . These may be shown as follows if superposition (linearity)

is assumed to hold:s(f)

1(wa'"o7 Cv) K( I

is restricted by O'L2" #/Sec and results from

a control action by the operator or plant regulation system.

is restricted by r-L .$ E6' and results from

dt\

the reactor control system.

17(#) will vary with turbine load in the absence of corrective

action in \ Or _PR

The output of1 (W) for an input of W (i) will be abbreviated ~ , (t)

The output of 7(P) for an input ofR () will be abbreviated. i (f )

The output of I p(ij for an input of (t) will be abbreviated 7~ fr

and T (tYj == o ), + T, ) 1'
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1(f} T0)i) p)(f 77.&) will be assumed as the transient part of

the outlet temperatures; i.e., the steady state level of J3000F will

be suppressed.

A disturbance resulting from a power level change can arise

only in the control system since reactor power level is controlled by

the regulating rod. The reactor controls must be overridden to inject

a power level transient. This is unlikely, so the only disturbances

resulting from VA T will be considered

71 (s)
-- s -- W(Transfer function)

W()

similarly T -(s)

let W(s) V:(o)

5Ramp

1r(6) does not include the initial condition T0(oF) = fc

!e * * *271
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s)=k2 rKw vY')*7ro7k,Ukwc)77(]

_ z

After the error-output transfer function has been determined, i.e.:

E (sG)

W ere 6(s) (complex forward loop gain)

(1 ) can be found from 7 $()Y6 4 C = G & T)

where the(f(S) is as above

The inverse transform (if it can be found):

01 4....S W -the transient response to constant

velocity (ramp) disturbances.
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III Instrumentation

Instrumentation includes all signal level channels in the

reactor system. The primary instrumentation includes all

devices which perform measurement and transducing functions.

It is divided into nuclear and non-nuclear primary instrumenta-

tion. Recording and indicating instrumentation includes all of

the receivers of primary information which store and present

this information for the plant operator. In addition to these

elements, there are computers which operate on signal level

data. The computation which is more properly a part of the

control of the reactor is treated in the analysis of the

control system.

1 Primary Nuclear Instrumentation

The primary nuclear instrumentation is intended to

measure neutron flux and radioactivity levels for control and

safety. Three regions are of interest: core, coolant, and

all other areas. Neutron flux levels will be measured in the

core; the beta and gamma levels will be measured in the coolant

and other areas.

Neutron flux measurements:

The measurement of neutron flux in a reactor is divided

into three ranges, source, period, and power level. Separate

instruments can be used for each range with some overlapping

or two or one instrument can be used to cover the entire range.

The difficulty in using one instrument, BF 3 chamber, to cover

the range, is that if the instrument is sensitive enough at low
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levels of flux, it will be damaged by high levels. One

solution of this problem is to move the instrument from

regions of high flux to regions of low flux as the flux level

of the core rises. In this way, the instrument will see

approximately the same neutron flux at all reactor flux

levels, and the distance of the instrument from the core will

measure the actual reactor flux level. A combination of a

fixed and movable instrument is also a possibility.

The neutron flux measuring instruments will be placed

in the shield near the core. Space will be provided inside

the shield to permit moving the instruments for measurement

or protection purposes. Amplifying and computing equipment to

provide count rate, flux level and period information from

the primary measurements will be located in or near the control

console in the control room. All of the above mentioned equip-

ment which can include BF3 chambers, compensated ionization

chambers, parallel circular plate ionization chambers, log

count rate computers and meters, period computers and meters,

and recording instruments are available commercially either

individually or in an integrated instrumentationsystem.

Representative prices from Radiation Counter Laboratories for

an integrated system are $50,000 to $100,000.

Beside providing visual (and aural in the case of safety

circuits) indication of the nuclear process, the signals from

the instrumentation channels will be fed into the control and

safety systems.
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Measurement of Coolant Beta and Gamma Levels:

The coolant in the reactor system is nitrogen. In

passing through the high neutron flux of the reactor core,

the reaction N14 (n,p) C14 can take place. Since the gas is

continually recirculated and the half life of C14 is long

(5580 yrs), the concentration of C14 in the nitrogen will

increase. Cl4 decays by emitting a beta particle

of 0.155 mev. The walls of the coolant pipes and of the

turbomachinery are thick enough to prevent any penetration

by this beta ray. The beta activity of C14 is, therefore, no

danger to personnel as long as no leakage of coolant containing

C14 exists in the plant. Some small gamma activity will also

be present in the coolant. It will arise from neutron iradiation

of impurities in the coolant (e.g: particles of steel scoured from

the pipe walls), N16, and small amounts of other. atmospheric

gasses not removed during the production of N2. There may

also be small amounts of fission products which are gamma

active and which have diffused into the coolant. Calculations

have shown that the total amount of gamma activity in the

coolant from all causes is below the safe limits for personnel

(refer to Holyoke Proposal). The continuous background gamma

count presents no danger. However, in the event of damage to

a fuel element large amounts of gamma active fission products

will be released into the coolant stream. This is a failure

condition and will actuate reactor and plant shutdown and

the initiation of protective measures for plant personnel.
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The instrumentation for coolant activity must in light

of the above mentioned considerations, meet certain require-

ments. The primary measuring element for coolant radiocativity

should be insensitive to beta rays and should reject the

background gamma level. Any increase of gamma level above

the background count must be quickly and positively translated

into corrective action. Several types of instruments are

available for this service - G-M tube, ion chambers, and

scintillation counters. Means must be provided to place these

instruments either in the coolant stream at several points or

in locations to which a continuous sample of the coolant can

be ducted. The high temperature of the coolant may prevent

the placement of coolant activity instruments directly in the

stream. However, by ducting and cooling a continuous sample

of the coolant to the monitors and then back into the coolant

stream, the problem of high temperature may be overcome.

The signal from the coolant activity monitors will call

for reactor scram, plant shutdown and personnel protective

measures should the gamma activity exceed the safe background

level. The signal will be fed into the safety circuitry of

the plant control system.

Measurement of Beta and Gamma Activity in Plant Work Areas:

The level of beta and gamma radioactivity in areas of the

plant in which personnel work must be kept within safe limits.

Area survey meters - fixed and portable - as well as standard

personnel safety devices such as pocket dosimeters and film
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badges will be used. The fixed area survey meters will be

set in areas into which coolant leakage might escape as a

result of a failure in the coolant containment system. A

coolant leakage accident can, if it is desired, actuate a

plant shut down through the normal safety channel of the

control system.

2- Primary Non-Nuclear Instrumentation

Non-nuclear instrumentation includes all of the plant

instrumentation for coolant conditions- temperature, pressure,

flow, turbine-compressor operation, and electrical output

and generator operation. Turbine-compressor-generator and

electrical output instrumentation will be standard items of

power plant design - tachome ter , voltmeters, ammeters, watt-

meters, varmeters, etc. No unusual problems exist in this area.

The coolant measurements do present some problems. Temperature

measurement is complicated by the pressure and vice-versa.

