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PREFACE

In September, 1956, a group of men experienced in various scientific
and engineering fields embarked on the twelve months of study which cul
minated in this report. For nine of those months, formal classroom and
student laboratory work occupied their time. At the end of that period,
these nine students were presented with a problem in reactor design. They
studied it for ten weeks, the final period of the school term.

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

The faculty Joins the authors in an expression of appreciation for
the generous assistance which various members of the Oak Ridge National
Laboratory gave. In particular, the guidance of the group consultant,
C. E. Winters, is gratefully acknowledged.

Lewis Nelson

for

The Faculty of ORSORT
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ABSTRACT

A conceptual design of an advanced engineering test reactor is presented.

The reactor is a heavily-loaded, fully-enriched U-235 system containing four

8-inch diameter experiment tubes penetrating the core. The core configuration

is two fuel slabs separated by a D20 moderating region containing the four

experiment tubes. A fast neutron reflector of 70 volume percent aluminum and

30 volume percent D2O comprises the region at the outside of the fuel slabs.

15 2Unperturbed thermal neutron fluxes as high as 2.4.8 x 10 neutrons/cm -sec

can be supplied to the experiment region for a core lifetime of greater than

12 days at a total reactor power not exceeding 500 MW.

_5„



TABLE OF CONTENTS

Page

List of Figures 8

List of Tables 12

I. Introduction 14,

A. General Comments L4
B. Reactor Design Criteria 14
C. Scope of Study 15

II. Preliminary Considerations 16

III. Description of Double-Slab Reactor 19

A. General Description 19
B. Reactor Test Region 24
C. Reactor Core and Reflector 25

D. Shutdown and Control System 30
E. Reactor Fuel Handling 34
F. Heat Production in the Central D2O Region 36
G. Heat Production and Heat Transfer in the

Aluminum-D20 Reflector 38

IV. Reactor Core Analysis 41

A. General Considerations 41
B. The Power Equation and its Implications 41
C. Core Geometry 43
D. Heavily-Loaded Slab Geometry Calculations 47
E. Lightly-Loaded Cylindrical Cores 80
F. Validity of the Calculations 85

V. Bibliography 90

VI. Appendices 93

A. Three-Group Constants 93

B. Nuclear Heating in Fast Neutron Reflector 110
1. Heat Production in the AI-D2O Fast Reflector 110
2. Heat Transfer Calculations for the Aluminum Reflector 119

C. Nuclear Heating in D20 Reflector 123
1. Calculation of Heat Production in the Central D20 Region 123

D. Fuel Burnup and Fission Product Effects 124
1. Fuel Burnup 125
2. Xenon-135 Concentration 128
3. Xenon-135 Poisoning I38
4. Samarium Concentration 139

—6—



Page

5. Samarium Poisoning 143
6. Total Fission Product Poisoning 143
7. Xenon over-ride 143
8. Xenon Instability 149

E. Fuel Element Design 154
1. Fuel Element Calculations and Design 154
2. Fuel Alloy Composition 158

F. Core Heat Removal 161
1. Heat Production, Transfer and Removal Calculations !6l
2. DpO-Coolant Flow and Temperature Calculations 169
3. Heat Transfer Coefficients 174
4> Fuel Plate Temperatures 175

G. External Coolant Circuit Calculations 1§£
1. Pressure Drop Calculations for External Circuit 1&U
2. Heat Exchanger Calculations 185
3. Pressure Drop Across Heat Exchanger 3$7
4. Total System Pressure Drop 189
5. Pumping Requirements 189
6. Cooling Water (H20) Requirements 189

H. Temperature Distribution in Fuel Plates 190

-7-



LIST OF FIGURES

Figure No. Title Page

1. Elevation of Reactor Building 20

2. Sectional View of Reactor 21

3. Plan View of Reactor 22

4. Isometric View of Reactor 23

5. Fuel Element Sketch 27

6. Safety System Schematic 31

7. Control System Schematic 33

8. Effect of Mass of Cadmium on Multiplication Constant 35

9. Average Heat Production in Central D20 Region for
Total Operating Power Level of 500 MW 37

10. Average Heat Distribution in Homogenized Side
Reflectors 39

11. Comparison of Cylindrical and Slab Geometries 45

12. Illustration of Dimensional Notation (Double
Slab Geometry) 48

13. Effect of Various Reflectors on Reactivity and
Flux Peaking 50

14. Multiplication Constant (kgff) vs Fuel Loading for
Three Types of Reflectors 51

15. Core Effectiveness (Pe/RM) vs Fuel Thickness for
Various Reflectors 52

16. Multiplication Constant vs Fuel Concentration for
Typical Fuel Zone Thickness for Three Types of
Reflectors 53

17. Core Effectiveness (Pe/RM) vs Fuel Concentration for
Three Types of Reflectors for Typical, Constant Fuel
Zone Thickness 54

18. Typical Flux for a D20 Reflected Core 56

19. Typical Flux Plot for a 70$ Zirconium Reflected Core 57

-8-



Figure No. Title

20. Typical Flux Plot for a 70$ Al Reflected Core 58

21. Peak and Average Power Densities Required to
Deliver Equal Experiment Fluxes for Various
Types of Reflectors 59

22. Multiplication Constant, Flux Peaking and Core
Effectiveness vs Fuel Thickness for a 70$ Al
Reflected Reactor 62

23. Multiplication Constant and Core Effectiveness
vs Fuel Concentration for a 70$ Al Reflector . 63

24. Multiplication Constant and Core Effectiveness
vs Metal/Water Ratio 64

25. Multiplication Constant and Core Effectiveness
vs Ri Thickness 66

26. Relative Core Effectiveness (Pe/RM) vs Experiment
(3.5 cm)+ D20 Thickness 68

27. Multiplication Constant and Core Effectiveness
as a Function of Experiment U-235 Concentration 69

28. Relative Core Effectiveness (Pe/R) as a Function
of Experiment Slab Thickness 70

29. Results of Temperature Coefficient Calculations
for Constant D20 Reflector Temperature of 50°C
(keff vs Fast Reflector Temperature) 71

30. Results of Temperature Coefficient Calculations
for Constant D20 Reflector Temperature of 50°C
(k@ff vs Fuel Region Temperature) 72

31. Results of Temperature Coefficient Calculations
for Constant Fast Reflector Temperature of 100°C
(keff vs Fuel Region Temperature) 73

32. Results of Temperature Coefficient Calculations
for Constant Fast Reflector Temperature of 100°C
(kgff vs Temperature of D20 Moderator) 74

33» Multiplication Constant vs D20 Reflector Thickness 76

34. Multiplication Constant and Core Effectiveness vs
Thickness of 70$ Aluminum Reflector 77

35. Thermal Flux in the Fuel Zone—Y Traverse 78

-9-



Figure No. Title page

36. Thermal Flux in the Fuel Zone—Z Traverse 79

37. Multiplication Constant and Core Effectiveness
as a Function of Reflector Savings in the Y and Z
Directions 81

38. Effect of Experiment Absorbers on Thermal Flux
for Experiment at 40 cm Radius (Cylindrical Core) 83

38a. Effect of Experiment Absorbers on Thermal Flux
for Experiment at 60 cm Radius (Cylindrical Core) 84

39. One-Speed Diffusion Theory Results (Cylindrical
Core) g7

40. Dimensional Notation for Capture-Gamma Heating 116

4-1. Dimensional Notation for Heat Transfer Calculations 120

42. U-235 Concentration vs Time 2.26

43. Average Thermal Flux vs Time for Constant Power 127

44. Maximum Xe-135 Concentration vs Average Thermal
Flux During Operation 232

45. Xe-135 Cross Section vs Operating Time 134

46. Xe-135 Growth and Decay After Shutdown I37

47. Samarium Cross Section vs Operating Time 142

48. Increase in Xe-135 Cross Section Following
Shutdown 2.46

49. Multiplication Constant vs Operating Time 147

50. Allowable Length of Shutdown to Permit Restart
vs Operating Time 1I4.3

_Xe
51. Change in^-a versus Time Following +10$, +20$ and -20$

Change in Average Flux 151

52. Thermal Flux vs R2 2.64

53. Fission Rate Density vs R2 (at avg. (j)(z) and (j)(y)) 165

54. Fission Rate Density vs R2 (at Center of Reactor) 166

55. Coolant Flow Schematic 170

-10-



Figure No. Title

56. Coolant Flow Channel in Fuel Element I76

57• Temperature Identification for Heat Exchanger 188

58« Dimensional Notation of Fuel Plate

59. Temperature Notation (Fuel Plate)

6°. Dimensional Notation (Fuel andCladdlng) 194

61• Temperature Distribution in Fuel Plate 198

62. Dimensional Notation (Fuel) 201

63. Fuel Element and Fuel Slab Dimensions 205

-11-

190

193



Table No. Title Page

1. Effect of Multiplication Factor and Experiment
Zone Thermal Flux of Varying Concentrations
of Fissionable Material in the Experiment Region 25

2. Summary of Double-Slab Reactor Calculations 28

3. One-Speed Diffusion Theory Results 86

4. Microscopic Cross Sections of Elements 98

5. Three-Group Constants for Various Uranium
Concentrations, Bucklings and Metal-to-Water
Ratios 100

6. Weighting Functions ((j)^U) for Calculating 105
Group Constants

7. Three-Group Constants for Several Materials in
Temperature Range 25°C to 150°C 107

8. Three-Group Constants for Several Metal-to-Water
Ratios and Several Uranium Concentrations 109

9. Gamble's Energy Spectrum for Fission Gammas 112

10. Gamma Energy Absorption Coefficients 112

11. Neutron Elastic Scattering Constants 115

12. Energy Spectrum for Capture Gammas in Aluminum 118

13. Constants for Calculating Capture-Gamma Heating 118

14. Gamma Absorption Coefficients for D20 123

15. Maximum Xe Concentrations for Several Fluxes 131

135
16. Xe Concentration as a Function of Reactor

Operating Time 133

17. Xe135 Growth and Decay After Shutdown 136

18. Change of Reactivity and Multiplication Constant
Due to Xe135 as a Function of Reactor Operating
Time 140

19. Sm Cross Section as a Function of Operating Time 141

135
20. Allowable Shutdown Time for Xe Override as a

Function of Reactor Operating Time for Cold Reactor 144

-12-



Table No. Title page

21. Allowable Shutdown Time for Xe Override
as a Function of Reactor Operating Time for
Hot Reactor 245

22. Effect of Step Changes in Average <}> on Xe135
Cross Section 150

23- Fission Rate Densities in Core 163

-13-



I. INTRODUCTION

A. General

Today's nuclear power and nuclear propulsion programs urgently require the

results of in-pile tests of fuel elements in high neutron fluxes and with high

accumulated neutron dosage (nvt). A testing reactor for this purpose should

be capable of irradiating whole or partial test fuel elements at a thermal

15 2
neutron flux of greater than 1 x 10 n/cm -sec in order to accelerate the

testing programs by reducing testing times. With widely diverse reactor pro

grams underway, the testing reactor should provide facilities for irradiating

fuel elements with a variety of coolants such as gases, water, organic liquids,

fused salts, and liquid metals as well as fuel solutions for liquid-fueled

reactors.

Since the need for such a testing reactor is urgent, it is desirable to

utilize existing and proven technology in order to assure more rapid implementa

tion of the facility. This requirement was kept in mind throughout this study,

and consideration was given only to systems based upon proven technology,,

B» Reactor Design Criteria

Certain design criteria and limitations have been imposed as boundaries and

goals for this particular study. They are;

a. The reactor is to be used for fuel element tests and fuel element

experiments only. Other types of research and electrical power

production are not to be considered.

b. Four eight-inch diameter through-pipes are to be provided for testing

and experiments.

15 2c. A thermal neutron flux of 1 x 10 neutrons/cm -sec or greater

should be delivered to the experiment.

-14-



d. The thermal neutron flux available for the experiments should not

vary by more than 50$ over the experiment region.

e. The reactor power should not be in excess of 500 megawatts.

f. A reasonable core life in excess of seven days is desirable.

g. Use of components requiring extensive development is to be avoided

because of the immediate need for the reactor. Only existing

technology is to be considered.

C. Scope of Study

This study has been primarily concerned with the core design of a reactor

to meet the above requirements. Geometrical considerations have been limited

to arrangements that will place experiment tubes in regions of highest thermal

flux. This investigation was not extended to a complete design of a reactor

facility but has been directed principally toward providing an experiment zone

having the desired nuclear properties. A nominal amount of engineering has been

considered to recognize some of the problems associated with the construction

of such a reactor and to investigate means of heat dissipation.

No attempt has been made to estimate the cost of a complete facility of

this type. It is felt that existing or planned reactor facilities, without

extensive technical modifications, will serve adequately as a guide to the

extension of the reactor design.

-15-



II. PRELIMINARY CONSIDERATIONS

None of the design parameters such as core geometry, fuel concentration,

metal-to-water ratio, etc., for the advanced engineering test reactor were

fixed at the beginning of this study. Therefore a considerable portion of the

initial work was directed toward fixing principal parameters in order that a

more detailed study of the system could be made.

Providing a high thermal neutron flux in a reactor at a given power level

can be accomplished in two ways: (l) by using a lightly-loaded fuel region

and taking advantage of the inverse dependence of average thermal flux upon

mass, or (2) by using a heavily-loaded fuel region with a high fast flux

leakage into a flux trap composed of a moderating material. The work of

Cheverton et al , calculations performed on the Mighty Mouse reactor ' and

flux plot data on the Argonaut ' and Thermal Test reactors highlight

the use of the flux trap principle for obtaining thermal flux peaking. Where

as a lightly-loaded cylinder of the NRX type exemplifies production of high

thermal flux with a lightly-loaded system.

Physical disposition of fissionable material, the location of test facilities,

fuel enrichment, moderating and reflecting materials, and core geometry received

much early attention. Because of the need of a high, infinite multiplication

factor (koj it was decided to consider only fully-enriched U-235 systems. Never

theless, it should be pointed out that a U-233 system with its high value of

^(^2.29) should make an even more satisfactory fuel. Other values were mutually

related and primarily dependent upon core geometry.

A variety of geometries utilizing the flux trap principle for boosting

thermal flux in the experiment region were considered for further study:

-16-



1. A cylindrical annulus of fuel 75 cm inside radius with the four

experiment tubes and moderator in the central region and reflector

in the outer region.

2. A cruciform fuel loading with an experiment tube located in each

quadrant.

3. A single finite slab that has the experiment tubes adjacent to one

face and either a fast or thermal reflector on the other face.

4. A double-slab configuration with the four experiment tubes on the

center line between the slabs.

5. A lightly-loaded cylinder of the NRX type with an experiment tube in

each quadrant.

Calculations of configurations 1 and 2 appeared to be impossible using the

(5)available one-dimensional, three-group, three-region ORACLE code. ' However,

calculations were performed on the single slab geometry for the following conditions:

Fuel slab dimensions 180 cm x 120 cm x 14 cm

19 3
U-235 concentration 9.18 x 10 atoms/cm

Metal-to-water ratio 0.73

Reflector savings for Y & Z directions 20 cm

Moderator D20

On one 120-cm x 180-cm face a 200-cm-thick D20 reflector-moderator was used and

on the opposite face a fast reflector 60 cm thick composed of 70$ Al and 30$

D2O by volume was used. In this single slab geometry the effective multiplication

factor (keff) was found to be 1.12. However, at this time more promising results

from the double slab geometry calculations and its flux trap advantage suggested

that this approach would be more profitable; consequently, further study of the

single slab was dropped.

-17-



Concurrently, calculations were being performed on the lightly-loaded

cylindrical reactor; details of these calculations are recorded in Section IV E.

18 "i
For these cases, fuel concentrations of the order 2 x 10 U-235 atoms per cm

and dimensions in the range 6 to 10 ft high by 6 to 12 ft diameter were used.

Critical mass calculations and flux plots indicated that the lightly-loaded cylinder

was not a "stiff" system, i.e., the presence of highly-absorbing experiments, such

as PWR fuel elements, would too greatly reduce the flux at the experiment. In

addition, the critical mass of about 7 kilograms would make difficult the control

problem incurred by adding the 3-4 kilograms excess mass required for lifetime

and fission product poisoning.

The lack of a two-dimensional (A-@) code hampered the cylindrical reactor

calculations since approximations had to be made in forming the mathematical

model. This problem, however, was not as serious for the slab calculations. It

appeared that the better geometry for the advanced engineering test reactor would

be the double slab, and a series of parameter studies was undertaken to optimize

the separate regions.

-18-



III. DESCRIPTION OF DOUBLE-SLAB REACTOR

A. General

The core configuration adjudged to be optimum for the requirements of the

advanced engineering test reactor is the double slab geometry with the experiment

tubes located midway between the slabs. A pictorial representation of this reactor

is given in Figures 1, 2, 3, and 4. The reactor core including its reflectors

is in the general shape of a rectangular parallelepiped. The four 8-inch diameter

experiment tubes are arranged on the center line between the slabs and are spaced

40 cm apart center to center. These tubes penetrate the core vertically, parallel

to the 180 cm x 120 cm faces of the slabs; the distance from the center of the

tubes to the face of the fuel slab is 20 cm.

Beyond the fuel slabs on both sides of the reactor are fast neutron reflectors

consisting of aluminum plates cooled by heavy water. The fast reflectors are

composed of 70$ Al and 30$ D20 by volume. The top, bottom, and ends of the reactor

are D20 reflected. In addition, D20 serves as the coolant for the MTR type fuel

elements that make up the fuel slabs and fills the region around the experiment'

tubes between the fuel slabs.

The core region will be subjected to relatively high heat fluxes, and pressuri-

zation will be necessary to preclude nucleate boiling in the fuel element channels.

A hot spot temperature of 464 F will require pressurization of the system to at

least 500 psi. The core will be cooled by downflow of D20 because:

1. Fluid forces tend to maintain the fuel elements in the bottom grid plate

and simplifies top grid construction.

2. Downflow aids in the gravity drop of the safety curtains.

16
3. Downflow carries the gamma-active N to the bottom of the core permitting

the least radio-active coolant to be at the top. Thereby the top shield

can be of less complicated construction.

-19-
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B. Reactor Test Region

The test region of the reactor occupies the space between the fuel slabs and

has dimensions 40 cm wide by 180 cm long by 120 cm high. Experiment tubes will

extend through this region as shown in Figures 1 and 2 and continue through the

top and bottom heads of the reactor- containing vessel. In reality these tubes

are through-tubes permitting experimental access at both the top and sub pile areas

for locating test fuel elements or other specimens in the heart of the reactor.

Possible choices for materials of construction are aluminum and hafnium-free

zirconium. In any case, the material should have a low thermal-neutron absorption

cross section so that maximum flux can be delivered to the experiments. For this

study it was assumed that the tubes would be made of aluminum.

The tube walls need to be constructed for an outside pressure of at least

500 psi as this will be the pressure of the reactor vessel. Likewise, the conditions

on the inside of the tube might also require pressure construction. Test fuel

elements will produce large quantities of heat, and pressurized test systems could

well be necessary to prevent vaporization of the coolant.

As will be discussed in Section IV, the test region has been planned to minimize

distortion of the flux pattern at the experiment. The dimensions of the system

have been chosen to permit thermal flux peaking in the experiment region. The

clean and cold reactor will have about 30% excess reactivity available for experi

ments, burn-out, xenon over-ride, and thermal effects which can be satisfactorily

controlled by absorbing curtains extending through the fuel region.

Fissionable material in the experiment region has a pronounced effect upon the

multiplication factor and flux level at the experiment. In order to make calculations

to show this effect with the three-group, three-region code, it was necessary to

homogenize the experiment, through-tube and structural material into a central

slab 7 cm thick by 180 cm long by 120 cm high; reflector savings were then applied

-2U-



to the core region to account for the fast reflector effect. Noting that a
19 o

concentration of 10 x 10 U-235 atoms per cur is the average concentration of

a PWR seed element which contains approximately 2.4. kg of U-235 homogenized into

a 6-foot long by 8-inch diameter pipe, the following tabulation of the effect of

fissionable material in the test region on the multiplication constant and thermal

flux at the surface of the experiment can be constructed:

TABLE 1

EFFECT ON MULTIPLICATION FACTOR AND EXPERIMENT
FLUX OF VARYING CONCENTRATIONS OF FISSIONABLE MATERIAL IN

ZONE THERMAL

THE EXPERIMENT REGION

Fuel concentration

experiment >
atoms U-235/cm3

in

keff
Thermal flux*

at a reactor power
of 390 MW>n/cm2-sec

0 1.29 2.48 x IO15

1x IO19 1.179 1.165 x IO15
19

2 x 10 * 1.209 1.135 x 10

3x IO19 1.238
15

1.097 x 10

4 x IO19 1.266 1.061 x IO15

6 x IO19 1.306 15
0.994 x 10

19
9.18 xlO7 1.354 0.893 x IO15

* for a clean, cold reactor (does not include fission product and temperature effect:

It will be noticed that delivered fluxes of the magnitude of 10 n/cm2-sec can be
19 "3attained with fuel concentrations as high as 4 x 10 atoms of U-235/cm . Estima

tions have shown that the heat produced by U-235 concentrations of this magnitude

will be quite large and create serious heat dissipation problems for the experimenter,

C. Reactor Core and Reflector

The fuel region of the reactor consists of two fuel slabs each being 20 cm thick
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by 180 cm long by 120 cm high and separated by a 40 cm D2O moderator gap containing

the experiment region. Each slab contains 46 fuel elements of the MTR type; these

are pictured in Figure 5.