Temperature measurements will be restricted to the coolant

and to such auxilliary equipment as may be necessary (e.g:

actuators, valves). Although it is desirable to know the

temperature of the core, no practical method exists by which

this temperature can be measured reliably for long periods of

time. The difficulty is radiation damage to the measuring

element due to the very high neutron flux in the core. It

may be desirable to locate temperature measuring devices in the

core during early operation of the reactor to gather as much

data as possible until these devices are destroyed by the flux.
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Industrial temperature measuring devices make use of

several principles and at least two means of transmission -

electrical and pneumatic. Two primary elements suited to

electrical transmission were investigated - thermocouples

and resistances thermometer. The thermocouple is available

in many more versions -shape, construction etc - than is the

resistance thermometer and, more important, it has a much

faster response time since only a small area (the hot

junction) rather than the whole mass must be heated to get

a response. Suitable construction to withstand the static

and velocity pressure of the gas coolant is available. The

choice is therefore with a thermocouple type of instrument

for all coolant temperature measuring purposes.

The accompanying block diagrams are intended to indicate

schematically the points at which physical quantities are

measured. In actual practice however, a multiplicity of

points will be measured and recorded on multi-point recorders.

Pressure measuring devices include many types of

instruments - Bourdon tube, diaphragm, bellows, balanced

pressure, etc. The pick offs can be pneumatic or electrical

with potentiometer and differential transformers used for

electrical readout. Most of these instruments will not with-

stand temperatures in excess of 300 C. However, the pressure

to be measured is the static coolant pressure and the gas can

be ducted and cooled before admitting it to the measuring

device.
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The exact form and design of the instrumentation to be

used awaits the actual plant design. However many reputable

manufacturers have complete lines of reliable instrument for

the service required. The conditions of this plant are not

extreme, and there appear to be no difficulties in instru-

mentation design.

3- Recording and Indicating Instruments

The information transduced and transmitted by all of

the primary instrumentation serves three purposes: 1 - to

control the plant automatically; 2 - to indicate to the

operator the condition of the plant; 3 - to permit evaluation

of plant operation at some later date. Purposes 2 and 3

are the functions of the indicating and recording instruments.

Standard transmitting, amplifying and presentation equipment

is available from the same manufacturers who supply pressure

and temperature instruments (Wheelco Inst.; Bailey Meter Co;

Fischer & Porter; Bristol Inst; Leeds & Northrup; Brown Inst;

Foxboro; Swartout and others).

It is not necessary to record data from all the measured

points In the system. For the first reactor of a type,

however, it is advisable to have as complete a log of

operations as possible so that calculations and orrelation of plant

characteristics and operating efficiency can be made. It

is estimated that an additional expenditure of perhaps $50,000

to $75,000 may be required to record information which otherwise

would be only indicated. A saving of this magnitude could

be made on subsequent plants of the same type.
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APPENDIX D

MECHANICAL SECTION

I. Reactor Vessel

Because of the relatively high temperatures and pressures encountered in a

gas cooled reactor, the design of the reactor vessel must include provisions that are

somewhat unique to this particular application. If the vessel is to be constructed

of conventional materials, it is necessary that it be designed in a fashion in which

the vessel walls do not approach the hot gas temperatures. There appear to be two

solutions to this problem:

1. The reactor vessel could be designed in such a manner that the

cooler inlet gases enter the vessel, flow between the core and the vessel wall,

through the core, and then out of the vessel at the same end as the inlet. In such

an arrangement the vessel walls would assume the temperature of the relatively cool

inlet gases. This arrangement would lend itself nicely to the use of coaxial

piping which is discussed later. The control rod drives would be placed at the

opposite end from the inlet and outlet penetration.

2. The reactor vessel could be designed with internal insulation which

would protect the walls from the high gas temperature. This design would utilize a

straight through flow pattern for the gas path through the vessel with only a portion

of the gas flowing past the thermal shield. As an alternate, the insulation may be

replaced by an appropriate vessel wall cooling system that would be fail-safe.

The latter approach (using insulation) was selected because it was felt

that it presented a more practical design even though the vessel will be somewhat

larger. In addition, there is always the possibility that, as a result of equip-

ment failure, the inlet gas might be at a high temperature.
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Because of the importance of reactor vessel integrity, it was felt that such a design

would be a necessity in the interest of producing the safest practical system should

such an event occur, however remote the possibility. Also, because of the relatively

large flow rates required in a gas cooled reactor, the possibility of obtaining a

straight-through flow pattern in the vessel appears quite attractive. In such a

design the feasibility of obtaining optimum flow distribution through the core appears

much better than in an arrangement where the gas changes direction within the confines

of the vessel.

II. Vessel Closure

The integrity of the seal at the vessel lid is most important. Because of

the temperature and pressure fluctuations inherent in a reactor of this type, a seal

weld is used as a back-up for the conventional ring seal. It is anticipated that

a remotely operated welding device will be used to place a bead weld around the

entire circumference of the seal lip. After the seal weld has been completed the

system will be lightly pressurized with helium to permit remote probing of the seal

as a check of its integrity. Upon completion of a leak-tight seal the lid bolts

will be entered and tightened to the required torque.

III. Control Rod Drives

The present concept for vessel design includes provisions for seven

control rods actuated from the bottom of the vessel, leaving the top closure free

of the associated mechanisms. With this arrangement, it will not be necessary to

disturb the rod drive mechanisms during lid removal for refueling. An inherent

safety feature of this design is the lack of any possibility of control rod ith-

drawal during the lid removal operation.
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Because of these features it was felt that the bottom operated control rods would be

superior to their top mounted counterpart, particularly from the standpoint of safety0

Each control rod is equipped with a rack which engages a pinion in the

lower portion of the vessel. The seven pinion shafts penetrate the vessel and pass

through a gas seal before connecting to the position indication, clutch, and motor

assembly.

The positions of the rod shock absorbers have not yet been definitely

determined. Ideally, the shock absorbers should be within the confines of the

vessel and operate directly on the rods. However, the high t emperature within the

vessel imposes a severe limitation on the selection of shock absorber types. It

appears that the best means of stopping the falling rods would be to employ the

reactor coolant as the cushioning medium.

An alternate approach would be to stop the rod motion by snubbing the

rotation of the pinion shaft. This would produce additional stresses in the racks,

pinions and shafts, but these parts can be made sufficiently heavy to withstand

the increased loading. Additional study will be required before determining the

best method of absorbing the shock of the falling rod.

IV. Core Structure

Figure shows a section through the reactor and core. The lower grid

plate is the primary structural member of the core. The fuel elements, moderator,

reflector and thermal shield rest upon the lower grid and are located in the proper

geometrical position by accurately machined surfaces. The long rods (made of inconne]

or other high temperature alloy) extending through the reflector portion of the

core transmit the upward force during operation back to the lower grid. This upward

force is due to the pressure drop across the core and will vary with the.amount of
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flow and, hence, the power level of operation.

The upper grid structure must be sufficiently rugged to transmit the

upward force to these alloy rods with a minimum of distortion. The upper grid

assembly is composed of two plates. The thinner of the two plates indexes the

reflector, moderator, fuel elements and control rods in the proper geometrical

arrangement, as does the lower grid plate, and need not be removed for normal re-

fueling operations. The heavier of the two plates is the load carrying member and

is removed for access to the fuel elements. A positive action quick release

mechanism will be used to disengage the plate from the rods for the refueling

operation.

It is believed that the above described structure is a logical approach

to the problems involved in supporting the core in a high temperature, high pressure

reactor vessel. The upward forces resulting from the pressure drop thru the core

are quite large at full power operation. Transmitting these forces to the vessel

wall at the normally cooler region is certainly desirable and appears to be quite

practical in this design.

The upward force on the control rods is minimized by limiting the amount

of gas flowing in the area surrounding each rod. This arrangement will permit

the rods to fall by gravity during a scram regardless of the gas flow rate.
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V. Moderator and Reflector

Graphite blocks of the same size and shape as the fuel elements will be

used for the moderator and reflector. The selection of graphite was based upon its

excellent nuclear characteristics, high temperature properties, machineability and

availability. Radiation damage to graphite is at its maximum at low temperatures

The damage anneals out at higher temperatures such as those in a gas cooled reactor.

The outside edge of the reflector will extend a minimum radius of three

and one half feet from the center of the core. It appears, from further study, that

the core size may have to be increased somewhat in order to obtain adequate heat

transfer area. However, if this becomes necessary, the size of the graphite blocks

will remain essentially the same. Any graphite block may be interchanged with

another regardless of whether it is in the reflector or moderator region. The only

exception will be those graphite pieces that surround the large inconnel rods

extending through the core in the reflector region.
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VI. Control Rods

Seven control rods are contemplated at this time. However, if the core

size is increased, more rods will be added to ensure shutdown by 80% of the rods

falling.

Each control rod will have the same general dimensions as the fuel element

and will have a rack attached to its lower end. The rod will be guided by the

upper grid structure and the pinion housing which will provide accurate alignment

for proper pinion engagement.

An undesirable feature of the arrangement is that the scram action of

the control rods is against the gas flow. The reason for this flow direction is

because it results in a more favorable relationship between maximum fuel element

temperature and outlet gas temperature. It is believed that the core can be designed

in a manner that the forces on the rods due to gas flow will be minimized. Such

a feature must be an inherent characteristic of the core design.

There are two alternatives to the above design if the rod scram motion

is in the direction of gas flow and gravity:

1. the drive pinions may be kept at the bottom but will then be in

the high temperature zone of the vessel.

2. the drives may be top mounted units in the cooler region.
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VII. Piping

Two different approaches were considered for the design of the piping for the

gas in the reactor-turbine loop. Serious consideration was given to the possible use

of a coaxial pipe arrangement thru which the hot gases would flow in the inner pipe

and the cooler gas would flow in the outer region. This arrangement appears par-

ticularly attractive as a means of reducing the pressure differential across the hotter

pipe. The disadvantages of this system include the rather awkward end connections

and supports of the inner pipe, and the need for provisions for thermal expansion.

The arrangement that appears to be most feasible is to use separate pipes

each internally insulated to protect the walls from the high temperatures. In such

an arrangement the normally cool pipe would be insulated even for the higher temp-

erature, following the reasoning on which the design of the reactor vessel was

established. That is, if, as a result of equipment failure, the reactor inlet gases

should approach the outlet gas temperature, the primary system should be so designed

to contain the full pressure of the system. Appropriate joints will be provided to

allow for thermal expansion.

VIII. Emergency and Shutdown Cooling

Two methods of providing shutdown cooling were carefully studied. One

method would make use of an initial period of cooling using the same gas as that

normally flowing in the system during operation. After the system had been cooled

to a low temperature, the entire reactor pit would be flooded to provide shutdown

cooling and shielding for the refueling operation. The water may be borated as a

precaution against any possibility of the flooded core becoming critical. Such an

arrangement may permit the core to be unloaded by working through a water shield
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which would greatly simplify the unloading procedure by possibly elim-

inating the use of a top shield plug. The shift from gas cooling to

flooding would involve unique procedures and will require further study.

Another method of providing cooling would be to substitute an

air cooling system for the flooding arrangement discussed above. In such

an arrangement the air would be filtered and exhausted to the atmosphere if

the activity were nil. If fission product leakage had occured, it would

be necessary to contain the coolant air in a closed loop.

Both methods require further thorough study to determine their

relative merits. The flooding system seems to offer the most desirable

solution with a more straightforward refueling procedure. The complete

elimination of a top shield plug would, of course, be highly desirable.

Additional study may prove this to be feasible and the refueling operation

greatly simplified.

IX. Removable Pipe Section

Before removing the vessel lid, it is necessary to remove a

portion of the outlet gas pipe. Such an operation is undesirable from

a maintenance standpoint but there appears to be no alternative if a straight

flow pattern through the vessel is to be maintained. An inherent char-

acteristic of this design is that the gas outlet pipe is attached to the

vessel lid.

After the closed circuit emergency cooling system is shut off

and the atmospheric cooling system "takes over", the seal weld around the

vessel lid and removable pipe section is ground away (after the bolts have

been removed). The pipe section can then be lifted away by the overhead
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crane. The vessel lid may then be removed and placed to the side by the

special hand operated trolley shown on the drawing.

In the event of a fuel element rupture, the system would become

contaminated. If the degree of contamination is such that personnel safety

precautions prevent normal removal of the pipe section, a remotely operated

wrench and weld bead grinder can be used for the removal operation. It

is expected that some shielding will be required around the piping and

turbo-machinery, but it can be removed by the overhead crane prior to

maintenance operations.

X. Shield Plug

In removing the reactor vessel lid and core components, the

operators must be able to position accurately the special tools used, for

example to tighten the closure bolts or to remove the fuel elements.

Although it is believed that the reactor may be flooded for shut-

down maintenance operations, an unloading procedure has been devised which will

be applicable to air-cooled shutdown. This procedure was selected in order not

to underestimate required maintenance operations. If flooding does .n . prove

feasible these operations can be greatly simplified by allowing the top shield

plug to be removed for the refueling operations. It is proposed to use two

rotating shield plugs, one rotating within the other. The smaller plug would

be approximately one half the diameter of the other and would be placed near

the edge of the larger, the smaller plug having a hole near the edge through

which a fuel element or control rod may pass.
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Such an arrangement would allow, by proper indexing, the

placing of the hole over any part of the reactor vessel. By using

appropriate tools through this hole, the operator may accurately per-

form the various unloading operations described in the Refueling

section. Additional holes in the shield plugs would be required for

the use of periscopes and illumination equipment.

The spent fuel element cask would rest upon the shield plugs,

its center located over the hole through which the fuel elements pass.

Such an arrangement requires that the fuel element removal tool be

operated through the lead shield cask.

XI. Reactor Shutdown and Lid Removal

When replacement of fuel is necessary, the reactor will be shut

down and the emergency cooling system put into operation. This cooling

will continue during the entire refueling operation until the lid is

replaced on the vessel.

Inasmuch as the proposed design provides a straight through flow

pattern in the vessel, a section of the outlet gas pipe must be removed to

permit removal of the vessel head. This section will be provided with

conventional high temperature flange seals backed up by a bead weld

around a lip seal.