Individual fuel elements are mounted in a grid plate which is supported by

the vessel walls. This plate is fitted with orifices to distribute coolant between

the fuel, reflector and moderator regions. As previously stated downflow of coolant

is provided to minimize the danger of the fuel elements lifting out of the grid

during operation. At appropriate points spacing of the fuel elements is adjusted

to permit entry of control plates into the fuel zone.

Based upon the volume of the fuel region, the concentration of U-235 is

19 3
9.18 x 10 atoms per cm and the volume ratio of metal to water is 0.73. A

detailed discussion of the calculations required in determining these numbers is

included in Section IV. Engineering calculations were made to investigate the

problems associated with heat removal, fuel zone temperatures, pressure drop,

coolant velocities, etc., and these results are presented in Table 2. It may be

pointed out that these results appear to describe a system which can be engineered

by an extension of existing technology.

The outside 180 x 120 cm faces of the fuel slabs are covered by fast neutron

reflectors consisting of aluminum plates which comprise 10$ of the volume of this

region; the remaining 30$ is D20 for cooling purposes. Of course, the function of

the fast reflector is to return fast and epithermal leakage neutrons back through

the core region into the central experiment region. Slowing down of these fast

and epithermal neutrons shifts the flux peaking into the experiment zone. The

scattering processes whereby fast and epithermal neutrons are reflected deposit

heat in the aluminum reflector; however, as will be shown in Section III-G, heat

removal is not a serious problem.

-26-



FT
A

V

T

A

3
o

So

0

FIGURE 5

FUEL ELEMENT SKETCH

0,188*

3,917"

3,54/"-
•3.4t"(acti.re core)

SECT/ON AA

a oio" 0.030"

0.065

ai side/olqt

Ai-u alloy core
ai clad Ai e. J plate

-27-

DETA/L A



TABLE 2

SUMMARY OF DOUBLE-SLAB REACTOR CALCULATIONS

Nuclear Characteristics

{pTH in fuel (average)
/\ . .

(pTf1 in fuel (peak)

(p^ in experiment region

Total power for unperturbed peak flux of
2.48 x 1015

eff
(at start-up)

fcfe, (temperature effect)

fck, (steady state fission-product poisoning)

0*- (fuel burn-up)

£k (experiment effect, Xe over-ride and
burn-up)

Core lifetime

Fuel Element Characteristics

Active length

Width

Depth

No. fuel bearing plates per element

No. fuel elements in core (46 per slab)

Surface area for heat transfer in core

U-Al fuel alloy composition

Metal-to-water ratio

Fuel element type

Loading mass for k = 1.30

Fuel plate thickness

-28-

Supercritical
Calculations

U
2.97 x 10

14
8.4 x 10

2.48 x 1015

500 MW

1.30

5%

5%

8$

12%

12 days

47.3 in

3.917 in

2.728 in

36

92

7704 ft2

12.5% wt. U

0.73

MTR

30.9 kg U-235

0.030 In

2.13 x 10

7.25 x 10'

15
2.48 x 10

390.6 MW



Table 2 (continued)

Fuel alloy thickness

Al clad thickness

Geometry

Core configuration

Slab length

Slab thickness

Slab height

Distance between slabs

Moderator-reflector between slabs

Fast reflector on outside 120 cm x 180 cm
faces of slabs

Reflector on other faces of fuel slabs

Thermal Characteristics

Average heat flux

Maximum heat flux

Average power density (homogenized core)

Maximum power density(homogenized core)

Average power density (heterogeneous core)

Maximum power density (heterogeneous core)

Maximum temperature of fuel element surface

Mixed mean temperature of D2O coolant
leaving core

-29-

0.010 in

0.010 in

double slab

180 cm

20 cm

120 cm

40 cm

D20

70% Vol. Al
30% Vol. D20

D20

210,430 BTU/hr-ft
66.4 watts/cm

775,000 BTU/hr-ft2
245 watts/cm2

53.14- x106 BTU/hr-ft3
550 watts/cm^

196 x 10 BTU/hr-ft3
2029 watts/cm3

50.5 x 107 BTU/hr-ft3
5230 watts/cm

186.5 x IO7 BTU/hr-ft3
19,310 watts/cm3

464°F

204.5°F



Table 2 (continued)

Temperature of D2O coolant entering core
and fast reflector 120°F

Temperature of D2O coolant leaving
fast reflector 170°F

Temperature of D20 coolant going to
heat exchangers 203°F

Coolant Flow Characteristics

Flow rate through core 33,800 GPM

Flow rate through fast reflector 3,100 GPM

Total flow rate through system 36,900 GPM

Velocity through core 21 ft/sec

Pressure drop through core 40 psi

Total pressure drop through system ca. 62 psi

Flow channel cross sectional area in core 3.58 ft

Estimated pumping power 1360 HP

Estimated flow rate of secondary coolant
(river water) 114,000 GPM

D. Shutdown and Control System

Owing to the high thermal peaking in the D20 region contained between the

fuel slabs, this region is chosen for the safety shutdown elements. Two cadmium

curtains, placed so that each fuel region has a curtain of cadmium between it and

the central moderating region to prevent thermalized neutrons from being reflected

back into the fuel and to prevent coupling between the two fuel regions, form the

nuclear portion of the safety shutdown system. This mechanism is shown in Figure 6.

Each curtain is made of two sheets of cadmium jacketed in stainless steel with an

overall size of 2 cm x 120 cm x 92 cm and is pivoted at the outside upper corners.

These sheets are rotated upward through 90° for complete withdrawal. The insertion
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is by gravity plus help from down flow of the D20 coolant with an insertion time

of less than 0.4 sec. When the control elements are fully inserted the entire

face of the fuel zone is covered by a curtain between the fuel and the D?0. Each
3

blade has a volume of 21,600 cm and a mass of 173 kg. The torque exerted in the

fully withdrawn position is 10.4 x 10 gm-cm.

To make an estimate of the change in k when the position is changed from

withdrawn-fully to inserted-fully, the following procedure is followed in making

nuclear calculations on the ORACLE using the 3G3R code. It is assumed that the

effect of the cadmium curtain on k is the same as poisoning the central region for

thermal neutrons. The calculations are made with and without fuel in the test

region and show the curtains to be capable of shutting down the reactor with the

highest fuel concentration ever likely to be tested in the central region.

The torque to remove the blades is supplied by canned motors to eliminate a

mechanical seal in the head of the pressure tank. In order to allow faster in

sertion times the shaft is declutched between the reduction gears and the blade

shaft. The high power at which the reactor operates makes a disaster so potentially

costly and dangerous that the greatest possible care must be taken when the safety

instrumentation is selected to actuate the safety curtains.

The shim and regulation system is designed to achieve not only shimming and

regulation but, in addition, to provide flux shaping throughout the horizontal

length without distrubing the flux pattern in the vertical direction. Figure 3

shows where the sixteen elements are located in the reactor. The elements are

blades of cadmium jacketed with stainless steel with dimensions of 0.75 cm x 22 cm

x 120 cm. These slabs move laterally in 1.27 cm wide slots in the fuel zone. The

drive mechanism (Figures 3 and 7) is an adaptation of one designed at Argonne
(19)National Laboratory for use on the Argonaut/ ' It is believed that enough
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experience has been gained with drives of this design to predict reliable service

in this application. The stainless steel sheathed cadmium control elements are

attached by disconnects to spring steel strips running through the aluminum

reflector to aluminum drums 6.5 inches in diameter. The steel strips are wound

on the aluminum drums in withdrawing the elements from the slots in the fuel. The

torques for turning the drums are furnished by canned motors operating from the

subpile room. When the shaft is declutched the steel strips serve as powerful

springs for driving the blades into their fully-inserted positions, Snubbers are

built inside the drums and use D20 as the snubbing fluid. The same handling equip

ment can be used for changing both the fuel elements and the control blades so

that the comparatively frequent changes of every three or four months of the cadmium

plates can be made as easily as possible.

The value of ——& for all rods inserted is estimated by homogenizing the

effective cross-sectional area of the cadmium into the fuel zone for a basic case

of k = 1.298. A plot is shown in Figure 8. No practical way is found to calculate

(32)the worth of the cadmium rods; however, experienced personnel have expressed

an opinion that the sixteen sheets of cadmium will furnish ample poisoning to give

a ^k large enough for all loadings and experiments planned. This, of course,
needs experimental verification. If the cadmium does not give enough change in k

from the withdrawn to the inserted position of the elements, then the cadmium should

be replaced by a rare earth having a high epithermal cross section as well as a high

thermal cross section. With the elements fully inserted, each fuel slab is divided

into six compartments 6.93 cm x 20 cm and seventeen compartments 3.46 cm x 20 cm.

These are far below critical size when each is considered as a system uncoupled

from the others.

E. Reactor Fuel Handling

Replacement of the ninety-two fuel elements every two weeks and the control
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plates at about two-month intervals poses an awkward problem due to the possibility

of contaminating the D20 during the handling procedures. This danger can be

circumvented, however, by the use of an indexing system and remote handling equip

ment which can be operated through seals." This type of equipment is already devised

for other reactors and should not be an insurmountable problem for this case.

Although several types of handling systems were discussed by this study group,

none were pursued in sufficient detail to warrant consideration here. Some necessary

requirements of the handling equipment other than sufficient shielding are listed

below.

1. The equipment must be capable of being permanently or temporarily sealed

to an opening in the reactor top to protect the D20 during handling.

2. An indexing system must be provided to properly position the equipment

for removal and replacement of any desired core and reflector component.

3. A cooling system must be provided to keep the spent elements from melting

due to fission product heating during transit.

4. A transfer from D20 cooling of the removed element to H20 cooling must

be provided, possibly by an intermediate period of cooling by dry air

or nitrogen.

5. An H20 cooled storage must be provided to allow fission product partial

decay prior to reprocessing of the elements.

F. Heat Production in the Central D2O Region

The average heat distribution in the central D20 region is depicted in Figure 9.

Two sources of heat were considered} neutron elastic scattering and fission gammas.

The calculations leading to this result appear in Appendix C.

The total heat produced in the central D20 region is 9.3 MW which is 1.9 percent

of the total power being generated in the reactor.
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G. Heat Production and Heat Transfer in the Aluminum-D20 Reflector

It has been shown that improved nuclear performance can be achieved by using

an aluminum fast reflector in preference to a D20 reflector. The ideal arrangement

would be to use a solid block of aluminum as the fast reflector and have no neutron

moderating material present. However, it is known that substantial quantities of

heat will be deposited in the fast reflector by penetrating neutrons and gamma

rays and that successful removal of this heat will require flowing a coolant through

the reflector. Consequently the fast reflector is designed as laminated layers of

aluminum and heavy water and so arranged that the aluminum layers are thinest

where the heat production is the greatest.

The heat distribution in the reflector was obtained by considering the reflector

as a homogeneous mixture of 70$ aluminum and 30$ D20 and calculating the heat de

posited from fission gammas, capture gammas and elastically scattered neutrons.

The heat resulting from neutron captures was found to be negligible.

Figure 10 shows the contribution from each of the above sources as well as

the total heat distribution throughout each reflector. The total heat produced

in each reflector was calculated to be 6.75 MW which is 2.1% of the total heat

produced in the reactor. The calculations which led to the above results are

presented in Appendix B.

An estimate of the coolant flow rate required to limit the maximum hot-spot

temperature rise in the reflector to less than 220°F is given in Appendix B. The

maximum hot-spot occurs at the interface between the core and reflector. At this

location, aluminum slabs 2.5 cm thick are separated by a D20 coolant gap of 1 cm.

The coolant velocity required at this location to keep the temperature rise within

allowable limits was found to be 20 ft/sec. At other locations within the reflector

the coolant velocities can be lowered appropriately.
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This investigation has been directed toward determining the feasibility of

removing heat deposited in the fast reflector. Insufficient time was available

to permit optimization of the reflector design, and a more detailed analysis

should be made before selecting the final composition.
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IV. REACTOR CORE ANALYSIS

A. General

The limiting criteria which establish the basis for this design study are

listed in Section I-B. In addition, certain other limitations were adopted

very early in the study. The combination of these forms the basis for the design

of the reactor core. The criteria thus established are:

1. Total reactor thermal power should not exceed 500 megawatts.

2. The reactor should be designed to deliver a thermal flux not less than

15
1 x 10 to four fuel experiments housed in 20 centimeter diameter test

holes.

3. Core life should exceed seven days.

4. The core should be heterogeneous.

235
5. The fuel should be fully enriched U in the form of a uranium-aluminum

alloy.

6. The fuel element structural material should be aluminum.

7. D20 should be used as coolant and moderator.

It is seen that the materials to be used in the core are chosen; the problem

remaining is the selection of a suitable concentration for the materials and the

choice of a geometry and dimensions which will provide for the delivery of the

required flux to the experiments within the limits of power and core life listed.

B. The Power Equation and its Implications

The general power equation for the fuel zone of a reactor is

P= &) J 2f(E>^)<^fe4)dECl5/L IV-l
jel energyI

where P is the power generated in megawatts;
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•&> is a power conversion constant, generally taken as
—16

3.23 x 10"" megawatts/fission;

£c\}^) *s tile macroscoPic fission cross-section as a function of space

and neutron energy expressed in cm"" J

(p(£>/L) is the neutron track-length or flux as a function of space and energy.

If it is assumed that the fuel is homogeneously distributed, equation IV-1 reduces to

met

17-2

for the special case of three neutron energy groups. 2.n is now the appropriately
ft

flux-averaged fission cross section for the i-th group and (h , (p , and (b-

denote the fast, intermediate and thermal track-lengths. In terms of average

track-lengths, equation IY-2 becomes

P=co (zf( <$IP +zH4>ZF +%<L JvF u_3

where V is the volume of the fuel region,and the subscript F on *

also denotes the fuel region. For 500 megawatts power, equation IV-3 may be

rewritten as

<t>„ = M7+ «'°'\ IV-4

Where M is the mass of U^ in the reactor in kilogramB.

and it is assumed that the average thermal fission cross section of U is

515 barns. As a consequence of equation 'IV-4, it is seen that one or both of
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two conditions must be satisfied in order for a 500 megawatt reactor to deliver

15an experiment flux greater than 10 . This high flux may be obtained by minimizing

the mass of fuel in the reactor or by creating a high flux at the experiment while

keeping the average fluxes in the fuel low. In view of the latter possibility, let

a peaking factor, Pe, be defined by

- 03G
Pe = -^

where (p^E is the peak thermal flux in the experiment region and

<^F is the average thermal flux in the fuel.

If this identity is substituted in equation IV-4, the result is

£ = /, 174*10 £&_ IV_5

The peak flux in the experiment region of the reactor is thus shown to be directly

porportional to the quantity Pe/RM. Consequently, this quantity will be designated

as "core effectiveness" and used as a parameter by which the worth of various core

configurations may be compared.

C. Core Geometry

Traditionally the best shape for a nuclear reactor is that of a sphere.

Cylinders are considered second in desirability while the rectangular parallepiped

or, more simply, slab geometry is third. This ranking is based upon the desirability

of obtaining a minimum surface to volume ratio since this condition provides

minimum probability of neutron leakage. Design deviations from this ranking are

usually predicted upon the practical difficulties encountered in arranging for

heat transfer, control, fuel placement, etc.

There are, however, certain special considerations which affect the choice

of basic geometry for this reactor which do not fall into the categories mentioned

above. Four experiment facilities are desired and it seems likely that these
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must be placed inside the fuel zone in order to obtain the desired experiment

flux. In addition, a minimum of inter-experiment flux perturbation is desirable,

so that the facilities must be separated from one another as much as possible.

If a spherical core is eliminated as impractical, the problem is reduced to choosing

between two geometries, the cylinder and the slab. The possible arrangement of

the experiments and fuel for each of these geometries is shown in Figure 11.

It is seen that the choice between the two geometries may depend upon:

1. The minimum experiment spacing. The spacing which will produce equal

interaction may be different for the two cases.

2. Central region volume required. When the experiment positions have

been chosen, there still remains a choice of the optimum distance

between experiment and fuel. The volume of the inner region will help

to determine the amount of fuel required to produce the desired reactivity.

3. The flux peaking achievable. In the slab geometry the experiments are

on the centerline in one dimension and will benefit automatically from

the high flux produced at the center of a multiplying system. In the

cylinder, the experiments are off-center, but are surrounded by fuel.

4. Perturbation produced by the experiments. It is likely that the introduction

of experiments will depress the flux somewhat differently in the two

arrangements.

In the time available for this study, it was not possible to consider quanti

tatively all of the ahove questions. One attempt was made to compare the two

systems directly by means of three-group, three-region calculations using the

ORACLE ' The two cores considered each contained 18.55 kg of U235 and were
19 1

180 centimeters in height. A fuel concentration of 9.18 x 10 U-235 atoms per cnr

and a metal-to-water ratio of .73 were used on the hasis of the results of a
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previous study . The absorbing characteristics of the experiments were

simulated by using group constants for 30% aluminum, 10$ D20 in the central

region. Both systems used D20 reflectors. Reflector savings of 20 centimeters

was assumed for the directions not computed. The results of the computations

and dimensions used are shown in Figure 11. Although the slab geometry appears

superior both in reactivity and in core effectiveness, it is not certain that a

valid comparison of the two geometries has been made. However, on the basis of

these results, it was decided to restrict further calculations to the slab geometry
19 3

for fuel concentrations in the 10 atoms U-235 per cm range. Several additional

cylinder calculations were made using more dilute fuel and a slightly different

arrangement of the fuel and experiments. These calculations are discussed in

detail in Section IV-E.

For the more concentrated fuel loadings, calculational attention was directed

toward the slab geometry. Early calculations indicated that experiment fluxes of

15the order of 10 J could probably not be achieved over a 180 cm high core. The

core height was therefore changed to 120 cm without any attempt at optimization

of this dimension since it was believed that the optimum length would depend to a

great extent upon the axial flux variation in the experiments. However, 120 centi

meters is considered to be adequate, although it is recognized that a greater

core height might be desirable. Except where specified, all slab geometry calcula

tions discussed in the following sections are for a reactor height of 120 centimeters,

and reflector savings of 40 centimeters (20 centimeters per side) added to these

dimensions. The effect upon the reactor of the value of reflector savings used

is discussed in the following section. See Appendix A for information regarding

the three-group constants used in the calculations.
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D. Heavily-Loaded Slab Geometry Calculations

Notation: Before entering into a full-scale discussion of the results of the

many three-group, three-region ORACLE calculations performed for the slab geometry

type reactor, a short deviation to define the notational conventions to be used

is considered desirable. First, unless otherwise specified, all calculations refer

to the X-direction dimension of the reactor as illustrated in Figure 12. The reactor

is considered as bare in the T and Z directions for computational purposes. Re

flector savings are added to the core dimensions as specified in Section TV-C.

Dimensions used are to be interpreted as referring to the half-reactor from

the centerline out. For instance, a region 2 thickness of 20 centimeters means

that the total region 2 volume in the reactor is 40 cm x 120 cm x 180 cm. Flux

plots will be shown from the centerline out.

Core effectiveness, Pe/RM, which is used extensively as a measure of reactor

worth was derived and discussed briefly in Section IV-B. In this connection it

should be noted that Pe as used in this section is computed on the basis of

X-direction peaking only and may be thought of as measuring the thermal flux in

the experiment zone at those points where the Y and Z components of the flux are

equal to their average value. d> .. refers to the flux of the i-th group in the j-th

region; for example, W-,? denotes the fast group flux in region 2.

Fuel concentrations are given in terms of homogenization throughout the fuel

region. M/W is used in the conventional sense as metal to water volume ratio.

Choice of Reflector: Although it is generally recognized that use of D20

as a reflector material will minimize the probability of neutron leakage from a

reactor and thus reduce the critical mass for a given core size, it was considered

possible that D20 was not the best reflector for a high flux reactor design. An

additional virtue of D20 reflection for a power reactor is the reduction of the
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peak to average flux ratio, thereby increasing the usefulness of fuel near the

edge of the core. However, since a high-peaked thermal flux in the center of the

reactor is desired in this reactor, consideration was given to other types of

reflectors. If a material could be employed which would reflect fast and inter

mediate neutrons back through the core into the D20 region at the center of the

reactor, there to be thermalized, a higher peak thermal flux might result. It

would be desirable from a critical loading viewpoint for the reflector to return as n

thermal neutrons as possible while at the same time retaining its fast neutron

reflective properties. What is desired, then, is a reflector with a large elastic

scattering cross-section, large atomic mass (to reduce the energy loss per collision)

and low absorption and inelastic scattering cross-sections. Unfortunately a

material which satisfies all of these requirements perfectly does not exist. How

ever, aluminum and zirconium, alone or in combination with D20 as a coolant, are

outstanding candidates. The properties of the reactor with constant fuel mass

for various types of reflectors are pictured in Figure 13.