The removable piece of piping is in the area outside the bio-

logical shield and its removal permits the lid to be moved in a linear

direction along the horizontal axis of the outlet gas pipe. The lid will

require very little vertical movement inasmuch as it need only be lifted

high enough to clear its gasket. The bead weld around the lip seal would,
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of course, be ground away by an automatic grinding wheel which will index

itself on the periphery of the head flange. An automatic bead welder

would be used in a similar fashion to form the seal upon replacing the

cover after refueling.

The bolts and main gasket are removed by a tool operated through

the top shield plug. A new gasket, previously stored in the vessel area,

will then be placed in its groove prior to lid replacement. A periscope

arrangement, operated through the top shield plug, will be necessary to

ensure proper gasket placement and lid seating before completing the

seal weld.

XII. Refueling Operation

The following procedure is followed:

1. The reactor is shut down.

2. The emergency cooling system automatically starts.

3. After the core temperature is lowered, the pit and vessel are

either flooded or an atmospheric cooling system is put into

operation.

U. The bolts are removed from the vessel lid by a special wrench

operating through the top shield plug, or, if the pit is flooded

the shield plug may be removed and the wrench operated through

the shielding water.

5. The seal weld around the vessel lid is ground away by an automatic

machine operated through the shield plug or within the flooding

water, as the case may be.
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6. The bolts are removed from the flanges of the removable pipe section.

7. The seal welds at the flanges of the removable pipe section are

ground away.

8. The pipe section is removed by the overhead crane and placed

on the machinery area floor.

9. The lid is lifted and placed to the side of the vessel by use of

the special crane within the vessel compartment.

10. The heavier upper grid member may be removed upon operating a

single mechanism to detach it from the inconel rods extending

through the reflector region of the core. After removal, the

grid member is placed to the side within the reactor compartment

until needed.

11. With the fuel elements exposed, an appropriate tool can be lowered

by the operator to grasp a single element and lift it into a

shielded cask. If the operation is performed through the shield

plug the element would be lifted into the cask through its bottom,

which is resting on the shield plug itself. If the operation is

performed through water in the absence of the shield plug, the

element would be lowered into the cask while both are under water.

Upon withdrawing the cask it would be flushed with water to reduce

the contamination.

12. The cask containing an element would be removed to the spent fuel

pit where the element is unloaded permitting the cask to be used

in a similar fashion for another fuel element or control rod.

13. After all the elements have been removed, new fuel is lowered into

the core in a fashion similar to its removal.
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14. The reactor closed and prepared for operation in a similar

reverse sequence.

If inspection of the graphite is desired, the lower portion of

the upper grid can be removed by simply lifting it out after the main upper

grid structure has been removed as outlined above. The individual graphite

pieces can be removed from the core in manner similar to fuel element removal.

XIII. Additional Research and Development Effort Required

A considerable amount of further study is still needed to sub-

stantiate the integrity of design. The areas to be investigated are as

follows:

1. Reactor vessel and piping insulation tests will be required

to establish a design that will ensure good insulating characteristics at

the pressures involved. The possibility of pressure surges must also be

considered in the selection and design of the insulating material and

whatever cladding is required.

2. Control-rod shock absorbers and drive mechanisms must be

tested under simulated operating conditions.

3. Tests must be made to determine the compatibility of the

reactor-vessel insulation and of the core materials with the water used

to flood the vessel during unloading. Means of removing the water vapor

from the system must also be devised.

h. It will be necessary to investigate the feasibility and

desirability of machining the graphite members as individual rods or as

built-up units.
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5. Hot loop tests will be required to determine the selection

of gas for the system (probably either nitrogen or helium).

Compatibility of the gas with the materials used is of prime importance

and can only be determined by simulating the actual conditions to

which they will be subjected.
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General Plant Layout

The building which houses the closed cycle gas cooled reactor

will be a thick walled, reinforced concrete structure. In the event of

a nuclear incident, containment is accomplished in the following manner:

1. The reactor pressure vessel and closed loop system will

provide primary containment.

2. The biological shield with its concrete plugs will

provide secondary containment.

3. The design and construction of a gas tight structure

will make the building itself serve as a tertiary

containment.

The reactor building is designed so that it will be gas tight

under operating conditions so that if the maximum credible incident occurred,

all released gases will be contained in the building.

Access to the machinery area is so arranged as to provide maximum

protection against gases being released to the outside atmosphere in the

event of a nuclear incident. The only direct access to the machinery area

from the outside of the building will be a railroad car doorway which will

be sealed at reactor start up and which will remain sealed until the reactor

is shut down and the railroad car is needed for service and maintenance work.
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There will be two other accesses to the machinery area. The

first is the entrance through which power plant operators may enter and

leave the machinery area, and the second is an emergency exit. Both doors

lead into the machinery area from the control room, and are gas and water

tight when closed.

Access to the outside of the building is through another set of

sealed doors leading into the control room. This set of doors is interlocked

with those leading to the machinery area, so that the machinery area and

building exit doors may not be open at the same time. The control room will

have a large window, enabling plant operators to view the entire plant

during operation. There will be no other external doors or windows in the

building.

A ventilating system will incorporate automatic shutoff valves for

the inlet and discharge openings in the building. These shutoff valves will

be activated to close should fission product gases be released in the building.

The machinery area will enclose the reactor and all associated

turbo machinery. A railway car may be brought into the machinery area for

use during the refueling operation.

A 50 ton overhead crane will be fitted for various handling tools

to perform operations necessary for servicing the machinery and reactor.

The crane will run the length of the machinery area, and transverse operation

will be accomplished by means of a bridge, so that any part of the machinery

area can be reached. A small hand operated hoist will be used to remove

fuel elements, control rods, and other items requiring precise lifting.

Removable grating is provided in the machinery area floor to per-

mit crane access to the basement. A pit is provided next to the reactor
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for storage of radioactive tools and equipment. This pit is provided with

a flooding system for shielding.

In addition to the control room, machinery area and laboratory,

an area is provided for a light machine shop, offices, toilet and locker

room facilities.

Removal of the reactor lid, insofar as fuel element or control

rod replacement is concemed,is as follows. The lid of the reactor is

lifted by a dolly which may be rolled to place the lid to the side of the

reactor. A removable section of pipe is provided for this operation.

Above the lid, an index disk rotates in a race. This disk contains an

opening in which a smaller disk rotates. The smaller disk has a hole thru

which a fuel element or control rod may pass. This double-disk arrangement

allows the hole to be placed over any part of the reactor lid. Brick

shielding is placed over the entire arrangement for additional radiation

attenuation during operation.

After the reactor has been shut down and allowed to cool, the

process of removing the fuel elements or control rods proceeds as follows.

The brick shielding is first removed. The index plug is then lined up with

each individual bolt on the reactor lid, and these are removed. The seal

weld bead grinder may then be used to open the joint. The lid lifting

mechanism is then actuated and the lid is placed to the side. The index

plug is now lined up so that the hole is above one of the fuel elements,

and a removal mechanism lifts the element out into a lead cask. The index

hole is then moved to the next element, and the process is repeated.
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APPENDIX E

ALTERNATE SCHEMES

This Appendix covers a different approach to the mechanical and

structural design of the gas-cooled reactor system. Although not consid-

ered as effective as the scheme previously described, it is believed that

some of its features may prove useful in future studies.

Also included, without detailed description, are several pres-

sure-vessel and control-rod mechanism sketches prepared for the alternate

scheme.

This alternate scheme emphasizes the following major changes

in philosophy:

a) The control rod drive actuators are located above the

biological shield for overhead accessibility and materials handling

reasons.

b) All insulation is applied externally to the reactor system

to preclude any possible plugging up of the reactor cooling channels.

c) The reactor vessel walls are continuously cooled by the

full flow of the inlet gases, and consequently should never "see"

the high temperature of the reactor outlet gases.

d) Reactor sealing is accomplished by "set screw tightening"

techniques of the vessel closure performed by movable semi-automatic

machinery. Stud bolts through the reactor vessel flange and clearance

stud holes through the cover flange are not required.
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e) Reactor vessel closure bolts are smaller than those used

in standard cover and vessel flange design techniques. Wrench loads and

sizes will be accordingly reduced.

f) The core and fuel elements are held in position by the

vessel cover, and not by separately bolted grid plates, to avoid the

inherent difficulty in unbolting grid plates in the reactor vessel.

g) The graphite moderator and reflector are canned and

supported in a steel skin. If graphite deterioration or breakage ;s

suspected, the entire can, less fuel elements and control rods, can

be removed as a unit, and a new core substituted.

The alternate scheme utilizes a similarly constructed

building but with different provisions for handling the reactor

vessel and cover, the control rod drive actuators, and fuel element

loading and unloading. The overhead crane system, with various

handling yokes would perform overhead operations and be similar in

scope to that in the first scheme.

The following procedure is followed to refuel the reactor:

1. The reactor is shut down.

2. The control rod drive mechanisms are uncoupled from the

vessel cover and located in the adjacent storage cell.

3. The top shield plugs are removed and stored.

h. The vessel cover unbolting mechanism is placed on its base.

The mechanism will index and back off the closures bolts;

the mechanism is removed.
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5. The vessel closures are remotely moved thereby exposing the

vessel cover; the crane lifts and places the vessel cover

in the storage cell.

6. The fuel element loading shutter with its fuel-element

loading mechanism is moved over the reactor and is indexed

over a fuel element.

7. The fuel element is drawn into the mechanism, the shutter

is then moved to the spent fuel element storage cell and

the fuel element is lowered into one of the storage racks.

8. Steps 6 and 7 are repeated until all spent fuel elements

have been transferred.

9. The shutter is then moved over to the spent fuel element

removal channel where the new fuel elements will be located.

A fresh fuel element is drawn into the mechanism, the shutter

is located and indexed over the reactor, and the fuel element

is lowered and released in position. The process is repeated

until the reactor is completely loaded with new fuel elements.

10. The shutters are moved away from the reactor opening, and

the reactor is sealed by repeating the process in reverse

of steps 1 through 5.

The blank shutter is placed over the reactor opening, whenever

the fuel element shutter is not in place to minimize decay gamma radiation

from the reactor and the spent fuel elements. Suitable interloneks are

provided for shutter coupling and uncoupling purposes.
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One of the problems of this scheme is that the machinery must

have the "ability to see remotely". Consequently, a closed circuit

television system must be installed to provide this function, and will

probably be installed on the loading machine shutter.

After a suitable decay time, the spent fuel elements are

transferred from the storage pit into casks and loaded on to a railroad

flat car for delivery to a reprocessing area.
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VESSEL ASSEMBLY

1T21 DESCRIPTION

1 Vessel support pad (typical)

2 Vessel skirt

3 External insulation

4 Core shutdown cooling gas inlet pipe

5 Control rod stop (typical)

6 Control rod (typical)

7 External emergency cooling vessel jacket

8 Vessel wall

9 Gas deflector

10 Core and thermal shield gusset support (typical)

11 Gas deflector and support (typical)

12 Inlet gas cooling channel annulus

13 Thermal shield

14 Core container and thermal shield cooling channel annulus

15 Core container

16 Core and reflector

17 Fuel element (typical)

18 Shear strip (typical)

19 Shear strip base

20 Fuel elements and core hold-down plate

21 Fuel element lifting lug connection

22 Fuel element lifting lug

23 Bellows to load hold-down plate and provide for differential
expansion

24 Bellows and hold-down plate guide

25 Control rod bayonnet lock
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|_ DESCRIPTION

26 Cover extension

27 Outlet gas pipe

2$ Bellows and plate separating inlet and outlet gases

29 Vessel closure gusset (typical)

30 Vessel closure base

31 Idling rollers for rack (typical)

32 Rack and pinion for vessel closure slide (typical)

33 Gear reducer drive for vessel closure slide (typical)

34 Vessel closure slide (typical)

35 Sniffer hole to gas leakage detector

36 Inner and outer gasket

37 Vessel cover flange

38 Back off screws on vessel closure slide (typical)

39 Vessel cover stiffening ribs (typical)

40 Cooling gas manifold to control rods

41 Stiffening ribs (typical)

42 Base for sectional biological shield segments

43 Insulation to reduce thermal and biological effects

44 Removable shielding tube (typical)

45 Water jacket

46 Lifting bail (typical)

47 Pressurized linear stuffing box seal (typical)

48 Control rod drive actuator base with electrical and gas
connections (typical)

49 Latch to uncouple control rods (typical)

50 Outer case of control rod drive mechanisms (typical)
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DESCRIPTION

51 Control rod drive mechanisms (typical)

52 Outer coaxial pipe

53 Inner coaxial pipe

54 Vessel closure slide rail (typical)

55 Vessel closure wheel (typical)

56 Control Rod and Vessel cover extension
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PRESSURE VESSEL SKETCHES
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CONTROL ROD MECHANISM SKETCHES
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APPFNDIX F

RESEARCH A'"D DEVELOENT PROGRAM

Excerpts from Proposal made by Ford Instrument Company

28 September 1956

for the Holyoke, Mass. Power Plant
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I. Introduction

In February, 1956, the Ford Instrument Company was awarded AEC

Contract AT(30-3)-215 for a 15M egawatt Gas Cooled Reactor Study. This

stidy was for a complete civilian gas cooled reactor power plant. In

June, 1956, the Ford Instrument Company was selected to perform a

design and feasibility study of the application of the gas cooled reactor

to a 38000 dwt. "supertanker". The work is now proceeding under AEC

Contract AT(30-3)-250.

The importance of the theoretical design studies made on the

gas cooled reactor should not be underestimated. These studies have

served to indicate the possible problem areas in the gas cooled

reactor and to determine the logical development effort which is

essential to the completion of operating reactors. Margr important

design principles of the gas cooled reactor have been found. In addition,

the studies have served to establish the important experimental parameters,

such as expected fuel element working conditions, gas temperatures and

pressures throughout the system, and expected transient performance.