It is seen that the requirements of reactivity and high Pe/RM are in direct

opposition. For this reason, it was considered desirable to study aluminum,

zirconium, and D20 reflectors in greater detail in order to determine which would

be more suitable. Since a coolant must be provided for the metallic reflectors,

30 volume percent of L^O was included for the calculation of the group constants.

It is emphasized that this percentage is probably not an optimum value, but was

chosen on the basis of approximate calculations which indicated that the heat pro

duced in the reflector could easily be removed at a metal-to-water ratio of 7/3.

Values of k^ versus fuel mass for each reflector type are plotted in Figure 14.

Pe/RM versus fuel zone thickness is shown in Figure 15. The same quantities as a

function of U-235 number density for constant fuel region thickness are shown in

Figures 16 and 17. Typical flux plots for each type of reflector are presented
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in Figures 18, 19 and 20. It is seen that the same considerations which were

evident in Figure 13 still apply. That is, for a given U-235 loading, the use of

a D20 reflector will produce the largest k „f, but the lowest Pe/RM. From these

results, the following general statements may be inferred either directly or by

extrapolation:

1. In terms of nuclear considerations only any one of the three reflector

types might be used to produce the desired experiment flux.

2. For a given keff, the highest value of Pe/RM would probably be obtained

by D20 reflection.

3. For a given kQff, the largest £k/ £H, hence shortest core life, would

be obtained with DpO reflection.

4. For a given flux at the reactor centerline, the lowest power density,

both peak and average, is obtained by aluminum reflection. See Figure 21„

5. The lowest peak to average power density ratio is obtained by D_0 reflection.

Since it was not considered possible to spend more time in detailed analysis

of the merits of the three types of reflectors, the aluminum reflector was chosen

for further study primarily because of considerations 3 and 4. Approximate calcula

tions indicated that core heat removal would probably be a very difficult problem

and might in consequence be the determining factor in reflector choice. It was not

clearly established that an insufficient core life would result from the use of D?0

reflection, but this might also be a limiting factor. Many considerations were

not taken into account explicitly in comparing the three systems. These include:

1. Initial costs.

2. Maintenance and replacement costs.

3. Interference with the design of other parts of the reactor.

4. Fuel processing costs.
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5o Relative validity of the calculated results. See Section IV-E.

Item 4 above, while perhaps the greatest economic discrepancy between the systems,

is not as large a factor as might be expected. While it is true that approximately

three times as much fuel is required per core loading for the aluminum reflected

reactor, it is also true that the average core life of the aluminum reflected reactor

is considerably longer than that of a D20 reflected reactor. This increase in

life is a consequence of lower loss in reactivity per kilogram burned and of the

better xenon overide characteristics of the aluminum-reflected reactor (since it

operates at a much lower flux). Xenon poisoning calculations are discussed in

Appendix D-3.

Zirconium reflection, which occupies the middle ground between the aluminum

and DO systems, might well prove desirable if heat transfer problems can be over

come,, Other questionable factors are the high cost and limited availability of

hafnium-free zirconium.

Choice of Fuel Zone Parameters; Once the choice of reflector material is made,

it becomes desirable to optimize the region 1 and region 2 parameters for the system.

It should be pointed out, however, that the parameters for a given region are not

independent of those chosen for the other two regions. This statement applies most

obviously to the choice of fuel zone thickness, which is very much dependent upon

the type of reflector material chosen. It is considered likely that the same con

dition applies to the choice of all other core parameters. Conversely, of course,

the choice of fuel zone parameters may also affect the relative performance of

the various reflector types. However, a complete analysis of all variables was

not possible in the limited time available for this study. It does appear that

variables for the regions not under study were fortunately chosen at or near their

optimum values, so that results for the parameters of a given region are considered

to be reasonably valid.
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Region 2 variables include thickness, metal-to-water ratio, and fuel concentra

tion. The effect of fuel zone thickness upon k-«, Pe, and Pe/RM is shown in

Figure 22. It is seen that the choice of thickness depends primarily upon the

k desired for the reactor. A thickness of twenty centimeters was chosen to
eii

produce a keff of 1.3, since approximate calculations indicated that some 30$ excess

reactivity would be necessary to counteract the effects of temperature, burnout,

fission product poisoning, and possible experiment poisoning. If a lower value of

k ff could be used some slight gain in flux delivered to the experiment zone could

be achieved by reducing either the fuel thickness or concentration.

The effect of varying fuel concentration upon k «- and Pe/RM is shown in

Figure 23. Since there were a limited number of concentrations for which three-

19group constants were available, a concentration of 9.18 x 10 atoms per cubic

centimeter was chosen from these values. The results of previous calculations^ '

indicated that this concentration might be an upper limit because of metallurgical

and heat transfer limitations. Thus, this parameter is to be considered as

optimized to an approximate degree only. It is quite likely that another con

centration near this value might prove more desirable.

The same limitation applies to the value of metal to water ratio, which was

chosen to be .73. The variation in k and Pe/RM as a function of this parameter

are shown in Figure 24. However, only a very few cases were computed. The actual

optimum value of this parameter will depend upon a detailed analysis of both nuclear

and heat transfer properties. Such an analysis would require much more time than

was available for this study.

Region 1 Parameters: The central zone of the reactor was considered to contain

four experiment tubes 20 centimeters in diameter surrounded by a large volume of

DpO which serves as a source of thermal neutrons. Variables in this region include
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D?0 thickness and the concentration of fissionable material plus other neutron

absorbers in the experiments. Since the actual geometry of this region could

not be treated with the one-dimensional code available, it was necessary to attempt

some approximation which would give reasonably valid results,, As a first approxima

tion, the region was considered to be filled with D20. Fluxes calculated in this

manner were considered to be "unperturbed" fluxes, i.e., fluxes which would exist

if the experiments and their housings were not in place. A second approximation

used was the replacement of the four experiment cylinders with a slab of equal

volume across the center of the reactor. This method is considered to give good

values for the flux delivered to the edge of the experiments^17'. The slab thick

ness used was seven centimeters (3.5 centimeters on either side of the centerline).

Additional calculations were made with greater thicknesses to determine the importanc

of this parameter to the results. In order to make these calculations, it was

necessary to replace the aluminum reflector with an equivalent thickness of fuel.

For this purpose, the extrapolation distance for the fast flux, L4.3 centimeters,

was taken as reflector savings. A two-region machine calculation with DpO in region

1 resulted in a kgff of 1.29 for this (34.3 cm) thickness of fuel compared to a

value of 1.30 obtained from the three-region calculation.

The experiments for which calculations were made contained aluminum, D20, and

various concentrations of U-235. A metal-to-water ratio of .73 was used. In an

effort to simulate the effect of structural material on the neutron economy, the

thermal absorption cross section of the aluminum was tripled for all of these

calculations.

The effect of region 1 thickness on ke£f and Pe/HM is shown in Figure 25 for a

D20-filled central region. A peak value of Pe/RM of 0.22 is achieved at 26 centimete:

with, however, appreciable loss in reactivity from the values obtained at smaller
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thicknesses. The effect of DO thickness variation with an experiment containing

4 x 10 ' uranium atoms/cc in place is shown in Figure 26. Values of Pe/RM shown

were calculated in terms of the thermal flux at the edge of the experiment and

normalized to the value obtained with DpO in the central region. A good agreement

in optimum thickness with and without the experiment is shown.

Since there is a loss in k „_ as the center region thickness increases, it was
eii '

considered desirable to compare the values of Pe/RM for various central region

thicknesses at constant k . For this purpose values of £k/ &M obtained from
6XX

Figure 14 were used to correct Pe/RM to a k of 1.29. These results indicated
6XX

that an optimum thickness for constant k „„ was approximately 20 centimeters.

Therefore, twenty centimeters was chosen as the region 1 thickness.

Pe/RM and k »» as a function of U-235 concentration in the experiment slab

are plotted in Figure 27. Relative core effectiveness, Pe/R, as a function of

the thickness of the experiment slab is plotted in Figure 28 for an experiment

concentration of 4 x 10 U-235 atoms/cm-^.

Temperature Effect Calculations; To determine the effect of temperature

upon the advanced engineering test reactor (double-slab configuration), calculations

using the 3-group, 3-region ORACLE code were performed. Utilizing the group

constants for various temperatures that are given in Appendix A, Table 7, on group

constants, for the D2O reflector, fuel region and fast reflector, the effects of

temperature upon the multiplication factor are summarized in Figures 29, 30, 31

and 32.

As can be seen from Figure 29, variation of the fast neutron reflector temperatui

has very little effect upon the multiplication factor of the reactor. Figure 32

shows that variation of the D2O reflector temperature has only slightly more effect

upon the multiplication factor while both Figures 30 and 31 evidence the large
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effect upon the multiplication factor of a change in fuel region temperature.

This result is a very desirable one from a safety standpoint since increases

in power are almost immediately reflected as increases in temperature of the fuel

region. The temperature coefficient at startup is determined to be about -3.3 x 10~"

£ k/k/ C, which, while probably higher than will be realized, indicates a very

safe reactor from the standpoint of temperature. Other sections of this report

show that sufficient excess k is available to override the loss in k obtained in

going to operating temperature from the clean, cold condition.

Miscellaneous Calculations; In this category are included reflector thickness

calculations, I and Z flux traverse calculations, and effect of reflector savings

calculations. Xenon poisoning and burn-out effects are included in Appendix D-l

and D-3. In order to determine the size of reflector needed on the various

faces of the core, three-group, three-region machine calculations were made for

several reflector thicknesses. The results of these calculations are shown in

Figure 33 for a D20 reflector and Figure 34 for a 70$ Al - 30$ D20 reflector.

On the basis of these results, minimum reflector thicknesses of 60 centimeters

were considered effectively infinite in both cases.

An attempt was made to obtain Y-and Z-direction flux traverses through the fuel

region for use in heat transfer calculations. It is considered that the results

are only approximate since no account could be taken of the extreme heterogeneity

of the reactor in the X-direction. Traverses obtained using 20 centimeters reflector

savings in the X-direction (core thickness of 60 centimeters) are plotted in

Figures 35 and 36.

It was necessary throughout the calculations to use some value for the reflector

savings obtained from effectively infinite D20 reflectors on four sides of the

(31)
reactor. From the data presented for lower U-235 concentration* , it was estimated

that 20 centimeters would be a reasonable estimate of the savings for a U-235
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concentration of 9.18 x 10 atoms/cm used in this reactor. Unfortunately, the

validity of this estimate was not verified during this study, although some of the

results previously discussed indicate D2O reflector savings are between 25 and 30

centimeters on the X-face of the reactor. A bare reactor with a fuel thickness of

34-.3 cm produces a ke££ of 1.29 while a D-O reflected reactor with a fuel thickness

of 8.4- cm has a k »f of 1.4.2. However, it is expected that DpO reflection on the

other side may have a different effect. Since this question was not resolved, it

is considered desirable to exhibit the effect of the value cf reflector savings

upon the characteristics of the reactor. This data is presented in Figure 37.

E. Lightly-Loaded Cylindrical Cores

In the process of arriving at the particular core for the reactor, a good

deal of consideration was given to lightly-loaded D20 moderated, D-O cooled,

enriched-fuel cylindrical cores. These merited consideration since one of the

methods of obtaining a high neutron flux with low power output is to operate with

a low concentration of fissionable material in a low-neutron absorbing medium.

Such systems must be relatively large to reduce neutron leakage and because of their

relatively low critical masses must either be refueled frequently or have initially

large multiplication constants to have a reasonable core cycle time.

Critical calculations by one-speed diffusion theory methods were made for two

D20-moderated, D20-cooled, bare cylindrical cores containing aluminum-clad,

enriched uranium-aluminum alloy fuel elements sheathed in aluminum tubes. A 10-foot

high, 10-foot diameter core required 6.6 Kg of 90$ enriched uranium for criticality

and 17.4- Kg for k = 1.30. A 6-foot high, 10-foot diameter core required 5,5 Kg

of 90% enriched uranium and 11.1 Kg for k - 1.30.

In order to operate such reactors with experiments in place and allow for

temperature effects and fission-product poisoning, a minimum clean, cold k of about
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1.2 will be required leaving only about 0.1 k for burnup if the clean cold k is 1.3.

The value of 0.1 k excess represents about 1.4 kg of U-235. If the reactor is to

operate at a power level of 500 MW in order to provide an initial average thermal
15neutron flux of 10 , the burnup rate of U-235 will be about 600 grams per day

giving the reactor a cycle time of only 2.3 days for a heterogeneous system.

It is possible that such short cycle time would not be a hindrance to many

experiments; however, experiments demanding longer run-times would be greatly

inconvenienced. Also, it is possible that refueling during operation could be

accomplished to allow almost continuous operation of the corej however, such a

procedure could introduce a variety of hazards both to the reactor and to personnel.

Although a homogeneous reactor core"could solve the refueling problem, the technology

is not sufficiently advanced to provide a high-flux testing reactor within the

limitations imposed upon this study.

Some of the results of calculations for the lightly-loaded 6-foot high, 10-foot

diameter cylinder may be of interest and are included. Figures 38 and 38a show

neutron flux plots through an experiment (PWR seed element) placed at different

distances from the reactor center and for aD20 filled region surrounding the

experiment as obtained from ORACLE calculations. The lack of an Jt-© (two-

dimensional) code for the calculations forced some severe approximations to be

imposed, so that it is felt that the flux depressions indicated may be somewhat

exaggerated. The plot is actually that for an annular region of the experiment

constituents surrounding a lightly-loaded core and, in turn, surrounded by a lightly-

loaded outer region. For the real case, the experiments would be in the form of

10-inch diameter cylinders placed the equivalent distance from the core. Although

some exaggeration of the flux depression no doubt exists, the low thermal neutron

source strength per unit volume leads to the conclusion that severe flux depressions
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will, in reality, be caused by putting large-sized, neutron-absorbing experiments

into this type of reactor.

Table 3 lists results of one-speed, diffusion theory hand calculations for

the 6-foot high, 10-foot diameter bare cylinder. Some of these data are plotted

in Figure 39.

The lightly loaded cores have some advantages which may overshadow their dis

advantages to a great extent and should warrant consideration in a more thorough

study. These are:

1. Lower fuel inventory.

2. Possibly better isolation of experiments from each other.

3. Lower power density which could eliminate pressurization.

F. Validity of the Calculations

Throughout Sections III and IV calculational results have been presented with

few comments regarding their validity. In this section an effort will be made to

point out such flaws in the calculations as are known to the authors. Undoubtedly,

there are many others.

Reactor (and many other) calculations depart from reality in somewhat the

following manner:

1. A physical model is chosen.

2. The physical model is replaced by a mathematical model.

3. The mathematical model is replaced by an approximate, but more tractable,

model.

4-. The problem is solved analytically or approximately, by machine or by

hand, using input data constructed from "basic" constants based upon

experimental results.

Comments regarding the approximations introduced in steps 1, 2, and 3 are,
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TABLE 3

ONE-SPEED DIFFUSION THEORY RESULTS

Diameter = 10 ft.

Height = 6 ft.

Vol. = 1.16 x 107 cc
NAL = 1.69 x 1021 atoms/cc
D20 2?N = 3.23 x Hr* atoms/cc

U-235 Loading Mass, *) £?. > ^~, kOdD L2, 2 2
k 4>

atoms/cm kg -1
cm

-1
cm

2
cm

/ 2
n/cm -sec

1.2 x 1018 5.46 1.71 x 10~3 1.294 x 10"3 1.32 618 .335 .99
15

1.9 x 10

1.3 x 1018 5.92 1.855 1.363 1.36 587 .318 1.03 1.75

1.4 x 1018 6.37 1.997 1,432 1.39 558 .302 1.07 1.63

1.5 x 1018 6.83 2.14 1.501 1.42 532 .288 1.10 1.52

1.6 x 10 7.28 2.28 1.57 1.47 509 .276 1.15 1.42

1.7 x 10 7.74 2.425 1.638 1.48 488 .265 1.17 1.34

1.8 x 1018 8.20 2.565 1.708 1.50 468 .254 1.19 1.26

1.9 x 1018 8.65 2.71 1.777 1.52 450 .244 1.22 1.20

2.0 x 1018 9.10 2.855 1.847 1.54 433 .235 1.25 l.U

2.1 x 1018 9.55 3.00 1.919 1.57 417 .227 1.28 1.09

2.2 x 1018 10.0 3.14 1.984 1.58 403 .218 1.30 1.03

I
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in general, beyond the scope of this report except where obvious discrepancies

have been introduced by the choice of a calculational model to represent the

reactor under consideration. Likewise, the "basic" constants used can not be

questioned herein, except where the absence of exact data has forced the use of

extrapolation or guess work.

The model employed for most of the nuclear calculations is based upon three-

group diffusion theory, employing the basic assumptions that the flux is separable

in space and energy and that the spatial component is separable into the usual

orthogonal coordinates. Differential equations are replaced by difference equations

and the latter are solved by machine iteration. One-dimensional, three-region

computation is provided; finiteness in other dimensions is accounted for by

introduction of aneutron leakage cross-section for each group (D^B.2) into the
differential equations^ .

It is clear that the assumption of spatial separability of the flux is rather

invalid for many of the cases which were computed. The magnitude of the error

thus introduced is not known. In many cases, flux plots which were somewhat

distorted were used for computation of Pe/RM because the reactor multiplication

constant was not unity. This distortion occurs because in order to make the

computation, the machine code changes -V , the number of neutrons produced per

fission, until the multiplication constant is unity. It is believed that for

the "supercritical" reactors on which most of the results are based, that the

calculated Pe/RM is conservative (erroneously small). This belief is sustained

by the results of a calculation made during a study of the control system. For

this calculation, the thermal absorption cross-section of the fuel region was

increased to correspond to the insertion of control plates into the core. The

flux peaking ratio increased from 8.35 to 11.37 at akeff of 0.997. This increase
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is somewhat greater than might be expected on the basis of the increased "blackness"

of the fuel zone only. However, even though all results may be conservative, the

presence of any distortion certainly restricts the validity of comparison of the

core effectiveness of reactors which have differing values of k ff. This type of

comparison was used for instance, in evaluating the characteristics of the different

reflectors.

As mentioned previously, there is some question regarding the value of reflector

savings which should be added to the Y and Z dimensions for computation in the X-

direction. Even if values were chosen which were accurate in terms of reactivity,

these might not produce the correct flux pictures.

Another questionable aspect of the calculations is the validity of the three-

group constants used as inputs for the machine calculations. These constants

depend, with varying degrees of sensitivity upon the validity of the energy

spectrum and flux averaging procedures used in their calculation. The details of the

methods employed are included in Appendix A. Many of the constants used were not

prepared during this study, but were taken directly from an earlier report .

In addition to these considerations, there exists always the possibility of

human error in the preparation of input data and the interpretation of results.

Every attempt has been made to limit this possibility; however, experience indicates

that such errors are nearly impossible to eliminate.
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APPENDIX A

THREE-GROUP CONSTANTS

Input data required for the ORACLE three-group, three region code used

extensively in these calculations necessitated the use of group constants

which had been appropriately averaged over the chosen energy groups. The

basic information for preparing group constants is microscopic cross sections

given as a function of energy or lethargy. The data of Nestor^"/1 provided

the majority of the values given in Table h for thirty lethargy groups;

however, microscopic absorption cross sections for some of the high energy

groups were calculated from the data of Hughes^"'. These were:

1. C£ of Al for lethargy groups 1 through 11

2. q^ of Fe for lethargy groups 1 through 2

3. (j~a of O2 for lethargy groups 1 through 8

h. C7q of Zr for lethargy groups 1 through 12

These thirty-group cross sections - qfj- , Q~ , Ol ,and fo"£ -were

averaged into two fast groups which included lethargy groups 1 through 7

and lethargy groups 8 through 30, and these were designated as the fast

and epithermal groups respectively. The energy ranges covered by these groups

were 10 Mev - 9.II8 Kev and 9.118 Kev - 0.0252 ev; the fast group was thus

chosen to include the entire fission spectrum. All neutrons of energy below

0.0252 ev were included in the thermal group. For shorthand notation through

out the calculations, the fast, epithermal and thermal groups were designated

as groups 1, 2 and 3 respectively.

The method of obtaining three-group constants from the available thirty-
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group constants is given by WebsterC1^) and is a flux-averaging procedure.

In this method the individual macroscopic cross sections are multiplied by

a weighting function for the particular group, and these values are summed

over the groups for which the average is desired. This sum is then divided by

a summation of the weighting functions, and the result is a flux-averaged

cross section. Expressed mathematically for the average absorption cross

section of the fast group, this becomes

7

4 -—y A-l

^j = the macroscopic absorption cross section for the ith lethargy group

i yt£_ C . , j • 1, 2, . . . n atomic species.