Materials have been tentatively selected for the working fluid and for the

entire reactor. Two prime criteria for these choices have been the

theoretical prediction of satisfactory performance and the fact that

all of the materials selected are within the capabilities of today's

technology. Based upon our analysis to date, the gas cooled reactor

will be feasible. The selection and demonstration of the best

materials and design for the gas cooled reactor is the objective of

the experimental work.
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As far as is known there is no present or projected AEC program,

either civilian or military, which will provide the answers to the

questions of materials and design for such a system where the economic

considerations are a basic concern.

Only those portions of the total work effort were included in

Phase A which were necessary either:

1. to make a well-informed decision to proceed or

2. because they are long-lead and would delay the

completion of the reactor plant.

We have tried to keep this work to a minimum to reduce the cost end

consequently the possible loss in the event of termination of the

project after Phase A.

The crucial problems of the gas cooled reactor are:

l1 fuel elements

2. control rods

3. moderator

4. heat transfer and flow

5. physics

6, control drive mechanisms.

All of these problems will give direct experimental check in

Phase A. These experiments will in every case be as close to an exact

simulation of reactor conditions as practicable within a reasonably

fast program.
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Ford feels that the program presented herein is the one which can

best and most effectively carry out the hole project. Broadly speaking,

the major aims are to achieve the crucial results at the earliest possible

time to permit the basic material decisions to be made.

343



H-i

II. Description

Phase A- Reactor Physics/Analsis

A long lead time program should be initiated in Phase A to provide

the necessary machine computational tools for the actual reactor design and

analysis of the experimental data. These tools will definitely

be required if substantial optimization or refinement of the basic design

is to be attempted.

In addition to the basic parametric studies of criticality, control

element worths, flux distributions, etc., many problems which may well

influence the feasibility and ultimate design of an operative system

may be investigated. A study of burn-up effects on criticality and

flux/power distributions will require extensive computations. These

investigations will provide not only effective core lifetimes and

control requirements, but, used in heat transfer calculations,

the effects of "hot spot" magnitude and shifts with burn-up may be

evaluated.

The maximum permissible surface temperatures and the required

size of the core present major design problems. An interesting manner

in which to reduce either or both of these limitations is to achieve a

more uniform radial heat flux distribution. One method of achieving

this goal would be to vary the enrichments of the elements to result

in a near-radial non-uniformity in loading. Parametric studies of this

problem and the effect of burnup would also utilize essentially the same

machine techniques.
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For simple, economical control of a reactor system, with inherent

stability and safety features, the establishment of a negative, or at

worst a very small, temperature coefficient is of prime importance. The

magnitudes of the various components of the overall coefficient must

be evaluated. A parametric study of the composition/geometrical variables

will lead to the selection of a set of conditions establishing a suitable

temperature coefficient, yet compatible with the overall design.

Prior to the design of the fuel elements, loop tests and critical

experiments, the nature of the desired results of these experiments

should be firmly established. A survey of the desired information, the value

and relative importance of such data, as well as the necessary means to

accomplish such a program will influence the basic design of these

experiments. Analysis of the results of these experiments would permit

their incorporation in the final detailed design calculations of the

Holyoke reactor.

The kinetics of the system would be studied with respect to

transient load, disaster and emergency events. These studies would be

followed by detailed simulation of the power plant.
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II. Description

Phase A -- Pellet Irradiation..

The pellet irradiation program is intended to provide a sound

basis for the design of the in-pile loop as well as to make available

at as early a date as possible major trends in the materials situation.

It is planned to irradiate stainless steel clad pellets of uranium

oxide in a reactor such as the Brookhaven Graphite Reactor. The details

of the pellet irradiation cycle and a preliminary feasibility study are

given in Appendix A--Pellet Feasibility Study. Pellet irradiation

is designed to give answers to the following list of problems. It must

be emphasized that in some cases at least, these answers will not be

definitive since the pellet irradiation will probably have to be conducted

at lower flux and burn-ups than will be the case in the proposed reactor.

Problem Importance

1. Fission Product Leakage Could possibly set sharp upper limit
on fuel element temperature with low
resulting plant efficiency or dictate
completely shielded turbomachinery.
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Problem

2. Nitriding of Steel

3. Fission Product Gas Buildup

1. Radiation Damage in U02

5. Possible existence and effects
of U02 stainless steel interdiffusion

6. Effects of Radiation Plus
Stationary Nitrogen on Graphite

7. Radiation Damage Effects on
Stainless Steel

Steel is not supposed to nitride in
molecular nitrogen. If irradiation does
act as a catalyst for deep nitriding,
either:

a. high cross section nickel or nickel
alloy would have to be used.

b. helium or other gas coolant with
radically different turbomachinery
would be required.

According to fairly reliable calculations
sizeable f.p. gas pressure will be built
up under operating conditions, unless gas
is retained in U0 2 . Concentration of UO
in the SS matrix might have to be changed
for strength and gas retention, with
consequences of poorer neutron economy
and higher fuel enrichment in U-235.

While some data on U02 exists we need
information on high temperature effects
and effect of grain size. Fuel element
does not depend upon U02 retaining
structure.

Nothing is expected to happen; an
experimental check is desirable.

While nothing is expected to happen;
an experimental check is desirable.

If UO should lose strength or crumble,
the SS would be required to hold the
element together.
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These pellet irradiations will be designed to investigate the general

problems of a fuel element consisting of sintered Uranium Oxide or Uranium

Oxide plus stainless steel compacts clad with stainless steel. We feel

that this sort of element will satisfy the following list of requirements

for commercial Gas Cooled Reactor Power Plants generating economic power:

a. easy and cheap to fabricate

b. high melting point materials (Uo2 + SS)

c. use of relatively low enrichment fuel (^'10% U-235)

d. simple mechanical structure

e. easy and cheap dissolution for reprocessing.

The research and development work necessary to get an adequate

control element material shouldnot be underestimated. Certain data

might exist in the classified military reactor field, but in any

case it would probably be desirable to develop elements specifically

suited for the Gas Cooled Reactor program.

As far as can be determined analytically, the problems inherent in the

control rod design would not be as severe as those inherent in the

fuel element design. If an adequate fuel element could be developed,

it might be possible to produce an adequate control rod using a high

cross section ceramic in place of the uranium dioxide ceramic. In any

case, it would be relatively easy to test possible control rod materials

in exactly the same fashion as proposed for preliminary fuel element

testing. The control rod testing would be carried along parallel to the

fuel element testing, since the same sort of experimental facilities would

be required. High flux reactor loop tests would be required for

accelerated control rod lifetime tests.
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It is regarded extremely unlikely by Ford that any effect

will take place from the interaction of high temperature, radiation,

and nitrogen on graphite. However, a small piece of graphite will

be included in one of the cans to serve as an experimental check.
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II. Description

Phase A -- In Pile Loop Test

In pile loop testing at operating reactor fluxes and temperatures

is necessary to achieve a realistic fuel element moderator and possibly

control rod test. The environment in which the tested component is placed

duplicates, as far as possible, the reactor environment. The following

is a list of definitive experimental data which would be achieved as a

result of a loop test:

1. Fission product gas buildup within the fuel element and the

possible distortion of the outer mechanical structure which

might result.