&Ui z the lethargy width of the ith lethargy group,

d^ z the neutron flux associated with ith lethargy group.

The <zf>t- for use in Equation A-l above is obtained from the often used

approximation

Q- z slowing down density in ith group,

f2*. - ^— \i £-ti , i - 1, 2, . . . n nuclear species.

\ Z |•+ ? »— ,o< z I ) ,A = atomic mass of species.
1 I -c< \Ail J

/ I total macroscopic cross section for ith group.

The qi is obtained from the recursion formula given by Websterd^), page

kh, Equation 2.99: Q,
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%
.= i-tQ'CNt.)tz)^

li Cm
A-3

This formula gives q(u) at u = u^ in terms of the value at u = u. , starting

with qQ s 0 and

c -
e*

+

l3fZt<'2*., fZtcl
Bc r geometric buckling chosen to account for buckling in all

directions

^ #= total macroscopic total cross section for ith lethargy group
~ti

^ - U/-,

«r*
, j = 1, 2, ...n atomic species.

y - total transport macroscopic cross section for ith lethargy
'tn.,

A -4-

group

" A

, j = 1, 2, . . . n atomic species.

1 *'! = average lethargy in ith lethargy group.
2

.U:

-f(u)dl UL,

«.i-i

4-s

-fti/,) s fraction of fission neutrons born into unit lethargy about u.

The above sequence of calculations illustrates the method used to obtain

^a » To obtain the values for f 2^. , *) 2... ,and 2L >exactly

the same sequence of computation is followed starting with the following

equations corresponding to A-l for Z.a
-a.
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2- <p, AUc Z^,
? - J±L 2t

Z &'Aclt
Cz.1

z: <p£AUi fztl
f4, = ^

2: #4^

*- 7

, , £fr^ *^ 4-5
r,

/" <& £Ul
4~l

For the epithermal or second group exactly the same sequence of cal

culations is carried through using groups 8 through 30 of the thirty group

cross sections to obtain 2^ , f<^ , 2^ , and r) Zf . For

computed values of these quantities see Tables 5, 7 and 8.

The age, X , required for the calculation of removal cross section, is

? z4
u —"

The thirty group constants are averaged for values of X,. The formulae

used for the averaging for t, and l\ are

7

ZFC &UC
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3o _ M
r^ dote

4 -//*«. =2. 3 Zfy- f Zt±
L~e>

l~~£ - fraction of neutrons born above of ith group and all other

symbols have the same meaning as before.

Transfer cross sections, Z* > and 2v, > are found by subtracting the

absorption cross sections from the removal cross sections. Their values

are given by A-12 and A-13 below.

V* - X A-132x_ - -=- - ^
"*Z-

<^Xl * macroscopic transfer cross section for fast group.

Zx^ =macroscopic transfer cross section for epithermal group.

Tables 5> 7 an^ 8 list computed values of group constants Di, Do, 2^r ,

and ^ for several water to metal ratios, geometric bucklings and uranium

concentrations.

The thermal cross sections were corrected to new temperatures by con

sidering the thermal flux to be Maxwellian and adjusting the average by the

square root of the temperature ratio. For a change in reactor temperature

the epithermal and fast cross sections are computed by correcting only for

density changes in the reactor materials.
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TABLE 4

MICROSCOPIC CROSS SECTIONS OF ELEMENTS

(All values expressed in banis)

Energy Lethargy
Group Interval, AU Aluminum Deuterium Iron

°a 3°tr r°t °a 3<3tr fai cra 3<rtr jcrt

1 0.5 O.lll 6.62 0.17 - 2.33 0.99 0.14
2 0.5 0.025 7.33 0.19 - 3.26 1.39 0.08
3 0.5 0.004 7.91 0.20 - 4.37 1.78 0.04
k 0.5 0 8.18 0.18 - 5.L0 2.12 0.04
5 0-5 0 7.13 0.26 - 6.19 2.36 0.04
6 1.5 0.001 12.06 0.39 - 6.89 2.53 0.05
7 3.0 0.003 11.81 0.13 - 6.97 2.53 0.05
8 3.0 0.01 4.62 0.11 - 6.97 2.53 0.05
9 1.4 0.01 4.51 0.11 - 6.97 2.53 0.04
10 !»2 0.01 4.51 0.11 - 6.97 2.53 0.05
11 0.8 0.01 4.51 0.11 - 6.97 2.53 0.08
12 0.4 0.01 4.50 0.11 - 6.97 2.53 0.10
13 0.8 o.Ol 4.49 0.11 - 6.97 2.53 0.14
lk 1-2 0.02 4.46 0.11 - 6.97 2.53 0.24
x5 0.4 0.03 4.43 0.11 - 6.97 2.53 0.35
16 0.4 0.04 4.4l o.ll - 7.05 2.60 O.43
17, °-y °-ok ^-39 0.11 - 7.23 2.63 0.53
18 °-k 0.05 4.36 0.11 - 7.35 2.71 0.65
x9 0.2 0.06 4.33 0.11 - 7.52 2.76 0.76
20 0-2 0.07 4.31 O.ll - 7.71 2.86 0.84
21 0.2 0.08 4.28 0.11 - 7.97 2.92 0.93
22 °'2 0.09 4.26 O.ll - 8.12 2.95 1.02
23 0.2 0.10 4.23 0.11 - 8.21 3.02 1.14
2k °-2 0.11 4.19 0.11 - 8.49 3.15 1.26
2l 0-2 0.12 4.16 0.11 - 8.85 3.25 1.39
26 0.2 0.13 4.12 O.ll - 9.03 3,31 1.55
27 0.2 0.15 4.08 0.11 - 9.23 3.44 1.70
28 0-2 0.17 4.03 0.11 - 9.65 3.57 1.87
29 0.2 0.18 3.98 0.11 - 9.87 3.61 2.08
3° 0.2 0.20 3.92 0.11 - 10.22 3.75 2.30
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8.54 0.10

8.86 0.10

8.44 0.09
6.96 0.08
6.91 0.09
9.32 0.12

14.19 0.25
19.85 0.29
29.62 0.38
32.56 0.39
33.37 0.40

32.95 0.39
32.93 0.41
33.62 0.41
34.43 0.41
32.72 0.40
32.34 0.41

32.39 0.41
32.30 0.41

32.31 0.41
32.21 0.42
32.26 0.42
32.21 0.43
32.15 0.43
32.46 0.44
32.69 O.45
32.72 0.45
32.67 0.46

32.37 0.46

31.93 O.47
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TABLE 5

THREE GROUP CONSTANTS FOR YARIOUS URANIUM

CONCENTRATIONS. BUCKLINGS AND METAL-TO-WATER RATIOS

J -2
g'

H235* atoms/cm
3

%.!' atoms, cm

ND 0, atoms/cm

M/w Vol. of Metal
y 'Vol. of Water

Z*±> cnrl
<> -1<Z-&2, cm

^a3> cm_1
,=- -1

£v' Cm"

D,? cm

D,)p» cm

D^, cm

Z^2\, * cm"
fl

•z^^f > cm"
I2

yZ„ ,cm'1
13

(a)

,-4
3.54 x 10

18
0.5 x 10

20
3.59 x 10

22
3.3 x 10'

0.006

-6
2.49 x 10

,-5
5.29 x 10

.-4
4.80 x 10

3.42 x 10

1.37 x 10'

1.29

1.19

0.874

-2

-2

-6
2.44 x 10

-5
8.65 x 10

.-4
7.15 x 10

(a)

3.54 x 10

18
1 x 10

7.18 x 10'

3.28 x 10'

0.012

-4

20

22

-6
4.54 x 10

-4
1.11 x 10

-4
8.96 x 10

-2
3.42 x 10

-2
1.49 x 10

1.275

1.223

0.874

4.84 x 10
-6

-4
1.72 x 10

-3
1.43 x 10

-100-

(a)

3.54 X 10

2 x :L0"
L8

14.36 X io;

3.25 X io;

-4

20

22

0.024

-6
8.78 x 10

-4
2.23 x 10

-3
1.73 x 10

-2
3.44 x 10

,-2
1.45 x 10

1.286

1.207

0.874

9.73 x 10
-6

-4
3.42 x 10

2.86 x 10~3

(b)

,-49.86 x 10

2x 1018

14.36 x 10'

3.25 x 10

20

22

0.024

-6
8.8 x 10

-4
2.21 x 10

-3
1.73 x 10

-2
3.40 x 10

-2
1.45 x 10'

1.27

1,.20

0..874

9.75 x 10"

3..39 x 10"

2,.86 x 10°

-6

-4



r.2 -2
B , cm

L,r, atoms/cm

3
N,.,, atoms, cm

NQ q, atoms/cm

M/U Vol. of Metal
v 'Vol. of Water

Z&1> cm"

2-a„> CBl"1
m»-l

a > cm
a3

-1

-X]L' Cm
-1

^x » Cm
X2

D^, cm

D'oj cm

^o, cm

t> 2L~ , cm"
xl

t) "2_ , cm"
f2

J^-f >cm_1
3

Table 5 continued

(c)

5.43 x 10

2x 101

14.36 x 10'

3.25 x 10"

0.024

.-4

20

22

-6
8.99 x 10

.-4
2.23 x 10

-3
1.73 x 10

3.40 x 10

1.45 x 10

1.271

1.206

0.874

-2

-6
9.91 x 10

,-4
3.43 x 10

-3
2.86 x 10

(c)

-4
5.43 x 10

18
1.75 x 10

.20
12.6 x 10

3.26 x 10'

0.021

22

-6
7.87 x 10

,-4
1.95 x 10

-3
1.52 x 10

-2
3.41 x 10

-2
1.48 x 10

1.277

1.21

0.874

8.68 x 10

-4
3.00 x 10

-3
2.50 x 10

19
1 x 10

22
2.55 x 10

22
1.92 x 10'

0.73

-6
117 x 10

-4
15.9 x 10

-3
11.1 x 10

1.3.86 x 10

1.099 x 10"

1.38

1.66

1.255

-2

-2

-6
48 x 10

-4
13.2 x 10

-3
12.2 x 10

19
2 x 10

22
2.55 x 10'

1.92 x 10
22

0.73

-6
138 x 10

24.25 x 10

17 x 10"
-3

1.396 X IO-

1.112 x 10'

1.385

1.66

1.23

-4

-2

-2

-6
96 x 10'

-426.4 x 10

-3
24-4 x 10

Note: Columns for which no buckling is listed were obtained
from EYEWASH code calculations as

Chevertonv1), Table IV, page 148.
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Table 5 continued

R2 -2
o , cm

N ,atoms/cm3 3x10 9 4x 10 5x 10 6x10
o 22 22 22

NA1' atoms> cra 2'55 x 10 2*55 x 10 2.55 x 10 2.55 x 10'
o 22 22 22

N- _, atoms/cnT 1.92 x 10 1.92 x 10 1.92 x 10 1.92 x 10'
u2°

0.73 0.73 0.73 0.73

19

22
i

22

m/w Vol. of Metal
^ 'Vol. of Water

' , cm" 160.6 x 10" 182.6 x lo" 204.7 x lo" 225.5 x 10"
ll

=> -1

*v Cffi 29.87 x IO"4 38.49 x 10~4 46.4 x IO-4 48.19 x 10~4

a,cm-1 22.8 x 10~3 28.84 x 10~3 34.6 x IO"3 40.66 x10"
a3

Zx ,cm"1
"1

1.406 x 10~2 1.356 x 10" 1.414 x IO-2 1.363 x 10~2

Sx »cm"1 1.11 x IO"2 1.082 x lo" 1.101 x IO-2 1.089 x 10~2

Dl> cm 1.391 1.391 1.39 1.392

D2> cm 1.652 1.671 1.642 1.674

D3> cm 1.20 1.175 1.15 1.136

JZ~ jcnf1 144 x 10~6 192.8 x IO-6 240 x 10~6 288 x 10-6

*^f ,cm 39.5 x 10 4 59.75 x 10 4 65.9 x IO-4 78.9 x 10~4

^Sf >cm" 36.6 x10~3 49.6 xIO-3 61.0 x10~3 74.4 xIO"3
3
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p2 ~2B , cm
g

3

N___, atoms/cm

3
^Al> atoms, cm

o

1L n, atoms/cm

m/w Vol. to Metal
V ;Vol. to Water

z

Vol. to Metal

Vol. to Water

a'cm_1

2-a » cm"

2-o , cm
V

5L„ , cm"
Xl

7 , cm
^2

D,? cm

D2, cm

Table 5 continued

19
7 x 10

22
2.55 x 10

1.92 x 10

0.73

269.5 x 10

54.31 x 10"

22

-6

r3
46.4 x 10

1.422 x 10

1.104 x 10

1.392

1.639

-2

-2

19
8 x 10

22
2.55 x 10

22
1.92 x 10

0.73

-6
269.3 x 10

.-4
62.14 x 10

,-3
52.48 x 10

-2
1.369 x 10

-2
1.094 x 10

1.391

1.673

19
9.18 x 10

19
12 x 10

22
2.55 x 10

22
2.55 x 10

22
1.92 x 10

22
1.92 x 10

0.73 0.73

295.2 x 10
-6

357 x 10

-4
70.36 x 10

-4
90.03 x 10

59.45 x 10
-3

76.12 x 10

-2
1.372 x 10

-2
1.380 x 10

-2
1.097 x 10

-2
1.104 x 10

1.390 1.388

1.672 1.670

D , cm 1.11 1.092 1.067 1.012

«^Z_ , cm"
1

-^Z.f ,cm

336 x 10" 384 x 10~6 430 x 10~ 576 x IO"6

92.3 x lo"4 105.2 x IO"4 120.8 x 10
-4

158 x 10

2

3

85.4 x 10"3 99.4 x 10"3 -3
113.8 x 10 148.8 x 10

-3
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Table 5 continued

(d)

2 -2 -A
B , cm — 18.3 x 10
g

N,
o 19 18

J , atoms/cm"5 15 x 10 3.1 x 10

3 22 v 20
N , atoms, cm 2.55 x 10 18 x 10
iii.

3 22 ooND ,atoms/cnT 1.92 x 10 3.21 x 10

M/„ Vol. of Metal n 7q n n,
^W' Vol. of Water °'73 °'03

Za , cm" 422.8 x 10" 6.87 x 10
1

^-a , cm" 110.9 x 10 2.62 x IO"4
o

_ -1 -3 -3
£a , cm 93.84 x 10 4-43 x 10

3

-1 -2 -2
Z.v » cm 1.389 x 10 3.37 x 10
xl

=? -1 -2 -2
2-x » cm 1.111 x 10 1.45 x 10

2

D , cm 1.387 1.267

D2> cm 1.667 1.206

D3, cm 0.9592 0.874
, — -1 -6 -6

z/ Zr > cm 720 x 10 15.03 x 10
II

-J2Lf , cm" 197.2 x IO"4 5.06 x 10~4
2

-1 3 -3
-t^Zf > cm 186 x 10"J 4.43 x 10

•3

(a) cylindrical geometry 10' D x 10' H
(b) cylindrical geometry 6' D x 6! H
(c) cylindrical geometry 10' D x 6' H
(d) double slab geometry 180 cm x 180 ccm x 150 cm
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TABLE 7

THREE GROUP CONSTANTS FOR SEVERAL MATERIALS

IN TEMPERATURE RANGE 25° - 150°C

D20
Al

T, oc 25 50 100 150 25 50 100 150

\
0 0 0 0 2.259 x IO"1* 2.255 x IO"1* 2.245 x 10'

-4 2.238 x IO"1*

Z°2 0 0 0 0 O.OOI867 0.001864 O.OOI856 O.OOI85O

Z.3 6.42 x IO-5 6.33 x IO"5 6.14 x 10,-5 5.87 x 10"5 0.0123 0.01228 0.01223 0.01218

Z*l 0.02752 0.02713 0.02631 0.02518 2.902 x IO*1* 2.897 x IO*1* 2.885 x 10"-4 2.875 x IO"1*

^x2 0.01651 0.01628 0.01578 0.01511 0.003017 0.003012 0.002999 0.002989

Dl 1.321 1.333 1.374 1.436 1.533 1.536 1.542 1.547

D2 1.203 1.214 1.251 1.308 3.713 3.721 3.735 3.748

D3 0.874 0.882 0.909 0.950 4.262 4.272 4.288 4.302

Note: Data for T = 25°C obtained from R. D. Cheverton'1'
Tables 2 and 3, page 146-47.
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TABLE 7 (Continued)

7056 vol . Al

30% vol . D20 C

T, °C 25 50 100 150 25

2=1 1.577 x IO"1* 1.578 x 10"•4 1.571 x IO"* I.567 x 10 0

Ia2 O.OOI303 0.001305 0.001299 0.001295 5 x IO-5

S
O.OO8588 0.00861 O.OO858 0.00854 0.000228

Z*l O.OO6134 0.00834 O.OO809 0.00775 0.00924

Zx2
O.OO6390 0.00699 O.OO683 0.00662 0.00464

Dl 1.450 1.469 1.487 1.512 1.432

D2 2.273 2.297 2.341 2.403 0.942

D. 1.933 1.985 2.027 2.09 0.945
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N
235'

NA1>

atoms

cm3

atoms

cm-5

atomsNnDo0>
:nP

M/W

*-a-L>
-X

cm

Za ,a2
,-1
cm

Ia3'
r-m-1cm

ZXl, cm

ZX2, cm

D,, cm

Dg, cm

D_, cm

-1

-1

JZp ,cm*1

^Ir >cm"1
f3

TABLE 8

THREE GROUP CONSTANTS FOR SEVERAL METAL-TO-WATER RATIOS

AND SEVERAL URANIUM CONCENTRATIONS

(Data from Cheverton^1), Table 5, p. 15l)

9.18 x IO19

.22
1.32 x 10

2.55 x 10

0.3

0.0002524

0.006747

0.05708

0.01957

0.01301

1.358

1.421

0.9376

0.0004415

0.01207

0.1138

22

195.5 x 10 9.18 x IO19

3.41 x IO22 3.41 x IO22

1.44 x IO22 1.44 x IO22

1.30 1.30

0.0002462 0.0003628

0.004685 0.007251

0.03946 0.06120

O.OO9615 0.00972

O.OO8703 0.008783

1.425 1.423

1.939 1.935

1.377 1.262

0.000264 0.000442

0.00724 0.01208

0.06825 0.1109
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1915 x 10

3.41 x IO22

1.44 x IO22

1.30

0.0004544

0.01131

0.09560

O.OO9854

0.008910

1.420

1.930

1.115

0.000720

0.0197

0.186



APPENDIX B

1. Heat Production in the A1-D20 Fast Reflector

The methods used in calculating the contribution to the heat generated

in the reflector from prompt and delayed gamma absorption, neutron elastic

scattering and absorption of gammas from neutron capture mentioned pre

viously in Section III-G is presented below.

Fission Gammas: The heat deposited in the reflector from prompt

and delayed fission gammas originating in the core was calculated by

(22)
means of the integral spectrum method as outlined by Hurwitz et al .

The basic assumptions of this method are that photons are degraded in

energy but not deflected by scattering collisions; the spectrum of the

photon flux does not vary appreciably with distance from the source.

Application of the above assumptions leads to the following simple

exponential attenuation equation^'.

ail tTowciAJ

where G = heating rate at a point located a distance (° from the

source

S = gamma source strength, photons/sec

E - mean energy of photons, Mev/photon

Pa - angular distribution of photons

/J,m - mean energy absorption coefficient for medium m

/£, * path length through each medium

-110-



It is further assumed that the flux is uniform at its average value

throughout the volume of the reactor. This assumption is reasonable

throughout the length and height of the fuel slab but not throughout

the thickness. However, the assumption leads to a conservative estimate

of the heating and serves to offset the underestimate inherent in the

integral spectrum assumption.

For a slab source with a uniform neutron flux, the contribution

to the heating from fission gammas in the core is given(23) by

i\{^*)-**(&*<*-+W

where Zr<H?n " av©rage number of fissions per cm3 per sec in core

f\l^ = number of photons emitted per fission

M p - mean energy absorption coefficient for the fuel

M - mean energy absorption coefficient for the reflector

a = distance from the core interface to the point being

investigated for gamma heating

b * thickness of fuel region

The total heating rate, G, is obtained by summing the individual

heating rates, $ G's, for each energy group. The prompt-gamma energy

groups were taken from a breakdown of Gamble's "Energy Spectrum of Prompt

Gamma Rays from Fission of u235"(25) fig given in Table 9.
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TABLE 9

GAMBLE'S ENERGY SPECTRUM FOR FISSION GAMMAS

E , Mev/photon

1

1.5

2.3

3.0

5.0

Ny, I)hotons/i

3.2

'ission W> Mev

3.2

0.8 1.2

0.85 1.96

0.15 0.45

0.2 1.0

7.81 Mev total.

(26)According to Rockwell^0', at equilibrium the energy released by

delayed gammas is approximately equal to that released by the prompt

gammas, but the average energy per photon is 0.7 Mev. Hence, to account

for the delayed gamma energy, the heating rate, £ G, was calculated

for E =0.7 Mev and N^ = 11.2 photons per fission so that the total

delayed gamma energy released per fission equaled the prompt gamma

energy released per fission. The energy absorption coefficients used

in the calculations are given in Table 10.