2. A check for the possible existence of erosion caused by

the high velocity nitrogen or helium flowing over hot

surfaces.

3. The existence of radiation damage effects to the fuel element,

moderator and control rod.

4. The determination of fission product leakage under conditions

which would allow an accurate prediction of fission product

leakage in an operating reactor.

5. The determination of a realistic lifetime for the fuel element

and the causes and effects of the precise burn-up limitations.
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An in pile loop test facility consists of a chamber within a

reactor in which the fuel element is placed to be tested. A blower

and heat exchanger are required to provide coolant flow over the fuel

element to simulate reactor coolant flow. The loop must be sealed in

order to prevent leakage of the coolant to the atmosphere. Loop

test instrumentation and control must be provided for measurement

of the reactor fluxes and monitoring and control of test sample inlet

and outlet temperatures.
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II. Description

Phase A--Control Drive Test

High performance and safety coupled with an as yet undetermined

temperature coefficient dictate a high performance control drive system.

The power unit of the control drive will be removed from the high

temperature, high radiation zone but certain components will be

exposed to hot gases. The completed control drive mechanism design

will not be available for two years after startup and consequently

full scale testing must be delayed until then. However, on the

basis of our feasibility studies it seems overwhelmingly probable that

certain basic units such as ball and roller bearings and seals will

be used. No experimental data exists on the long time performance

of these components under pure gas, unlubricated operation at

elevated temperature. The experimental data would have to be

gathered by long term test operation of representative units.

The test facility will provide for static and dynamic operation

under load as well as for thermal cycling. It will consist in

essence of a low pressure oven, mechanism for loading and cycling

the unit and the necessary instrumentation. If satisfactory seal

and bearing assemblies can be obtained by this means, the control

drive development can easily be fitted into a reasonable timetable.
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II. Description

Phase A - Flooding Investigation

The most attractive method of providing shut-down shielding for

loading and unloading the radioactive and thermally hot core is water

flooding of the system. Calculations are currently in progress on

the Maritime Plant Reactor Study, Contract AT(30-3)-250 to determine

the effect of water flooding of the reactor on criticality. If these

calculations indicate a positive effect on reactivity, they will be

extended and the amount and type of neutron poison to be dissolved in

the water to produce safe flooding will be derived. The poisoning

material would be selected on the basis of such properties as adequate

neutron absorption crossection, solubility, corrosiveness and toxicity.

The effect on the graphite of immersion in such a solution could

easily be determined. An experiment using graphite samples of various

densities could evaluate the amount of water and poisoning materials

absorbed after various immersion periods. Methods of drying the system

and the effects on components of the techniques (such as thermal-cycling

of the core, etc.) and any remaining vapor will be determined.

Small quantities of water would be included in selected pellet

irradiation cans to determine whether any effect of water on the

fuel elements could be expected.
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II. Description

Phase A - Heat Transfer Studies

A limited amount of heat transfer study in Phase A is required to

help establish a workable fuel element design and core configuration.

These, of course, are dependent upon the allowable maximum element surface

temperature, the determination of which awaits experimental data. Studies

of this nature should be conducted concurrently with pellet irradiation to

permit the interpretation of the data to be as prompt and complete as

possible. The tentative areas of investigation include:

1. Evaluation of the effects on temperature distribution and system

efficiency of fuel element geometry.

2. Determination of safety factors required to provide for

mechanical tolerances and other uncertainties.

3. Investigate effects of flow distribution upon system performance.

4. Conduct above studies for both helium and nitrogen where

practicable and reasonable to obtain a comparison between the

two gases.
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II. Description

Nitrogen Turbo-machinery

The second round power demonstration reactor program was set up for

the purpose of developing American technology and capabilities in the

small reactor field. Implicit in this goal is the application of A.E.C.

funds to American firms and the consequent development from American

skills. We have been and will continue trying to interest American firms

in the development and manufacture of the nitrogen turbo-machinery. At

present, no responsible manufacturer has expressed interest in this work under

terms consistent with those acceptable to Holyoke and within the ground

rules set up by A.E.C.

The Swiss company, Escher Wyss, has developed, tested and manufactured

closed cycle gas turbine machinery to operate with fossil fuels and air.

It was considered undesirable in this second round program to deal directly

with Escher Wyss. According to the presently selected procurement plan,

the Escher Wyss Company would sell the turbine to the Nordberg Manufacturing

Company of Milwaukee which would then resell it to Holyoke, Massachusetts.

There are several reasons for this manner of handling the turbine procurement:

1. In handling the turbo-machinery, Nordberg will become completely

familiar with the Swiss technology and very probably will carry

out the design and possibly the construction of the conversion

of the machinery to nuclear powered operation. Since Nordberg

is a potential manufacturer of gas turbine equipment, we feel

that this method of approach will transfer technology from

Switzerland to the U.S.A.
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2. Since the gas turbine will be sold to Holyoke by Nordberg, the

responsibility for the guarantee and for doing any additional

work required to adjust or conduct any service modifications

of the gas turbine machinery will be covered by an American firm.

In this manner, the necessity of Holyoke going to Switzerland

in the event of trouble with the turbine is eliminated. The

fixed price given by Nordberg for their services in connection

with the gas turbine will almost certainly not cover their

cost and the risk which they must bear.

3. The reactor is considered the crucial portion of the power plant

by Ford Instrument Company. In order to minimize difficulties

with other portions of the system, we would like, as far as

possible, to use conservative, tested turbine design. Since

the Escher Wyss Company has designed and constructed a similar

but smaller type of turbine, as described in the Schedule section,

it is felt that reasonable confidence may be placed in their

ability to perform. Preliminary results of the performance

of the Escher Wyss Ravensburg Plant are given in this section.
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III. Schedule

A. Overall

The proposed schedule calls for a total of five years from

contract date to plant operation and is divided into two phases, each

covering two and one-half years.

Phase A consists of the theoretical and experimental

development effort required to provide reasonable assurance that a

feasible design of this type does exist. A limited amount of design and

development effort, not essential to the demonstration of feasibility,

will be carried on during Phase A to prevent undue delays in carrying

the project to completion. Such long-lead items will include

preliminary critical experiments, basic physics and heat transfer

studies, overall system design and possibly the initial stages of

turbo-machinery design.

Phase B consists of completion of development, detailed

design, construction and plant testing.

B. Fuel Element Tests

It is felt that an in pile loop test of a fuel element

at rated temperature, pressure, flux, etc., is necessary to demonstrate

the adequacy of the design. In order to provide some basis for the

relatively expensive and time consuming loop fabrication project,

it will be preceded by pellet irradiation tests. To make loop data

available at the end of Phase A, the loop design will be complete

when pellet data becomes available. If the loop design appears adequate

in light of the pellet data, loop fabrication can begin. Otherwise,

some redesign may be required It is anticipated that pellet
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irradiation and loop testing will continue well beyond the points

at which program decisions are required.

C. Control Drive Tests

In view of the scheduling of Phase A, it will be possible to

proceed in an orderly, efficient manner with control drive development.

The control drive design will be outlined and a test fixture designed

and fabricated on this basis. Ample time is available for redesign

and further testing.

D. Heat Transfer

The schedule permits the construction and operation of

a flow evaluation facility prior to the termination of Phase A. Early

operation of this Ford facility is essential for overall reactor design.

E. Critical Facility

The critical experiments and low power tests, being long-

lead items, require that design of the critical facility begin promptly

after Phase A is initiated. A good deal of critical experiment results

will be available at the close of Phase A.

F. Turbo-machinery

A schedule predicated on a 30 month delivery of turbo-

machinery requires that turbine design begin h months before the

completion of Phase A. The portion of the turbine project conducted

during Phase A is expected to consist of design effort. The turbo-

machinery portion of the schedule is discussed in some detail below.
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III. Schedule

Nitrogen Turbo-machinery

A firm estimate of 28 months has been given by the Escher Wyss Company

of Zurich, Switzerland for the construction and test of a 15 megawatt

closed cycle compressor turbine set. This machinery is presently

designed for air. The precise nature of the modifications required for

nitrogen closed cycle operation is not known but since the Escher Wyss Company

and the Nordberg Company are already conducting experiments along these lines,

it is highly probable that all modifications can be incorporated within the

estimated time. The estimate of 28 months is considered reasonable by Ford.

This is based upon the latest information we have received on the performance

of the closed cycle coal fired power plant constructed by the Escher Wyss

Company at Ravensburg, Germany. This plant is the only closed cycle plant

in existence of the TU-CO design, that is with the turbine and compressor

mounted on a single shaft.

According to the latest information received from Escher Wyss, the

Ravensburg plant has operated for about 1000 hours, the major part of which

was at full temperature but not at full pressure operation. The lack of

cooling water prevented operation at full load. Midway in the first

phase, compressor surge problems existed at certain operating conditions.

The cause of this surge was possibly the overdesign of the compressor

wheel. A new compressor rotor was installed in the machinery set and

the set has operated successfully without any turbo-compressor problems

ever since. Certain problems have crept into the operation of the coal

fired gas heater but these are not considered relevant to the successful

operations of the turbo-compressor machinery with a nuclear plant.
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The Ravensburg plant is designed for 2.5 megawatts electric output

and is, therefore, smaller than the 15 megawatt design considered here.

However, the great similarity between the 15 megawatt turbo-machinery

design and the Ravensburg design would indicate that some confidence can

be placed in the ability of Escher Wyss to manufacture a successful

15 megawatt turbo-machinery set. In addition to the operation of the

Ravensburg plant, we have been informed by Dr. Keller of Escher Wyss

Company that Escher Wyss has now embarked upon a program of testing seals

for the gas working fluid. According to our latest information, the

design of the Escher Wyss seal test fixture has been completed and

the fixture is probably in construction now.
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III0 Schedule

Helium Turbomachinery

The following information on the schedule was obtained from the

Nordberg Manufacturing Company of Milwaukee, Wisconsin. This information

was based upon the following assumptions:

a. 15 megawatt output turbomachinery

b. No reliance upon Escher Wyss for any engineering information

c. The starting time is after the completion of Nordberg's

turbomachinery study being currently conducted for the A.E.C.

on the tanker reactor program.

Start End
Months

Engineering, Preliminary Design, Final Design 0 18

Components, Develop and Test h 18

Manufacture 12 30

Test 30 36

Nordberg feels that the oil fired gas heater would be required for

testing the completed set at operating power before shipment to the

reactor site.
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IV. AEC Facilitiec

The AEC facilities required to carry out the total program are limited

to the following:

1. Brookhaven (or equivalent) pellet irradiation space:

A single fuel channel, about 2 inches by 2 inches and about 10 feet

long will serve for all pellet irradiations. A large number of pellets will

be irradiated simultaneously. The flux required will be a minimum of 1 x 102

nov. Higher fluxes will materially improve the validity of the experimental

results This space will be needed beginning with July 1957. Depending upon

early pellet results, the tests may be continued through late 1958 if the

possibility of getting further important data warrants the extension,

2. Pellet dissolution space

From time to time, as experiments are completed, hot cell facilities

will be required for exterior physical examination of the irradiated pellet

and dissolution of the U0 2 contained therein 0 All subsequent work will be

done in Ford facilities. It is estimated that less than one day would be

required per pellet dissolved. No timetable can be given at this time as to the

precise dates required but it is to be expected that the dates will coincide

with the later stages of pellet irradiation.

3. Loop test facilities will be required for the testing of complete fuel

elements. The facilities will be required from November 1958 through October

1959. The neutron flux required is around 3 x 1013 n.v. Gas will be cir-

culated through the element at an inlet temperature of 7500 and an exit

363



IV-2

temperature of around 1300. The elements will be roughly 5 inches

by 5 inches by 4 feet long, and therefore smaller elements will be

required for loop tests. It is desirable to have facilities for

running 2 to 3 elements simultaneously. The period of time mentioned

above is for the direct feasibility check of our fuel element design

and materials. In addition, Ford proposes to run destruction tests

on the fuel elements, that is to test the fuel element to failures

either by excessive radiation or excessive temperature. Ford con-

siders the manner of fuel element failure of vital importance in

determining the maximum lifetime capabilities of the fuel elements.

It would, in addition, be desirable to know whether the failures

were of a sudden catastrophic nature or whether the failures were

predictable by excessive fission product leakage before complete

element failure. These destruction tests will be carried on from

the beginning of 1960 on. If the space can be made available, it

would be considered desirable to carry these tests for as much as 2

years in order to get the most complete possible information.

4. Hot-lab facilities will be required for the investigation of

the effects of fuel element irradiation. Based upon our present think-

ing, the examinations to be performed would be of an external physical

nature rather than a detailed analysis of precisely what happened or

any lengthy investigation as to why it did happen. The detailed

material investigation is at present considered beyond the scope of

the Holyoke Project, in which the prime purpose is to produce working

materials rather than to discover the precise cause of failure of

non-workable materials.
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5. Space may be required for testing of control elements in a very

high flux reactor. The specimens would be of small sizes, on the order

of inches and would not require loop cooling as far as is known. If

the research reactor space referred to in No. 1 above is on the order

of or greater than 3 x 101 3nv., it may be possible to perform these

tests within the framework of No. 1 above. In the event that relatively

low flux space is all that is available for No. 1 above, high flux

testing of the control rods in a separate reactor will be required.

Ford feels strongly that the materials in the control rods must be

tested under simulated conditions of many core lives before they can

oe considered acceptable for use in the proposed reactor. The length

of time in the reactor required for this work would depend upon the

precise flux level available. It is desired to start high flux testing

by no later than 1958 and to run control rod samples for integrated

doses of 5 x 102nvt. or more.
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V. Cost

Based upon careful estimates, the Phase A work outlined in this

report is to be performed at cost with the total not to exceed $2,850,000.

The research and development work in Phases A and B together

is to be performed at cost with the total not to exceed $5,252,000.

These figures are consistent with the cost data given in the

Holyoke Proposal, as amended August 31, 1956.
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