TABLE 10

GAMMA ENERGY ABSORPTION COEFFICIENTS

Ej., Mev /* -1' D20> cm /Al, cm" Aj> cnrl / R, cm" /*f, cm'1

1 0.0352 0.0729 1.049 O.O616 0.053

1.5 0.0308 O.O653 0.684 0.0548 0.047

2.3 0.0275 0.0594 O.566 0.0498 0.042

3.0 0.0253 O.O566 0.595 0.0473 0.0395

5.0 0.0218 0.0513 0.710 0.0425 O.O36

•7 0.0362 O.O769 1.671 0.0648 O.O565
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/ it VTR.

Vac

Vat

where V-D20 _ Volume of D20 _
V~~~~ " Total volume of reflector

V
Al _ Volume of aluminum - o 7

~7~~~" " Total volume of reflector ~ "
IK

VD20 Volume of DgO
Vrjvp Total volume of fuel 0.577

V
Al _ Volume of aluminum _ Q .2-

VTf " Total v°luine of fuel ~ '

VU _ Volume of uranium .. „ 1Q-3
Vr^. ' Total volume of fuel ,y

It will be noted that this method of evaluating /^ and f]p assumes

that the reflector and fuel are homogeneous mixtures of D20 and the

respective metals in these regions.

The average number of fission per cnP per sec is the product of the

average effective thermal flux in the fuel, <pn , and the macroscopic

fission cross section for the fuel, Z. .

4>n =4x IO15

Zf =/VUC7^M =9.18 xIO19 x515 x10*2^

Zf$n =4xIO15 x9.18 xIO19 x515 x10'2^

Evaluating Equation B-2 for each energy group using the constants given

above led to the results indicated in Figure 10.
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Neutron Elastic Scatterings The heating due to elastic scattering

of fast neutrons is given by

%e(X) = J Sn€>En<pn(K,En) Z^e(Fn) dEn S-3
En-o.o/

By considering the contribution from the fast group only, the

equation reduces to:

6nc(.*)~- Zne E, 4>,^)2ne( -5.4.

where S«e =average fraction of the kinetic energy of the incident

neutron appearing as kinetic energy of the target nucleus

after an elastic scattering collision.

E-j^ = average energy of the fast neutron group - Mev

$>Cx)= fast group flux, neutron~cm , obtained from the flux plot
cnP-sec

in Figure 20 and based upon an unperturbed flux at the center

of the D20 region of 2.5 x 1015.

<^net " macroscopic neutron elastic scattering cross section for

the fast group, cm-1.

£>n& must be summed with respect to all kinds of atoms present.

By summing isotropic scattering in the center of mass

where M = mass number.

The constants used in the above calculation were as follows:
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TABLE 11

NEUTRON ELASTIC SCATTERING CONSTANTS

Atomic Species C77„ barns 7 , cm"1 C

Deuterium 2.1 0.0411 0.445

Oxygen 2.5 0.0249 0.105

Aluminum 1.9 0.08 0.08

The average energy of the fast group was calculated by weighting

each energy interval in the fast group with the flux for that interval.

Using the values listed in Appendix A, the average weighted energy of

the fast group was found to be 1.1 Mev. The fast flux at each point con

sidered was obtained from the reflector flux plot in Figure 20.

Capture Gammas: The heat produced as a result of capture gammas

in the reflector was calculated through the use of build-up factors in

accordance with the method of Goldstein and Wilkins*' ''. Application

of this method yields the following equation for the geometry shown

in Figure 4-0.

a. of zjt -/££

6CXA) -- Jf J f Z,cpCx)Nr(e)PCB)dEdf fdM^&R)e__4&
e k--o 1/=o ty-o 4-TR

(6-6>)
4>(.*) * thermal neutron flux in the reflector, peutrops cm

cm3 sec

^cj, = macroscopic absorption cross section for aluminum, cm"1

Nf - number of photons produced per neutron captured

P(E) " spectral distribution of the photons
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Ba(E,R)

^

NDA "energy absorption build-up factor"

total cross section (absorption plus scattering) in aluminum

energy absorption coefficient, cm

FIGURE 40

Dimensional Notation for Capture Gamma Heating

(a = reflector thickness)

From the above figure:

R2 =y2 + (b-x')2

RdR = ydy

By making the above substitutions and integrating over UJ , the

equation for any specified energy increment & E about E becomes:
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<?&,*) =&"r/ieJJ #*'»jixe'le (̂e,K)M B-7
K-O Ri &--*'

By assuming a linear build-up of the form:

Ba =1+ m(E) /^t(E) R

the equation then becomes:

2 *C Li-** «•

=4j«fct^ 4c*M«e*'/(%^ -«^ e*^

If the thermal neutron flux in the reflector is anything but a

constant, the above equation cannot be easily integrated. Numerical

integration was therefore employed to solve the equation. The final

equation is thus:

<*„= **££I ^^{wOh *£*"'*] *-"
where f~( I // (/--X/ ) is an exponential integral of order one and

argument X ( 6--K1 ),

£%t- ^^ was obtained by dividing the reflector flux plot shown in

Figure 20 into six increments of AX. and using the average <p for

each increment.
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The energy groups considered were taken from the energy spectrum

for capture gammas in aluminum .

TABLE 12

ENERGY SPECTRUM FOR CAPTURE-GAMMAS IN ALUMINUM

Energy Intervals, Mev 1-3 3-5 5-7 ^.7

Photons/lOO captures 13 77 21 37

Other values used in the equations were:

TABLE 13

CONSTANTS FOR CALCULATING CAPTURE-GAMMA HEATING

E, Mev M ai* -1/\ , cm

O.O815

MA1* -1A > cm

0.0435

a(E)(29)
2 0.85

4 O.O586 O.0378 0.55

6 0.0504 O.O36 0.40

7-5 0.0473 O.0352 0.33

•M
<4? = 0.7 x 6.02 x IO22 x 0.215 x IO*21* = O.OO863 cm*1

* Values based upon a mixture density of aluminum of I.89 gm/cm .

The total heat produced in each reflector is:

Q= J GTdV
Vol,

bo *%o IZO

~J J J (24,7 e ' + /,?7) aUf dLi dy
x=o ij^o y-o *
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- 180 x 120

Q

180 x 120

6.75 x 106 watts

6.75 MW.

"2!L7_ e"0-127XH- 1.97 x
0.127

195 (1-e"7'62) + 1.97 (60)

60

->o

Percent of total power produced in the reflector

100 x ill5- =2.7$
250

2. Heat Transfer Calculations for the Aluminum Reflector

An upper limit for the coolant velocity required to limit the

maximum hot-spot temperature rise in the reflector to 220°F was obtained

by examining the heat equations for the maximum hot-spot channel. The

hot-spot channel was first oriented 90° with respect to its actual

position in order to display the point of maximum heat production which

occurs at the fuel-reflector interface. This procedure leads to an

overestimate of the temperature rise but does represent an upper limit.

Figure 4l illustrates this condition and represents the pertinent

dimensions at this location.

The total heat produced in a slab is given by:

fp'JJJ f Cx )d*f dtp dzs
The average production curve in Figure 10 can be represented

to a close approximation by

q(x) =24.7 e'0,127x -r 1.97 x (watts/cm3)
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Fuel-reflector

interfa>

FIGURE 41

Dimensional Notation for Heat Transfer Calculations

a = 2.5 cm

s = 1 cm

b = 3 cm

H = 120 cm

W = unit length

Hence the average heat produced in the slab nearest the core is

3.5 w H

(24.7 e"°*127x f-1.97x) dx dy dz ... B-ll

x=l y*0 z»0

= WH

= WH

24J. (e*0-12? -e-0'1^^^)) ^1.97(2.5)
.127

195 (0.88 - 0.64) h- 4.92

= 51.7 WH > watts

= 3.41 x 5L7 WH = I76 WH ; BTU/hr

The maximum heat produced in this slab was approximated by multiplying

the average value by the ratio of peak to average thermal flux in the Y-

direction and this product by the ratio of peak to average thermal flux

in the Z-direction. This gives
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qp = 176 WH x 1.2 x 1.2
max

= 254 WH, BTU/hr

By neglecting any heat conduction in the Y-direction and assuming

the temperature drop through the aluminum in the X-direction is negligible

compared to the' film drop, the heat conducted into the coolant is given

q = h Ar
Mc c

Tg (H) - Tf (H) B-12

where Tg = surface temperature of the slab, F

Tf = mixed mean temperature of the fluid, °F

Ac = area of heat conduction - 2 HW, cm2

The heat removed by the coolant flow in the channel is given by

f^20 =density of D20 -67.8 lb/ft3
ADp0 " cr°ss sectional area of D20 channel =SW, cm2

v = velocity of D20, ft/sec

C = heat capacity = 1 BTU
lb Op

Under equilibrium conditions qp = qc = q^.

2hWH Fts(H) -Tf(H)~| *254 WH

/d20 SWVCp fTf(H) - Tf(o)l =254 WH

T (H) - Tf(o) = TS(H) - Tf(H)

- 25J+
= 2h

Tf(H) - T (o)

+ 254 H
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T_(H) - T.(o) = 254
2h

H

(io^Zr J
The film coefficient, h, is obtained from

D - hydraulic diameter = 2 S = O.O328 ft.

/*= 0.968 lb/hr-ft

k - 0.378 BTU/hr-ft2 °F/ft.

Assume V = 20 ft/sec = 72,000 ft/hr

hD

k

/ \0.8
- r> noo (O.O656 x 72,000 x 68.7 ^
" U*U^ V" 0?9^ J

0.968 f"0.378 )
.0.8 ^0.968h=0.378 x0.023 (^0.0656 x72,000 x68.7^ ^<X|68

h = 795 BTU/hr ft2 °F

Substituting these values into Equation B-l6 gives

T-w-V0),as*[yT7-r* tt
= (254)(0.00087)(960)

120

67.8 X 7200
x 960 cm

ft

B-16

0.4

T (H) - Tf(o) = 212°F.

This calculation shows that a coolant velocity of 20 ft/sec flowing

through the one-centimeter coolant gap is sufficient to keep the maximum

hot-spot temperature rise below 220°F.
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APPENDIX G

1. Calculations of Heat Production in the Central D20 Region

The same equations that were developed for the fast neutron reflector (Appendix

B) were used in calculating the heat produced in the central D~0 region by fission

gammas and neutron elastic scattering collisions. For the heat produced by neutron

elastic scattering

n — —

VI - number of different atomic species present

Sne. f°r deuterium = 0.445

Sne. for oxygen = 0.105

E, - 1.1 Mev

{p>t (X) is obtained from the flux plot in Figure 20 and is based

upon an unperturbed flux delivered to the experiment of

15 2
2.5 x 10 neutrons/cm sec

^ep = 6.64 xIO22 x2.1 xIO"24- 0.1392
5te0 - 3.32 xIO22 x2.5 x10 =0.083

For the heat produced by fission gammas all constants remain the same as for the

fast reflector expect /^ . The following values were used for /^ in the

moderator region:

TABLE 14

GAMMA ABSORPTION COEFFICIENTS FOR D2O

EY ,Mev

1

1.5
2.3
3.0

5.0

0.7

/2v*d2o >cnrl
0.0352
0.0308

0.0275

0.0253
0.0218

0.0363

The results of this calculation are graphically presented in Figure 9.



APPENDIX D

1. Fuel Burnup

2. Xenon-135 Concentration

3. Xenon-135 Poisoning

4. Samarium Concentration

5. Samarium Poisoning

6. Total Fission Product Poisoning

7. Xenon Over-ride

8. Xenon Instability
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1. Fuel Burnup

If, as in most experiment reactors, the neutron flux is held as nearly

constant as possible throughout the run cycle, the fuel depletion will be expo

nential and the average concentration at anytime will be

o

•<bol t

I^ is the startup fuel concentration, and a£ if the microscopic neutron ab

sorption cross section for the fuel. $ is the average neutron flux, and t is

the operating time.

If the power level is held constant so that the fission rate per cnP is

constant, then

Nu(t) fc % " Nuq *o 4 * " Wuc *o °I t

$0 is the initial average neutron flux. In this case $ must rise as the fuel

depletes as shown by the following equation:

*(t)
**o *0 «a $r

N,
^o L

l - $0 a| t 4- 1 " *o aa t

These conditions are graphically shown in Figures 42 and 43-

Xenon Concentration

Derivation of Equations: I. Precursor Concentration (l135);

dNj
ST

$

FI

\

Of

- XNj - <ba£ Nj + Fft OffNu

neutrons/cm2-sec (assumed constant)

fission yeild of I13->

u concentration (varying slowly with time)

microscopic fission cross section of XT
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FIGURE 42

U-235 Concentration vs Tima

9 - 4.0 x 10""*- n/cm -sec (constant)

constant power

Time, days
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FIGURE 43

Average Thermal Flux vs Time
at Constant Power

6 8

Time, days

-127-

10 12 14



dNi

dt

aa ~ microscopic neutron absorption cross section of I135

Nj = concentration of IT at time t

Xj • x^ decay constant

+ (Xj+GaJ )% = Fj-JafNu D_5

(t) = F^a^ e"(Xlf*0a ^ re(X^al ^'dt' + cg~(X^o1 )t
D-6

Aj + *cfl

When too, Nj a Nj0 ; therefore,

F-j5<jfNu
N-lo H * *»!"

,l(t) . JM^Jl 11 .-(W) *] , Nlo ,-Ux^••) t ^

When t -» co,

Xi ♦ Stfa1

If Nu is being depleted slowly with respect to the half life of I13^,

%(t) . Wuo «-'(* Ŝ ^ . a,ftl^ )t] t .-0.j«#.f> t ^
xx + 4cr| L J

At saturation -&a? +

Nl(t) - — ^-y- D-10
Xj + ♦(£

II. Xenon Concentration (Xe ^):

"^ = " xXe%e "*craxe t NjX-r ♦ FXe*crfNu D-ll
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The I135

%e *

Xxe =

a*Xe =

*I

rXe

crf

Nu

135
concentration of Xe •" at any time t

135
decay constant for Xe

neutrons/cm -sec (assumed constant)

neutron absorption cross section for Xe

= concentration of T~ at any time t

= decay constant for ]r

1^5
= direct fission yield of Xe -^

_ u^35 fission cross section

= tr35 concentration (assumed slowly varying)

concentration has been shown to be

135

NT(t) = = •(Xj+fof) t' + NTn e*(XI+*^:) *
"lo

%eW--(^Ke»V{^ 1 - e
(XptficC-) t'

NXe(t) -

m > -(Xt+w1 ) t' , _ A. _ \ (Xv-„+$ijJe )t'' .,t NjqXj e v x a f Fxe*flfNu |- e Ae a dt

-(XXe^e ) *C e"^AXe

F^qfNuX^
-(Xj^a1 ;) t

Fi^afNuXj e

(Xj+401-')(XXe*^ ) (Xi+*)i::)(XXe*»(j|f: -Xj-^of )

NlpXz <T(X-+*a }t +F^N, t , ,-(XXe^o|e- )t
(xXe+»aF -Xj^al'•') XXe+*ofe

Let a = Fjfaf^Xj

b = NjqXj

c = FXe$ofNu
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d = Xj + $a~

g

h = *Xi

Xxe * *°ae

Xv.= + ©cr?e

Aj - $o"J =h - d

By applying the initial conditions that at t • 0, Nxe " %eo

n „ a a b c
C" ^eo + di " dh " i " h

and the equation becomes

%e(t) =
a £

dh + h
L

1 - e
•ht a

dg

When Njjg <= 0 and Nt = 0, this reduces to

%e(t) =
a £

dh + h
-ht

1 - e

When t -> oo.

NXe(oo) ^

For usage here Nu(t) = N„ e~®ffat with reasonable accuracy although the

derivations assumed Nu to be constant.

a c

dh * h

a

dg

-ht -dt
<e - e

'J L

-ht -dt
- e

+ Nxe0 e
•ht

a. Calculation of Maximum Xe 35 Concentration versus ft :

„t a c

^e " dH + h

Using the following values for the constants,

cra ~ 6.2 x 10" cm2 (corrected for thermal spectrum)

ffa = 2-7 x 10 xa cm2

Fj = 0.056 (ignoring 2-minute Te half life)

Fxe -- 0.003
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Xt. = 2.88 x 10~5 sec"1

Xxe = 2.10 x 10*5 sec*1

<jf = 5-15 x 10" cm2 (corrected for thermal spectrum)

Sample calculation for $ = 1 x 10 neutrons/cm -sec:

a mFj^afNuXj = 0.056 x 10lij" x 5.15 x IO"22 x 2.88 x 10"5 N^
= 8.30 x lO*1^ Nu

c = Fxe^cffNu = 0.003 x lO1^ x 5-i5 x IO"22 \

= 1.55 x IO"10 \

d = Xj + «cr1; = 2.88 x 10-5 jr I0llf x 6.2 x 10"2^

S 2.88 x IO"5

g = h - d = 2.62 x 10"^

h = XXe ♦ *o|e = 2.10 x IO"5 +IO114" x 2.7 x IO"18
= 2»91 x IO"1*'

„ , x a c 8.30 x 10-1^ Nn 1.55 x IO*10 Nu -, ~), -,^-5 «Ny„(oo ) = -rr- + r- = ——«—- - * + —— ;—— = 1.04 x 10 -> Nu*e dh h 2#88 x 10_- x 2#91 x ^ 2#91 x 10_4

TABLE 15

MAXIMUM Xe CONCENTRATIONS FOR SEVERAL FLUXES

<&, neutrons/cm2-sec NXe(«°)

1 x IO12 1.28 x IO"6 j^
5x IO12 4.40 x IO"6 Nu
1 x lO3^ 6.21 x 10-6 ^
5x i^ 9.74 x 10-6 r^
1 x lO1^ 1.04 x 10*5 Nu
5 x lO1^ 1.11 x IO"5 Nu
1 x IO15 1.12 x 10"5 Nu
2 x 1015 1.12 x 10-5 Nu

4 x 1015 1.11 x 10"5 Nu
8 x IO15 1.11 x 10"5 Nu

These values are plotted in Figure 44.
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c. Xel35 Growth after Shutdown:

Derivation of equations:

dNXe

dt
•XxeNxe + XjNj

Ml - -xlNl
dt i -1

Nl(t) - N^ <fXI*

%e(t) = XlW^ e"XXetre>Xe"XI) *' dt' + C e
•XXet s XjNj^ e-Xrb

When t - 0, N^ • Nxe

Therefore,

%e(t) =
X#Io

Xi - XXe

%e
+ flN3b

o Xi - XXe

e-Xxet _ e-Xi ♦ %e0 e-x3fe*

135Nxe = Xe concentration at shutdown

Nt = I 35 concentration at shutdown

Using $ = 4 x 10 neutrons/cm sec

NIq - 4.0 x 10"^ \
NxeQ = 1.11 x 10-> i\,

-2.1xlD"5t- „-2.83x10"\

Xxe - Xi
+ C e

Nxe(t) = 1.48 x IO"3 % « -e
r5 w -aixioVt

♦ l.llx.lO'' Nue"
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Table 17

Xe13^ GROWTH AND DECAY AFTER SHUTDOWN

Time after Shutdown Nxe

0 min 1.11 x10"^ Na

10 min 1.6 x 10"5 N,'u

20 min 2.3 x IO"5 Na

40 min 4.0 x IO"5 Nu

60 min 4.8 x 10"5 Nu

2 hours 7.8 x 10"5 Ny

4 hours 12.4 x IO-5 N0

8 hours 16.7 x 10"^ Nu

10 hours I7.3 x 10"5 Nu

11 hours 17.6 x 10"5 NM

12 hours I7.3 x 10"5 Nu

14 hours ' 17.0 x IO-5 Nu

16 hours 16.1 x 10"5 Nu

20 hours 14.1 x 10"5 Nu

30 hours 8.7 x 10"5 Nu

40 hours 4.8 x 10"5 Nw

50 hours 2.5 x IO"5 Nu

60 hours 1.3 x IO-5 Nu
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T

,-5HXe(max) = 22.28 x 10"*^ Nu

FIGURE 46

135
Xe Growth and Decay After

Shutdown

ij) = 4 x 10 n/cm -sec
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d. Time of Maximum Xe135 Concentration After Shutdown;

d%e

dt

XlNlo

Xi - xXe
^ e"Xlt - XXe e'Xxet %en XXe €^Xet

Setting <aNxe

dt
0 and rearranging,

s,-(XrXXe)t = XXe | NXe0XXe
NioXiXI

XI - xX€

Putting in values for the constants, there obtains

e-7.8xlO*6t . 0>73l,5

7.8 x 10"6t * O.30856

t = 3.96 x 10^ sec

= 11.0 hours

135
Xe Poisoning

The reactivity, p, of a reactor is defined as

i. k r 1
P

k v a

a

where k = multiplication constant of the reactor after poison is introduced

kQ - multiplication constant for the clean, cold reactor

Z^ = macroscopic absorption cross section for the clean, cold reactor
. £fuel pother materials

= 6.10 x IO"22 Nu t 0.0048
p

Za = macroscopic absorption cross section of the poison introduced

Therefore, Jb^.

2S + *£ % ZSL.

krtZ£ Zgk0 ^ko

Ig+ 3
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where pQ - reactivity of the clean, cold reactor.

It follows, then, that

p(t) s p°(t) -Z|(t) k0(t) *Z

TABLE 18

CHANGE OF REACTIVITY AND MULTIPLICATION CONSTANT

DUE TO Xe135 AS A FUNCTION OF REACTOR OPERATING TIME

k0 - k

Time(Days) IS

0.05945

ko Po

0.230

z|e

0

P Ap

0

k

1,298

(Due to Xe135)

0 1.298 0.230 0

2 0.0584 1.292 0.226 0.00262 0.191 0.0347 I.238 0.054

4 O.O563 I.283 0,220 0.00253 0.185 0.0350 1.228 0.055

6 0.0542 1.272 0.214 0.00243 0.179 0.0352 1.219 0.053

8 0.0522 1.260 0.206 0.00233 0.171 0.0354 1.208 0.052

10 0.0502 1.247 0.198 0.00223 0.162 0.0356 1.193 0.054

12 0.0483 1.233 O.I89 0.00211 0.154 0.0354 1.181 0.052

4. Samarium Concentration (Sml^9 and Snr"-:> ):

The following equations are derived assuming that beta decay of Sm (half

life = 73 years) is negligible and that $ is constant:

dN

dt
= - *craN ♦ FCf\9

N

F
FcrfNu*

**a

♦ Ce-^at

At time t = 0, N - Nq

C

and

• N -"o

F
FfffNu

<*a
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Therefore,

N(t)
F4\

Oa

1 - e*ffat ,,-$CTat
* No e'.

Za(t) = N(t) oa = FaX 1 - e^°at ♦ N0oa e"***

Where N

F

F
af =

** =

N0 =

Oa =

d -

concentration of Sm atoms

fission yield of Sm

fission cross section of u

concentration of U235 atoms = N^ e"

concentration of Sm atoms at initial time

neutron absorption cross section of Sm

neutron absorption cross section of U235

XT concentration at startup

,-*>o|t

Assuming a clean startup, N0 - 0 and

Zjt) - Fc^ e-*°lt

Using F(Smllf9) = 0.0128

F(Sm151) = 0.0049
F

Of

F
Oa

-*0at
e

= 5.15 x IO"22 cm2 (corrected for thermal spectrum)

= 6.10 x 10" cm2 (corrected for thermal spectrum)

aa(Sm1 9) , 4.08 x IO"20 cm (corrected for thermal spectrum)

aa(aii1^1) =8.4l x IO"2! cm2 (corrected for thermal spectrum)

i\, = 9.18 x IO1!? atoms/cm3

$ = 4.0 x 10 neutrons/cm2-sec (effective thermal)

The total absorption cross section for both isotopes is expressed as
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f -♦agtKt*)m \>°? * Fx49(l - e Wa ) + F151(l - e"W^t

- 4.73 xio-2fi-2-tao"7t 1.28 x10"2(1 - e"1-6330"0"^) ♦ 4.9 x10"3(1 -e -3.36x1oft

- 8.37 xIO"* e"2'̂ ^0"7* - 6.05 xIO"* a"1'6^0"^ „ 2.32 x10** er3-60xl0^t

TABLE 19

Sm CROSS SECTION AS A FUNCTION OF OPERATING TIME

Time, days vSm
^a > cm"

0 0

0-5 3-35 x 10*^
1 5.05 x 10*^
2 6.41 x IO"1*-

3 6.86 xlO**
4 7.00 x 10*^

5 7-0-5 xlO4
6 7.03 xlO4
8 6.86 xlO4

10 6.68 xlO"*
12 6.44 x 10*^
14 6.19 x 10"^
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| = 4s 10 n/cm -sec

Nu =9.18 x 1019 atoms U-255/cm3
at startup

6 8

Operating Time (Days)

FIGURE 47. Samarium Cross Section Versus Operating Time
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5. Samarium Poisoning:

The maximum samarium concentration occurs at about the fifth day of operation.

*£*A p - p - oo - "1 D-28
^a^o

k * 1.277

f"1 = 7.05 x10"* cjn*1^

= 0.0553

0o000705 B 0#Q1
*" P 0.0553 x 1.277

Thie is about 28.5$ of the A pdue to Xe 35 which is about 0.0351 on the fifth day.

P • Po -
%K

-

k "

ii2!!- 0 10
1.277

or.2Q7

1

1 - P
1

* 1 - 0.207

= 1.260

k0 _ ic ± 0.017 (loss of k due to Sm)

6. Total Fission Product Poisoning:

f2l}From the data of Sampsonv ' et al., a ratio of total long-lived fission

product poisoning to samarium poisoning was estimated to be 1.23" This would

indicate a k0 -k of about 0.021. Xe135 brings this to about O.076 as a maximum

for total fission products.

7. Xenon Over-ride:

The length of a shutdown that can be tolerated and still leave sufficient
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excess k to restart the reactor will vary with the time of operation. This shut

down time can be estimated by comparing the Xenon-135 growth curve with the avail

able k curves. It will be assumed that arrangements can be made to take advantage

of increased cooling at the time of such a shutdown, or rather that the reactor

cools to nearly ambient temperature during the shutdown.

Defining Z^ 1 as increase in Xe cross section during the shutdown,

j- = 1 for criticality'c -

for this to be true, pc

then

where

kc

a Pc

kCZa

kc2g

and pCkCEg

- reactivity of cold reactor with poisons
at operating level

" p°-iSs
- k of cold poisoned reactor =

Zg = absorption cross section of cold poisoned
reactor (operating poisons)

p = reactivity of just critical reactor

TABLE! 20

ALLOWABLE SHUTDOWN TIME FOR Xe135 OVER-RIDE AS A FUNCTION

OF REACTOR OPERATING TIME FOR COLD REACTOR

Time(Days) 4
.05945

kc Pc

.230

zjei
Allowable

Shutdown Time

0 1.298

2 .0618 1.221 .181 .0137 90 min

4 .0597 1.210 •173 .0125 8l min

6 •0575 1.200 .166 .0114 74 min

8 .0554 1-189 .158 .0104 68 min

10 "."'0533 1-175 .149 .0094 62 min

12 .0512 1.162 .i4o .0083 55 min
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The following values apply if the reactor remains at near operating
temperature (the superscript, H, refers to hot-poisoned):

Table 21

ays)

135
Allowable Shutdown Time for Xe ~''/ 0v«»r--Hr1#a a a a

Function of Reactor Ooeratinc Time for Hot Reactor

Time (D L- a kH*
pB** _. x -j- Allowable

^a Shutdown Time

0 .05945 1.259 .206 —

2 .0618 1.182 .154 .0113 73 min

4 .0597 1.171 .146 .0102 66 min

6 .0575 l.l6l .138 .0092 60 min

8 .055^ 1.150 .130 .0083 54 min

10 .0533 1.136 .120 .0073 48 min

12 .0512 1.123 .109 .OO63 4l min

* kH = kC =Akm

Ak =(temperature coefficient) (temperature increase)

= -3.3 x 10 k/°C x 75° = - -039

#•* /*- kH-l
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8- Estimation of Change in Za Due to Changes in $ (Xe Instability);

The equation to be used is

*?(t) = «? a c

dh * h
-ht t^e

ag s

-ht -dt
« - 0

Jte -ht
t 40 e

Where Z^e = macroscopic cross section of Xe 3->at the time of a step change

in $

a - Fi$20fNuXx

b = Nio^I

c = FXe4>2CfNu

d = Xi ♦ *2<*a

i = XXe ♦ $'2o|e

h = Xxe ♦ *2"Se

Nu = Nu0 e'^olt

*2°&

1^5
The Xe Jy concentration is at a maximum after two days of operation and

for the particular reactor being considered the macroscopic absorption cross

section is about 2.62 x 10"3 cm"1 at that time. This will be used as ZaX for

this calculation.

Considering a plus 10$ step change in $;

»1 = 4,0 x IO1*4-

*2 = 4.4 x io1^

o£e= 2.7 x 10"18 ci/2

N
Io:
= 3,50 x IO1" atoms/cm3

^l4a = 0.056 x 4.4 x IO14 x 5.15 x IO"22 x 8.80 x 10±y e

= 3.22 x10? e"2'68xl(r7t
b = 3.50 x 10l6 x 2.88 x 10"5

= 1.03 x IO12

19 -2.68xl0'7t

-149-

x 2.88 x 10"



c = 0.003 x4.4 xio1^ x5.15 xlo"22 x8.8o x10^ e"2-68xl0"7t

= 5-98 xIO10 ,e"2°68xl0"7t

d = 2.88 x 10"5

g = 2.10 x 10'5 + 4.4 x IO124" x 2.7 x 10"18 - 2.88 x 10"5

= 1.18 x lo"3

h = 2.10 x 10*5 + 4.4 x lO1^ x 2.7 x 10"18

= 1.21 x 10"3

_a_ _ b _ 3-22 x IO7 e,"2.68x10-7t ^ 4yQ3 x 103-2
dg " s 2.88 x 10-5 x 1.118 x 10-3 " 1-18 x 10-3

= 9-47 x 10^ e"2'68xl0"7t - 8.74 x 10^

For short term considerations Nu =" constant, then

1*E " 9.74xioll+

•£ - 2> = 0.73 x lo1^
dg g

lge(t) - 2.63 x10"3 [i - e-1-"3-*10"3*]

4-2.62 xlO"3 e"1--3-*10"^

= 2.63 x 10-3 +0.19 x 10*3 e-l.2ajd.0-3t _ 0>2Q x 1Q-3 e-2.88xl0"5t

+ 0.20 x 10"3 " -1.21x10"3t -2.88xl0*5t;
e. - e>

EFFECT OF STEP

TABLE 22

CHANGES IN AVERAGE 0 ON Xe135 CROSS SECTION

Time, rnin
(+
in

Z|e, cm"1
10$ step change
$ at t b 0)

Zge, cm"1
(+• 20$ step change
in $ at t - 0)

Zge, cm-1
(- 20$ step change
in $ at t - 0)

0

1

10

20

40

60

2.62 x 10"3
2.6l x 10"3

2.51 x 10-3
5.47 x 10-3
2.46 x 10-3

2.45 x 10-3

2.62 x 10"3
2.59 x 10-3
2.1tl x 10-3
2.32 x 10-3
2.27 x 10-3
2.27 x 10*3

2.62 x 10-3
2.64 x 10-3

2.76 xl0"3
2.85 x io-3
2.91 x 10"3
2.93 x IO"3
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A criterion developed by A. G. Ward^3 ' indicates that in a high flux

reactor a necessary condition for flux oscillations to occur due to xenon in

stability when there is a neutron perturbation is that

A > 1

where A = maximum local reactivity change due to Xe

= 0.035 for this reactor

Kj * M^B2 - B2)
o

yr = migration area

Bg = Oth mode buckling

2
Bj = higher mode Ducklings

For the double slab reactor

Bo =(loins) + (2275) + (100)

Therefore,

= 1.43 x 10"3 cm"2

= 3-93 x 10"3 cm-2

Bi= (iofe) +k(io) +(l675
= 2.04 x 10_3 cm"2

2 / nr \2 / \2>2 f IT \ f IT
B3 = \mZ) +[220J + \l6o

= 2.58 x 10-3 cm-2

M2 = 209 cm2

\2

Kl = 209 [0.00143 - 0.00393] » -0.523

K2 = 209 [0.00143 - 0.00204] = -0.127

K3 - 209 [0.00143 - 0.0025$] = -0.240
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and

A

*1
= 0.067

A

K2
= O.276

A

K3
- 0,146

Since these are all less than unity and since higher modes should be less effective,

the reactor is stable with respect to this type of oscillation by this criterion.
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APPENDIX E

lo Fuel Element Calculation and Design

One of the prime considerations in a high-flux, high-power reactor of this

type is the problem of heat removal. As pointed out in the preceeding sections,

the fuel zone is relatively heavily loaded and in order to obtain experiment

15 2
peak fluxes greater than 10 neutrons/cm sec the average thermal flux in the

14 2fuel will be of the order 4 x 10 neutrons/cm sec. Total power is directly

proportional to the average flux. Nuclear considerations dictate the geometry

and size of the system, and, if these require a compact fuel region, heat fluxes

intolerable from an engineering viewpoint may result. Therefore, of supreme

importance in reactor design is the choice of an adequate heat removal system of

which the fuel element design is an integral part.

A basic requirement of such a fuel element is sufficient surface area to

permit an acceptable heat flux. In obtaining this area there must be provided

enough coolant flow capacity so that the maximum permissible surface temperature

of the fuel plates is not exceeded. However, the choice of flow rate is not

independent of other considerations. Flow velocities must be maintained within

limits that will not cause intolerable pressure drops across the fuel element.

At the same time the proper volumetric metal to water ratio and the fuel alloy

composition must be consistent with nuclear and metallurgical requirements respectively.

After the nuclear calculations had been made and the core configuration had

been decided, several heat transfer calculations were made to determine which

type of fuel element, cylindrical or flat plate, would best fulfill the requirements.

It became immediately apparent that, in order to keep heat fluxes below 500,000

BTU/hr-ft - F, the fuel element surface temperature would have to be above the atmos

pheric boiling point of the coolant and that pressurization would be necessary to

prevent boiling in the fuel element flow channels. Individually pressurized
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cylindrical fuel elements were first considered since this scheme would preclude

pressurization of the large reactor tank and since a workable scheme for fuel

changing that would minimize the opportunities for contamination of the Dp0

coolant had been devised. Considerable effort was expended in this direction

before it was decided that simultaneously meeting the metal to water ratio, geometry

control problems and the requirements of the mathematical model used in the core

analysis would require a more extensive analysis of the cylindrical fuel element

than remaining time would permit. For this reason attention was directed toward

modifying the design of the MTR type of fuel element to be used in a totally

pressurized system.

Once the geometry of the fuel element had been determined, it was possible

to choose locations for the control slabs and to calculate their worth in the

reactor. Eighteen control plates are to be placed between the forty-six fuel

elements per reactor slab as shown in Figure 3. Knowing the length of one

reactor core slab, the allowance needed for the control plates, the number of fuel

elements, and the clearance between adjacent fuel plates, the dimensions of the

fuel plates were calculated as shown below. A sketch of the fuel element is

shown in Figure 5.

Depth of fuel element = lenSth of core slab— (control rod allowances + fuel elemeri
spacing

(number fuel elements per slab)
number of rows

(70.9 in) - L78.0 in) + 6(0.040 inD

i (46)

2.728 in.
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Width of fuel element « width core slab - clearance between fuel elements
2

= 7.874 in - 0.040 in
2

= 3.917 in.

The fuel length in the fuel element is taken as the active height of the reactor

core slab, 120 cm or 47.3 in. The thickness of the individual fuel plates

comprising a fuel element was chosen as 0.030 in. This dimension is composed

of an aluminum-uranium fuel alloy core 0.010 in,thick clad on each side by a

0.010 in thick aluminum sheet.

With these dimensions it was then possible to determine the number of plates

that would give the proper volumetric metal to water ratio. The metal to water

ratio was chosen from nuclear calculations to be 0.73. The volume of metal and

number of fuel plates needed to give this ratio were obtained as follows:

V V - V VM _ _m . _T \j „ _T _ i
W V V V
WW w

Rearranging and solving for V ,
w

V

t« = -v-
1 + _m

V
w

3

V = volume of one fuel slab = 7.87 x 47.3 x 70.9 in
.3

26,393 in-

Vm s volume of metal

Vw = volume of D20
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V - 26,393
W 1 -f 0.73

3
= 15, 256 in (volume of D20 per slab)

\- vi-v«

= 26,393 - 15,256

= 11,137 Ixr (volume of metal per slab).

This volume of metal can then be used to obtain the number of fuel plates per

element.

- • 0.73 • Y°l« °f metal . 47.3 x unit vol. of metal per slab
W vol. of water 47.3 x unit vol. of water per slab

unit vol. of metal

per fuel element
assembly

- unit vol. of 2 side plates + unit vol. of 2 outside
fuel plates 4 unit vol. of n inside fuel plates

J

Assume the curved fuel plates are straight for dimension 3.541 in.

3
Unit volume of 2 side plates = 2(0.188)(2.728)(l) = 1.026 in

3
Unit volume of 2 outside fuel plates = 2(0.065)(3.541)(l) = 0.460 in

3
Unit volume of n inside fuel plates = n(0.030)(3.541)(1) = 0.106 n in

Unit volume of metal] _ ^ ri#026 +Q^GQ +0#lo6 2
per slab u

= 68.356 + 4.876 n in3

Unit volume of reactor slab = 26,393 x 1 B 55Q ^
47.3

M _ 0>?3 _ 68.356 4. 4.876 n
w 558 - (68.356 + 4.876 n)

n = 34.1
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Since n must be a whole number

n = 34 = number of inside fuel plates per element

N = (n + 2) = 36 - number of total fuel plates per element

The spacing between the fuel plates can now be computed.

Spacing between fuel plates = S

S = depth of fuel element - 2(thickness of outside fuel plates)
number of spacings

- (S - end allowance) - n(thickness of inside fuel plates)
number of spacings

= 2.728 - 2(0.065) - (S - 0.020) - 34(0.03)
35

Solving for S,

S - 0.044 in = spacing between fuel plates that is available for D-0 coolant flow.

2. Fuel Alloy Composition

It must now be determined if the 0.010 in fuel alloy with 0.010 in aluminum

clad will give a fuel alloy composition within metallurgical limits.

U-235 loading = 30.9 kg

Total uranium loading = 20*2. - 34.3 kg (90$ enriched)

Loading per fuel element - 34.300 . 373.2 sm- of total P
92 fuel element

a • weight fraction of total uranium in fuel alloy

Density of fuel alloy =/> - mass of fuel alloy
/ vol. of fuel alloy

- M. mu+ m m aM 4- (l-a)M
V vu + VA1 yu + VA1

m* = aM =*£ VU = f VU
Vu

ttU _ aM ,,_ ov = pa -158-



Similarly V41 - U-*)M
TT

u Al
V + V - V,

u Al
Substitute for V and V from above to get

/°

aM t ^ M = V.

a , (1-a)
/>u /»A1 /" '

1

r~a .(i-*)7|
/hi />A1

density of fuel alloy.

Volume of fuel alloy . (Vol# of inside fuel plates) (fuel alloy thickness) ,
per fuel element * (total plate thickness)

+ (vol. of outside fuel plates) if"?1,8"^! ^kness)
(total plate thickness)

Weight of total uranium per fuel element

Weight fraction of total uranium
(density of fuel alloy) (vol. of fuel allc

per fuel elemenl

373.2

_a - il-al
18.55 2.7

= weight of fuel alloy per fuel element

(3.541) (0.030)(47.3)(34)(§7§§)f (3.541) (0.065)(47.3)

H6.38 m
In?

Solving for a,

a - 0.125

• 12.5$ = $ by weight U in fuel alloy.
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This composition is well within metallurgical limits for U-Al alloys; the upper

limit of composition is of the order of 25$ weight uranium.

Total volume of fuel alloy = 92 (vol. of fuel alloy per fuel element)

-92 Q3.541)(0.030)(47.3)U)^gg)f (3.541)(0.065)(47.3)(2)(|^\]
= 92(60.296)

= 5547.2 in3

= 3.21 ft3

= 90,863 cm3

Total surface area of fuel plates - (92)(36)(area of one fuel plate)

- (92)(36)(2 x 3.541 x 47.3)

= 1,109,376 in2
2

ss 7704 ft = total fuel plate area of reactor
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APPENDIX F

1. Heat Production, Transfer and Removal Calculations

The initial approach to the heat transfer problem was to establish a

substantially high D2O coolant flow rate as the criterion for the system. For

a given heat flux the flow rate will determine the maximum fuel plate tempera

ture and therefore the pressurization, if any, for the system. The fuel plate

temperature is inversely proportional to the velocity of the coolant; hence

the maximum permissible flow rate was chosen as the design point. This flow

rate was believed to be in the neighborhood of 30-40 ft/sec; a value of 35

ft/sec was chosen. This value, however, resulted in a pressure drop across

the fuel element of about 104 psi. Since a pressure drop this great would

probably be excessive for the current element design, it would require that

the element be redesigned because the 0.030-inch fuel bearing plates would

probably not be structually sound for a 104 psi differential. This calculation

indicated that if an acceptable pressure drop was to be obtained across the

fuel elements presently being considered, the coolant flow velocity must be

reduced. A lower coolant flow rate, however, would lower the heat transfer

rate from fuel to coolant and bring about an increase in fuel plate tempera

ture. This would be accompanied by an increase in reactor tank pressure

necessary to prevent boiling at the fuel plate surfaces. Therefore, the

pressure drop across the fuel element became the new constraint on the system.

a. Surface Area Available for Heat Transfer:

Surface area per element = 2NwL

= (2)(36)(3.54l)(47.3)

= 12,059 in2

= 83.74 ft2
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Surface area per fuel slab = (46)(83.74)

" 3852 ft2

Total heat transfer area in reactor - (2)(3852)

= 7704 ft2

b. Average Heat Flux:

Assume that 95$ of the reactor heat is released in the core.

Total power - P - 500 MW

a . 0-95 P
a A

- 500 x IO6 x O.95 x 3^413

- 210,430 BTU/hr-ft2

- 66.4 watts/cm2 = average heat flux

c. Power Density Calculations:

Power density calculations were made for two different cases:

1. The reactor core was considered as a completely homogenized region.

2. The reactor core was considered as a heterogeneous system, and the

fissions were confined to the volume of fuel alloy.

Homogeneous Case

Assume 95$ of the power is released in the core.

Average power density = (reactor power)(0.95)
core volume

= 500 x lo6 x 0.95 x 3.413 x 1728
7.87 x 47.3 x 70.9

- ^ 14 x "106 r Hru53.±4 x ±0 hx_ft5

= 550 watts/cm3

Maximum power density = (—>) = a>( Zf* )
\ymax x,y,z \ x /max x,y,z

= 3.23 x IO"1" megawatts-sec/fission05
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From nuclear calculations obtained with the aid of the ORACLE, it can be

shown that the fission rate density, (Zf$)max x. a yz*^36-9 xIO11 fission/

cmJ-sec as shown in Table 23 and Figures 52, 53 and 54. The following cross

sections are recorded in Appendix A, Table 5:

VZf =0.000430 cm-1 VZf2 *0.01208 cm"1

Zfj_ •0.000175 cm"1 Zf2 =0.004911 cm"1
VZf^ -0.1138 cm*1

Zfo - 0.04626 cm-1

Peak thermal :flux in experiment region = 2.5 x iox5 neutrons

cm2-sec

TABLE 23

FISSION RATE DENSITIES IN CORE

x, cm a,i*i2 Zf2i22 Lf^32 \-7= -x- fissionsqp_^ZfiJij, cnj_Bec

20.00 1.90 X 1011 42.0 x 1011 393.0 x 1011 436.9 x 1011

22.35 2-33 X 1011 42.2 x 1011 255.5 x 1011 300.0 x IO11

24.71 2.49 X 1011 42.2 x 1011 176.5 x 1011 221.2 x 1011

27.06 2.51 X 1011 41.6 x 1011 131.0 x 1011 175.1 x IO11

29.41 2.43 X IO11 4o.6 x 1011 104.3 x 1011 147-3 x IO11

31.76 2.31 X IO11 38.9 x 1011 88.8 x 1011 130.0 x IO1*

34.12 2.14 X IO11 36.8 x 1011 80.0 xlO11 II8.9 x 1011

36.47 1-95 X IO11 34.2 x IO11 76.7 x 1011 112.9 x 1011

38.82 1.72 X IO11 31.3 x 1011 79-2 x IO11 112.2 x 1011

4o.oo 1-59 X IO11 29.8 x 1011 83.4 x 1011 114.8 x IO11
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(^f^max x* ave. v z ^P^1361^8 a maximum fission rate density in the

x-direction (7.87-inch dimension) and average values in the y- and z-directions

(70.9-inch and 47.3-inch dimensions respectively). It can be shown that the

ratio of peak to average flux in the y- and z-directions is

•(y) *(-)

Therefore (Zf$) = (1.2)2 (Zf«)
x x 'max x,y,z v ' x x 'max x; avg. y,z

= (1.2)2 (436.9 x IO11)

- 629 x IO11 fissions/cm3-sec

= maximum fission rate density

(2) =»»(&•) =629 x1q11 =2029 S**£VV/maxx,y,z K^ ymax x,y,z 3.1 x io1© cm3

= 196 x 106 JSSL.
hr-ft3

, watt-sec
Oj' -

3.1 x IO10 fissions

Heterogeneous Case

Average power density = 0.95 P
volume of fuel alloy

- 0.95 x 500 x 106
90,663

- 5230 watts/cm3

= 50.5 x IO7 BTU/hr-ft3

The volume of fuel alloy was calculated above in Appendix E, Section 2.

The maximum power density is taken to be at the center of the side of the

reactor core slab facing the experiment region. Since the reactor is symmetrical

about the experiment cells, there will be two of these maximum power density regions.

In order to get a better estimate of the maximum power density in the actual reactor
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core it is necessary to "dehomogenize" the core. This is accomplished by assuming

the maximum fission rate in the "dehomogenized" (heterogeneous) core is the same

as in the homogenized core. It is then assumed that the maximum fission rate density

occurs in the same size volume but of different geometries.

Power of reactor = o£f<W

_ watt-sec
3.1 x 10-LU fissions

Zf$ = fission rate density

V a volume of fuel

Since Phomo = Phet ,

a>(zf*)homo vhomo " a)(2f$)het Vhet
/ \ / \ vhomo
(Whet " (Whomo-VheT

iMaximum power density -, . TT ,
* v Vi /max

max

het

max Vhomo

homo Vhet

/P \

hKJrnax * <"<-*•>

= ^(ZfCD)

watt-sec £•„ l£f^fissions 8S4,000cm3
X 629 X -rr-r* - x —-t-

3.1 x 10i0 fissions sec-cm3 9Q,d63ccm3

19,310 TOtt^ (This is per cm3 of fuel alloy.)
ceP

1865 x IO6 BTU/hr ft3

iMaximum fission rate = (Zf$)max

(Zf*>
max Vhomo
homo Vhet

- ^or, n^ll fissions 864,000 cm= 629 x 10 x ^ x •* -
sec-cm3 90,863 cm3

= 5986 x 1011 fission
qm3-sec
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d. Maximum Heat Flux Per Unit Area:

Assume that the maximum power density occurs within one fuel plate.

Surface area _ area of fuel plates in one fuel element
volume of fuel volume of fuel alloy in one fuel element

_ 2(3.541x47-3 in2)(2.54 cm/in)2
987.6 cm3

= 78.74 cm2/cm3

(j. )
VThet/max ^ maximum heat flux

area
area

<T

volume

19,310 watts/cm3
78.74 cm2/cm3

- 245 watts/cm2

- 775,000 BTU/hr-ft2

2. D2O Coolant Flow and Temperature Calculations:

The coolant flow pattern is presented schematically in Figure 55-

a. Core Region:

Flow area of core = (area of one coolant channel)(np. of channels)

- 3»58 ft2

(oh)
Based on MTR data,v ' it has been assumed that the present fuel element

design will permit a 40 psi pressure drop, and this value is used to determine

a coolant velocity. It so happens that the pressure drop, friction factor,

velocity and Reynolds number are inter-related such that it is not possible to

solve for the velocity directly. Therefore a velocity has to be assumed and a

calculation made to check the accuracy of the estimate. New estimates and

further calculations are then made if necessary.
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Fuel Region

Fast Reilector

33,800 GFF.

@ 20/. °F

Oo

-•fca

Jbrporxmental Tube

36,900 GPM € 203 F
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For turbulent flow the pressure drop can be expressed as

Ap = 144 ft.ii
2fti'2L|

c^e

solving for uT, the velocity,

Let

Assume

u
ApgcDs(l44)

2Lp
1

f2

Ap « 40 psi

40:x 32.2 x 0.0869 x 144
2 x 4 x 68 x 12

1-57

fl

u - 21.0 ft/sec.

Re =
Deup

C .0869 x 68 x 36OO

12 x 1.14

1

2 1
—r
f2

= 1555 U

Therefore Re = 1555 x 21.0

= 32,600

For which f = O.OO58

The value of f is now used to determine the corresponding velocity.

u . hi
fa

_ 1-57

(0.0058)2

a 20.6 ft/sec.

This corresponds favorably with the assumed value. Hence the flow velocity

through the core for a 40 psi pressure drop will be about 21 ft/sec.
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Volume Flow Rate of DgO Through Core

Vc b (Area)(velocity)

= 3.58 ft2 x 21 -S_ x60^ecx ?>)4Bgal
sec mm ^3

= 33,800 gpm

- 1.92 x 107
ĥr

Average D2O Temperature Change Through Core

AT= T2-120= ^_

T2 S core outlet D2O temperature

120°F - core inlet D2O temperature

q. - 500 x 10^ x O.95 watts

W- 1.92 x 107 lbs/hr

Op = 1 BTU/lb-°F

AT - 500 x 106 x 0.95 x 3.413
1.92 x IO7 x 1

= 84.5°F

T2 = AT t 120

- 84.5 + 120

- 204.5°F

b. Fast Reflector Region

Flow area of fast reflector = 2(reflector area per slab)(water: metal ratio)

= (2)(60xl80 cm2) 1 (0.3)
(2.54)2(i44)

= 6.98 ft2
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Volume Flow Rate of D2O Through Fast Reflector

It will be assumed that the coolant flow in the fast reflector can be

orificed to provide a control over both the distribution and the quantity of

coolant. If this is the case, the outlet temperature of the coolant can be

fixed. Most efficient use will be made of the coolant when it is allowed to

accrue a substantial temperature rise since this is the condition that will

necessitate pumping the least volume. If it is assumed that the fast re

flector outlet coolant temperature is 170°F (50°F rise) and that 5$ of the

reactor heat is released in the reflector,

W = Cp AT

_ 500 x IO6 x 0.05 x 3.413
1 x 50

= 1.71 x IO6 lbs/hr

= 3100 gpm

c. Reactor Tank Region:

The total D2O flow rate through the reactor tank is:

D2O circulating through core = 33,800 gpm

D2O circulating through fast reflector - 3,100 gpm

Total D2O circulating rate a 36,900 gpm

= 2.04 x 107 lbs/hr

Average Temperature of D2O Leaving Reactor Tank

AT - T2_120,^

T2 " w\ +12°
= 5°° x IO6 x 3A13 , 12Q

2.04 x 10( x 1

= 203°F
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a.

Heat Transfer Coefficients:

Film [Transfer Coefficient, h, for D2O;

0.023
hPg _

k

'Deup^t ^°-h
k

„. 0.023 |(^J'8(¥f
k - O.38 BTU-ft/hr-ft2-°F

De B O.O869 in

p - 68 lb/ft3

H - 1.14 lb/ft-hr

Cp = 1 BTU/lb-°F

u r 21 ft/sec

h - (Q-Q23)(38)(12) r(0.0869)(21)(3600)(68)
0.0869 I (I2)(l.l4)

h = 7750 BTU/hr-ft2-°F

i 0.8 r
(i-o)(i-iM

0.38

0.4

Fuel Plate Wall Transfer Coefficient, hy,,:

Assume no temperature drop across fuel alloy - aluminum clad interface,

hw - —
tavg

v - nft BTU°ft
kM * ll8 hr-ftg-uF

^avg 1 / s—- p(fuel plate thickness) = 0.015 in

- 118 x 12
^ " 0.015

c. Overall Heat Transfer Coefficient, TJ;

U

h hw

1

1 1

7750 94,400
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= 7150 BTU/hr-ft2-°F

= 7.69 BTU/hr-cm2-°F

4. Fuel Plate Temperatures:

These calculations are intended to determine the maximum fuel plate

centerline and surface temperatures that will result during steady state

operation at design power„ Assumptions, necessary to facilitate the calcu

lations, are made with the thought in mind of yielding a conservative esti

mate.

The approach will be to take the unit volume of reactor containing the

maximum power density in the y- and z-directions but following the fission rate

distribution in the x-direction and consider a fuel plate as producing heat

accordingly throughout its entire volume. The heat will be assumed to leave

the fuel plate by conduction only through the 0.010-inch aluminum clad into

the D2O coolant channel and not to have any lateral or longitudinal flow in

the plate. A sketch of the fuel plate and D2O channel is shown in Figure 56.

If a thin strip of the curved fuel plate is considered, the heat transfer

problem can be reduced to that of a flat, thin plate generating heat uniformly

at its center. It will later be shown that the temperature drop from the

centerline of the plate to its surface is approximately 8°F, and hence the

assumption that all heat is generated at the center seems to be valid. With

these assumptions the fuel plate will have a temperature distribution that

follows the maximum fission rate in the x-direction, and the rate of change

of temperature will be zero at the center of the fuel plate and the center of

the D2O channel. That is

dT_6W _ 3T / _q
S " 3y/y=0 " ^/y=^(tp+tc)
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Consider this Chinhel

(Point of Maximua

•176-

D2O Channel

Fuel Plate

FIGURE 56

Coolant Flow Channel in Fuel Element



At steady state,

Qp • Qr = •A Qc • F-i:

where Qp = number of BTU/hr produced by fission in the plate

Qpj == number of BTU/hr removed from the plate

AQc = number of BTU/hr absorbed by the coolant

Let dQp = qpdA F-2

d% = qRdA = UATp(z) dA F-3

AQc =qc =WCPATc(z) =pvA^CpAT^z) F-4

where dA " Wdz = differential area of heat transfer

W = width of fuel plate

dz = height of dA

qp = number of BTU/hr-ft2 of heat transfer area produced by fission
in the plate, (assumed constant)

qR = number of BTU/hr-ft of heat transfer area removed from the
plate, (assumed constant)

_ BTU
U = overall heat transfer coefficient,

Aj)po = area of the coolant channel - W

h5»-ft2-°F

AT(z)— temperature difference between the centerline temperature of the
plate, Tp, and the mean temperature of the coolant, Tc, at any
particular height, z.

q == number of BTU/hr-ft of coolant channel per °F absorbed by the
coolant

tc

2

ATc(z) === temperature difference between the coolant at height z =/=• 0, (Tc);
and the coolant at height z= 0, (T0).

w ^ mass flow rate of D20 coolant

p = density of D2O coolant

C„ =s specific heat of D2O at constant pressure; assumed constant with
temperature change.

v =velocity of D2O in the channel
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From equation F-2

dQp - qpWdz

d% = UW(Tp-Tc)z dz

AQc = WCp(Tc-T0)

From equations F-5, F-6 and F-7,

Qp(z) = qpWjdz
0

<fo(z) = UW| Tp(z) - Tc(z) dz

0

AQC( z) = wCp TJz) - Tf

For steady state conditions at any value of z,

Qp(z) = <&(*) * AQC

a. Maximum Mixed Mean Temperature of Coolant at Core Outlet (Tc)max:

Equating the heat produced to the heat absorbed by the coolant, there

obtains

Qp(z) = AQC

nX Z

J Qp(x) dxj dz = wCp
0 0

Solving for Tc(z),

Tc(z) - Tc

Tc(") =

A.

t/ qP(x) dx
+ T„

w Ct

Tc(z) is a maximum when z is a maximum.

T0 = 120°F = temperature of inlet coolant.

From Figure 54,

Also

qp = Oj Zf$(x)

[qpW] CO

het

homo

l>f$(x)]het
Ahet
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However it is known that for a given reactor power level the total fissions in

the homogeneous case must equal the total fissions for the heterogeneous case.

^homoHx)]het<* s^Lno Vhet
dx

Therefore,

x

a.p(x)
coV

het
dx =

het

Ahet

x=(3-^1)(2.54)
Zf$(x) Vbomo

J homo vhetVv
dx

x=(3.54^)(2„54)
^Vhomo f 480 &"°'22x + 150 (10L1) ^
V,het

864,000 x 1011

(3.ixio10)(7.i5xio6)

= 1255 watts/cm

0

48o -1.98
0.22 € t (I50)(3.54l)(2.54) + 480

0.22

Equation F-13 becomes

If

Tc(z).
c^ 'max

_ 1255 zmax
w Ct

+ 120

= (1255)(120)(3.413) +120
1.92 x107 x^ x± xI

- 172 + 120

= 292cF = maximum mixed mean temperature of D2O at core
outlet with (qp)

x,ymax'' zmax

x=(3-54l)(2.54)

/ qp(x) dx = (qp)E W0- -or- • —x /max x,y,z

maximum and constant in the x-direction, then
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Tc(z)max

^P'max x,y,z zmax
" l "t •• "rt i . . i ii i 4. J^

w Cr

1.92*10? &ix^ (i*m^&WZ) V^F

120

= 3i0 ♦ 120

" 430°F - maximum mixed mean temperature of D20 at core outlet
with (qP)max x,y,z

b. Maximum Centerline Temperature, Tp , of Fuel Plate:

By equating the heat removed to that absorbed by the coolant, there results

%(z) - AQc(z)

r

UW/.W •,(..,}... «,[«.,- ^

By using equation F-12,

x z

Tp(x,z) - Tc(x,z) dz a / qp(x) dx / dxvf°*f
0 0

x x

U/ Tp(x,z) - Tc(x,z) dx - / qP(x) dx
0

U TP(x,z) - Tc(x,z) qp(x)

TP(x,z) " -£-— t Tc(x,z)

. qpfr) . zqp(x)
U ¥(x) Cp

i* zqp(x) + TrL U " W(x) Opf *°
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Now Tp(x,z) is a maximum when x = 0 and z • 120 cm. Consider a unit cell

at x = 0, Ax in width, then

TP(0, 120) = qp (0)
het

1 120

u f w(Ax) Cp
(3-54l)(2.54) J

+ T„

480 e °-22(°) t 150
x 1010

Tp(0, i2o) - f 864,000 ,) (3.413) [^-^
V 7.15 x ioD/ L 3.1

(10H) 1 ♦ JgU 120

Note that

_7~~~9 322]

- 421 - 120

• 54l°F = maximum centerline temperature of hottest fuel plate

U = 7150 BTU/hr-ft2-0F

- 7.69 BTU/hr-cm2-°F

w(Ax) Cp 1.92 xIO7 x^ x^ x^
(3.54l)(2,54) * (3.5^l)(2.54)

= 322

Maximum Surface Temperature of Fuel Plate:

Tp(x,z) - Ts(x,z) • Temperature difference between the centerline of
fuel plate and its surface at any point (x,z) in the
y-direction

x xx

y\p(x,z) dxdz =-kjTdAi5^i =̂ Ptotogteisl
0 00

"35= "J """Ty
0

qp(x,z) "I Tp(x,z) -Ts(x,z)l

St(x z)
—*-*—*• is over a small increment and will be considered linear in y.

Ts(x,z) »-J q.p(x,z) t Tp(x,z)
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where

But

Also

y s i_ m i
k hw 94,400 BTU/hr-fty-°F

Ts (x,z) - Ts (0, 120)
bmaxx ' ' bmaxv ' '

y " 0.015 in (half thickness of plate)

BTU-ft
k - 118

hr ft2°F

Ts(0, 120) - - ~ qp(0, 120) + Tp(0, 120)

From Appendix F, Section Id,

q (0, 120) - 775,000 BTU/hr-ft2

and from Appendix F, Section 4b,

Tp(0, 120) - 54l°F.

Tsmax(°^ 120)
_ 775,000 k

94,400 p

- 8.2+ 541

» 532.8°F

If the average value of flux is used instead of the maximum in the

z-direction, then

and

qP (o, 120) - H^°go „ 646,oo: BTTJ

hr ft^

TSmav(*>z) * q-n(x,z)
Jmax

1 , z jL_
U * w^x) Cp " hv * Tr

T%ax(°' 120) B 6k6>°00 1 . 3-9^ 1
7150 9800' " 94,400

90.4 * 260 - 6,84 * 120

464° F

-18&-
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This temperature corresponds to a saturation pressure of 490 psi.

Note that z •

and Tf(Ax) Cp =

47-3 in x ,L = 3.9^ ft
1.92 xIO7 x-^g- x^ -|r

3-541 x^

- 9800

The value of T« (0, 120) = 464°F represents the maximum fuel plate

surface temperature for a maximum power density in the x- and y-directions and

]47.3 in 1 JZf$(z)
^7-3

-/ Zf$(z) dz
0

for the z-direction. It neglects any heat removed from the hot spot by

conduction in the aluminum.
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APPENDIX G

EXTERNAL CIRCUIT CALCULATIONS

1. Pressure Drop Calculations For External Circuit:

The following calculations are an estimate of the pressure drop through

the external D2O circulation system.

a. Pipe diameter:

Volume of D2O per sec B pipe area x flow rate

V - Av

V

77V

V - 33,800 gal/min

Assume v - 10 ft/sec - D2O velocity in pipe

in333,800 ^ x 231
^ . ^rain gal

b. Pressure drop through pipe:

Ap = 2f
u2 L p

144 gc D '
psi

Re -

Pup

u - 10 ft/sec

D - 68 lb/ffc3

H s
n ^, lbs ,
i.60 „.• .. at

fi>-hr

, p.,o

it x 10 £L- x 6e ~ x i7p8 isTsec mm i',cu f^3

0.66 ~^- at 240°F
ft-hr

10 £t x 31 :t x 68 ^§-x 36^:
sec

'120°F
1,60

lbs

ft-hr

1.55 ft

sec

hr - 4.74 x 10t

For this Re, f12Q = 0.0023.

10 sic" x 3-1 ft x68^x 3600 ^r
Re

240 s

For this Re, f24o " 0.002.

0.66
ite

ft-hr

15 x 107



The length of pipe in the external circulation system will not be known until a

complete design has been made. However, for purposes of this calculation, assume

there is 100 feet of pipe. The temperature effect - as shown by the fact that

f120 = f24o " is sraa11'

ap = (2)(o-oo23)(1Q)2(1oo)(68) =
ap (32.2)(3.1)(144) u,**-r pS1

2. Heat Exchanger Calculations:

Before the total pressure drop through the external system can be calcu

lated, the geometry of the heat exchanger must be known. This entails a calcu

lation to determine the number and length of tubes.

a. Heat Transfer coefficient inside tubes:

0.8 0.4

velocity = v " 10 ft/sec (assumed)

density = p = 68 lb/ft3

viscosity = u - 1.21 lb/ft-hr at 150°F

heat capacity = Cp = 1.0 BTU/lb-°F
BTU-ft

thermal conductivity = k = O.38
hr-ft2-°F

diameter = D = 0.5 in • 0.04l6 ft (assumed for inside diameter
of tubes)

2

Flow area per tube « Tfr2 = it —^p

= O.I96 in2

For a flow rate of 33,800 gal/min at a velocity of 10 ft/sec the heat exchanger

must have a cross section equivalent to that of the large conduit.

Area of large conduit = Trr2 = 7r(l.55) =7-55 ft

- 1090 in2
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Cross section area of heat exchanger =• (No. tubes) (area per tube)

h =

No- tubes -
1090 in* .

O.I96 in2
0.8 0.4

I) (0-023) ng) (^

5500

(0.38)(0.023)
(0.0416)

w /

10 x 3600 x Q.o4i6 x 68
(1.21) "

-.0.8 . ^0.4
1 x 1.21

(0.210) (8.42 xlo4)0'8 (3.18)0,4

2910 BTU/hr ft2 °F

b. Heat Transfer Coefficient Outside Tubes:

Assume outside diameter of tubes is 5/8 inch,

page 276, Figure 10-20.

Do Vmax
X

Hf

D0 = 0.625 in. - 0.0521. ft

u^ax = 1 ft/sec (assumed)

p - 62.4 lb/ft3

Hf - 1.9 Ib/ft-hr at 80°F

From the plot on Figure 10-20,

Ml

no

-1/3 0.14

(,r, /lag.08(60) [:yrW

615J

b0

'0-52T\ /l.14
0.38/ \27o5

8.9 BTU/hr=ft2-°F

0.1.4

•186-
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c. Overall Heat Transfer Coefficient:

U

1 x_ _1_ _1_
h ktf h0 ha

Assume a fouling factor such that hi - 1000 —^—
d hr~ft2-0F

U

, 1/16 1
2910 + 12 x 25 B19 1000

- 360 BTU/hr-ft2-°F

3. Pressure Drop Across Heat Exchanger:

. 2f u2 L p
-» s i44gcD P ' *si

The length, L, of the tubes in the heat exchanger is not known. This can be

found by equating the heat production rate in the reactor to the rate at which

heat is transferred to the cooling water. That is

q * U A A Tj,

A = total area of heat exchanger

= (area per foot) (length)

• a L

a = (mean area per tube per foot) (no. tubes)

= (7TD)(1)(5500)

- 8l6 ft2/ft

A = a L

L =

UATL

a U A TL
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ATT = log mean temperature difference - [TJ>2P " ^20 j - 1*^2° * ^20
TD20 - TH20

in

TDjP " ^2°

where the several "T's" are defined by the following figure.

THgO • 100°F

TD20 " 203°P^

ATL

Th2Q - 70°F

FIGURE 57

Temperature Identification for Heat Exchanger

_ (203-100) - (120-70) J3_
An 3.43

irt
203 - 100
120 - 70

500 x 106 x 3.413
(816)(360)(59.2)

• 98.5 ft

= 59-2°F

- 120°F

The exceptionally long length of this exchanger suggests that the chosen design

parameters were not optimum. A more complete design would involve changing such

parameters as fluid velocity in the tubes and the tube size t© obtain a more
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favorable geometry. In all probability such an exchanger would not be installed

as a single unit but rather as two or more parallel exchangers.

For purposes of illustration, pressure drop calculations will be made on the

above unit.

Re - *£ - (Q-cA6)(io?(68)(36oo) . 8Moo

For this Re, f = 0.0047

\2,ad * (2)(o.oo^7)(ior(98.5)(68)
Ap " (144)(32.2)(o:o46)

- 29.5 psi

4. Total System Pressure Drop:

APt<ytal = A Preactor * A Ppipe * ^exchanger

=40+ 0.217 + 29.5

- 69.7 psi

5. Pumping Requirements:

Flow rate = 36,900 gal/min = 2.04 x 107 lb/hr

Work done = (mass flow rate) (head)

. {2.0k x107, i&^2m ^
= 8.38 x io5 ?$£**

sec

= 1524 horsepower

6. Cooling Water Requirements:

q = wCpAT

v - q. - 500 x IO6 x 3.413
CpAT * (1)(100 - 70)

= 5-68 x IO7 lb/hr

- 113,700 gal/min
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APPENDIX H

Analysis of MTR plate-type element to determine jthe temperature distribution:

^

ym

$/////w*
IO

I

L ^faeli i»4»j!
1

W///s >'//•'•

T
V

_l.i

T = t + 2d ; L « J + 2a ; W=*w+2e ;

PJt, clad
= TWL = twi + 2(s+t) cL

VD = SWL + b(S+T) L

•1$0.-

Fuel 4tlo<j

Figure 58

Dimensional Notation

of Fuel Plate

Vp, . = twi
fuel



ADq- SW+b(S+T) = cross sectional area of coolant channel

A , , = 2WL • heat transfer area (neglecting end leakage)

wt. of fuel Pfuel (wtl)
p„ n - —^ 3 -- rr = /„• m\vTT ,-,—rr-r " average p of fuel in whole unit cellKfuel vol. of unit cell (S+T)(W+2c+b) L ok

Vcell " L(S+T)(W+2c+b)

x • °jo XT in fuel alloy by volume

100 - x 3. <f> M in fuel alloy by volume

m235 = P235 vfuel JoTJ where p2^ - p of undiluted u235

,235
fuel

fuel

m235 x
~V = p235 Too " av^' p °^ ^"ael in fuel-alloy meat

fuel

\f x \ vti
p235yI 100 J (S+T)(Wt2c+b) L

Metal-to-Water Ratio

Vmetal " Vfuel f \i. clad twi t TWL- twiJ + 2(S+T) cL " TWLf 2(S+T) cL

V-D20 = SWL ♦ bL(S+T)

V,
JJL

V
D20

TWL + 2(S+T) cL _ TW t 2c(S+T) mcross section of metal
SWL + bL(S+T) SW + b(S+T) cross section of water

-fuel _ 235 Tr= fff- N235
a2,35 Awog-No,

Pfuel = macroscopic fission cross section in
235 homogenizad unit cell

Pcell = aEf*TVCell

a|35 ityog.No^ P235
235 V,m

^235 1
♦ Vd20 J

•cDgfAvos.Mp, P235 f x\ wf &
235 ViOOy (S+T)(W+2c+b) L _

2(S+T) cL + SWL* bL(S+T) $T

= cell power

- on m-6 BTU/hr-ft3
CD = 3.11 X 10 ° -^ r*—7 rrfission/sec-cmJ
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cell

<Wf Avog

23

g.Nc-,., P235XV [" vt| ] p(StT) » 2c(S»T) frb(S»T)1x
,500 [W t 2c + bj (7 (SfT) ~ —-"J*T

, . ^ fc r
Pcell " 23,500 ttJ

co Of Avog. No._ pgo^ xC
"frp

<?,
Pcell _ ^^f Avog.No. P235 x

cell V,
cell 23,500

wt i $T -
(W+2c+b) L(S+T)]

9,cell

<3>
fuel

Average power density of cell

tofff Avog.No. P235 x
237500^

twt

•L(W+2(2c+b) (S+T)
$T

Pfuel _ mfff P235 * Avog.Ng. _ coqf Pg^5 f Avog-No.
v ~ 23,500 *T - 235
fuel

where ^ Sf

clad _ 2WL
-♦•maximum, i.e., maximize e and a and minimize t

7 _ , t w 4
fuel

$T

"fuel _
Pooc V. Li.

'fuel 235 "fuel 100 iV.\^fuel,
P235-x
100

-» maximum, i.e., maximize x

Define N . " total aluminum atoms in fuel cell

-Ai _ Ai %i
aa V

cell

Ai
a,

a

Avog,ifet PAi VAi Ai
3 ffa

Avog.No.

27 pAi fMa 27 L(SfT)(W+fic+T3)
— —

where f, * volume fraction of Ai
Ai. .,>

Ai

TWL - twi + 2cL(St":) + (ll ,4r) tw£ TWL » 2cL(S?T) - 1Q0 twi
-Iffi

L(S+T)(W*2c4-b)

"a

ff^Avog.No., p^ ITWL » 2cL(S4f.?)- Too tv.
27 J L(S#T){W+2c*b;

-D20 _ (2ga * Oa) PpgQ
La 20

-T

1 *
VD2O

=192-

L(S#-T)(W+2c+b)

<C^ Avog.No. Paj
27

V.
ai

1> * VD201



^235
a

a235,Avog.No. p235
cL \ . .

235

238 . 238
-238 aa Avflg.N©., P
2a " 238"

Heat Production and Removal

V
235

vm + V^o

'§38
Vm + VD20

qp - -r— produced in cell by fission

40 sf *T vcell
BTUq^ • -r— removed from cell
hr

UA AT

where U =

h.
film SAJ

= conductivity of element
BTU/hr-ft2-°F

A = surface area of cladding = 2WL

T,

Figure 59

Temperature Notation

AT" Ts

where T,
s

Tf

mean temperature at outside of cladding

bulk mean temperature of coolant
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<K*) =A

dqR ~ UdAAT = U(2Wdz)(Ts-Tf)

This assumes no heat flux through
ends and edge of element.

LR=r'dqR= J U(2Wdx)[TB(z)-Tf(zj[
z=0 z-0 *

L

- 2WU f [Ts(z)-Tf(z)7dz

0 v,fuel ^fuel , ,.,qP - J ofif $ d V.
zs0

fuel

f aZ^el $ (z) wtdz - osf161 wt / M"
z=0 ZteQ

) dz Figure 60

Dimensional Notation

Let $rp(z) - A sin£z, i.e., assuming a cosine distribution along z-axis

*

where A = constant set by power level

L

fuel * fq_ " cuEf wt A y sin -- zdz
L

/
zsO

L

=194=

fM*)



Note that qp = qR = qf

where q-f = heat removed from channel by coolant

=V0 PD2°V °P Tf(z) "Tf(0)J
where Aj)?q = area of coolant channel

v • coolant velocity

PDpO - mean density of coolant

qf " qp at any given z

PD20V %AD20 ff(z) "Tf(°)] m̂4USl vt A* / sin f zdz
Define 0^ * a) Z wt A

z-0

PD2O v Cp AD 0 Tf(z) -Tf(0)| - Qo J sin|zdz «-Qo £cos £z

Qo
1 - COS — Z

where P
= 7T

Solving for

Tf(0) s inlet temperature, of D2O

By equating the quantities qR and qp, there can be obtained an exrpression for

the surface temperature, Ts(z), of the element.

qR* qp

wu/ [t£
z^o L

(z) - Tf(z) dz - Qq P sin — zdz
za0
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2WU |ts(z) - Tf(z)J - Qo sin J

T„(z) - Tf(z) Qo
d. W i] L

The constant, A , which appears in the constant Qq can be obtained as follows:

d Pcell ~ o)ZfUel $T(z) d V

•cell
0)

fueliuej. /i „ 7T
£f / A* sin — z wt

z~0

^ _ „fuel * , L
Pcell * 2o> Zf A wt -

dz

Determining the maximum temperature of surface and the point at which it will qccur

L

Ta(") ~ Tf(*0Jdz

^ • IT 1 ,,-,T, -.. sm — z d2
2W j h

qp_ - 2WU J

= 2WU j
z*0

Qq j sin ~- zaz
z~o

L
Qo 7T ifeo

<3R
P

cos
L

z | - -~#~

rp ( \ - ^O • """ Qp*sU) - 2WU smLz ♦ __v ^A^ TT
i. = cos — z

J-l J

Ts(z) = Qo
'"' '

sm ~ z .1 - cos

2WU p PDg0V Op A^0 * Tf(0)

Tf(0)



dz " ^o

(tt/L) cos - zmax - sin j- Zmax
- 0

2 WU £ PD20 v Cp, aD20

JL W T . 7TL cojs L zmax --- sin -^ Zjjjgx
— +

2WU P" PDgO v Cp Aj^q
= 0

pPD20 v C;p ADg0
2 W U

cosX Zmajc + SinX z^ = 0

Define f k p p^ v (% AD2o

t 7T . IT
2WU COS L zmax * sin 7j zmax

tan •=• z
L max

$•

2 W U

max

L . -1/ »
— tan \ -OTTTT
TT \ 2WU

Ts(zmax) " Tf(zmax)

Tf(Zffiax) - Tf(o)

Qq . w
2 WU 3in L zmax

Qo

P pD.0 V CP AD20
1 - cos — z

L max

Ts(zmax) * Tf(zmax) = Ts(zmax) -

Qo

Tf<zmax " Tf(o) t Tf(o)

Tq(z ) -
sv max'

Ts(w) - Tf(o) =

l_

7T

PpD20 VCf AD20 ' 1' C°S LW
m / \ » Qo . TT
Tf(°) * 2~WU sin l zmax-

Qo

P PD2O ^ v A^
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Define y z " a
Li

w

L zmax - °max

sin Qmax P" PD20 v °P AD20
Then tan a

max ~ cos a 2 W U
max

where f " 0 pD2o v Cp A^q

2 W Ucos o
.̂ax •—"T

Qe

Sln0max

2W U

TS(zmax) " T^°) " IF
On Qo^r? TT sin a ™---- cos QL_„

2 W U max w nnax

TsC^ax) * Tf(°) * "F

Te(W " Tf<°) "T

cos a
Qo 9° ™*2-r-rrr sin a cos a - -sr cos^ a-.--,

max 2W U max max y "max

i )- ^cos^% v
max/ f max

Qo . ^ / 2WU . „

Qo
"~~

Qo

max

sin2 °max + cos2 °taax

Qo
Ts(zmax) * Tf(°) = T (1 " Se° Ve)

Temperature distribution along x-axis through fuel

element given Ts and Tf

.fueldqp = OjZ-f wt $T(z) dz

o2Tl t dqp/dV _ 0
oy2 kfuel

£2Tl a) zf"-61 vbfrp(z) dz/twdz

~o7 + f̂uel

Let q'" 5 co zf161 *T(z)

oy

,m tit

££l = _ i y t c
^y kfuel L
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Temperature Distribution in Fuel Plate



At y « 0, S = 0. Therefore Cj. • 0
dy

c^TZ=0 for | £ y s | +d
ay

dT2
= C-

ay

T2 = C3y + 0\

At y - | +d, T2 = T£
At y = i,

2
Tx = T2

q'" (f)2 ~ t
:2'2kfuel = °32+C4

tc3C2 - -y + 04 +§~
in 2q tg

el

Ts =C3(£ +d) +|*fl - C3(^-t d)J +§
C2=-C3d +Ts+^eI

M't2
kfuel

dTi
r A —

fuel dy
AdT2 * t•kAiA-^ at y-?

cfuel
. Kfuel _

q"'t
" 2k^

"kAi c3

C2 • q'" t
' t d

8k^el * ' 2kAT

C4 =Ts^|^ (§♦<*)

t Tc

Ai

4o^£
8 kfuel

t2 - 4y2 td "*
8kfuel * 2kAiTi(y) Ts + q"'
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T2(y) =
-qM,ty . T ,g"'t
2kA» + -s + 2k^M

(1 + a)

T2(y) - Ts+ IrrdkA£
: ^-w*, ~

"t ,2 + a - y

Summary

vm

VD20

Aclad 2 W L

TW + 2c(S+T
SW + b(S+T

V. tw I
-» maximize for heat transfer

fuel

"tfuel P235 x
V.fuel

100
-* maximize

fuel -- .* £ , BTU/hr-cellqp = 2o>Zf wt A

where it was assumed that

$T(z) -

A*"

0 *

A* sin —z = A* sin (3z
Li

power level constant

tt/l

Ts(z) - Tf(z) - Qo . w
2W~U~ Sin L Z

fuel A*where Qq ~ aiE^,uej- A wt

QoTs(z) - Tf(o) - ^ 1 - cos pz

where * . p p^ v Cp A^

Ts(z) -. Tf(o) = Qo sin pz 1 - cob pz
12 ¥U * ~ f

z for Tmax "zmax =| tairl I - 2W Uit
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Qo
Ts(zmax) - Tf(°) = "ff" CL " sec ^max)

1
where a 5 tan

max

f

2WU

Tfuel (y'z) = Ts(z) * (1'"
t2 - 4y2 td "
°kpuei +2^

T,fuel(max) " xfuel= Tfuel (y=°) " Ts(zmaJ ♦ <1max'

td

_8kfuei + 2k^

Tclad (y>z) = Ts(z) +§^2kAi
2 + a - y

L

Figure 62

Dimensional Notation
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Assume Aclad - 2Wdz [f(u)]

f(u) - no. of plates between u - 0 and u - u

„/ s total no. of plates / N nf(u) •• E —-£• • (u) - ^ u

dAclad s 2¥dz I du

AD20
nWS

E
u

,. - n WS ,
^DgO * "T" du

rdqR =UdaAT - U(2W | du dz) |Ts(u,z) - Tf(u,z)

EL EL

/ S d^R s 2WU1 / / [3
u=0 z«0 u-0 z=0 "-

-?s(u,z) - Tf(u,z) dzdu

dqp s OjZ^161 «T(u,z) dV - ooZf161 «T(u,z) wdzdu

Assume: $rp(u,z) = A* sin pz sin ?u

where p ~ — and 7 -
L Ji

fuel •x-
dqp " o)Z|. w A sin £z sin 7 u dzdu

*P
fuel „*

cjdZ ^ w A P sin pzdz J sin 7udu
z=0 usO

r Vd1f = PD2O CpVdAD20 (£2) = pBo0 Gi nW S

E
du Tf(z,u) - Tf(o)

where Tf(u,r,o) " Tf(o<r,o) - 'if(u,0,0) - Tf.(°) s inlet temp.

qp(u,r,z) - qf(u,r,z)

z u u

a>Z?-el wA* / Sin Pzdz / Sin 7udu = / "Tr pD20 vOp
1 z-0 u^C usG

Define Q* «l ooZ Juel wA*

**" TV*

,202=

Tf(z,u) - Tf(o) du



z u u r ~i
Q* J sin pzdz J sin 7udu = ty* P. Tf(z,u) - Tf(o) du

z=o u=0 u*6 L J

# P •*Q J sin pzdz sin yu = t Tf(z,u) - Tf(o)
z=0

Likewise q-o = qp

n .u. zWU| f\ f Ts(u,z) - Tf(u,z)
u=0 z^O1- -»

Ts(u,z) - Tf(u,z)

z u

dudz = Q* JJ sin Pzdz J sin 7udu
z=0 u-0

2W Un

E
= Q sxn Pz sin 7u

Q* E
Ts(u,z) - Tf(u,z) =

2 WU n
sin pz sin 7U

Ts(u,z) Tf(u,z) = Tf(o) Tf(o) Q* E
2WU n

*

sin pz sin 7U

q* ••• r 1 Q ETs(u,z) -p^ sin 7u |_1 -cos pzj -Tf(o) -2wUn sin pZ 6in ru

Ts(u,z) -Tf(o) -Q* g^OS" sin pz sin yu +-—^ sin 7u 11 -cos pzj j

T„(u,z) - Tf(o) = Q* sin 7m E sin pz 1 - cos pz
2WUn + p f*

oTs
"5T Q sm 7U

PE cos pz
2W Un f

PE cos pZmax sin pZmax

2WUn t*

PWU n
= - "tan pzmax

sin pz

= 0
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tan Pzmax

Define Q^aY * pzr

ft*pE
2WUn

aax r max

°Wr- = tanaax

ft* p E
2WU n

oTs - *
"5-1" Q

PE cos pz sin pz
2WUn ft*

cos r%ax a °

TT

T^max = 2

E umax " 2

V (-max' "max) " Tf(°) s <*"
max

r cas T^ax

E sin G%ax 1 - cos a^

2 WU n ft* p
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Application of Equations to Double Slab Reactor

Overall dimensions of one slab

j-*- SCM-i-|

b/faf

1 s i
<5

t i I
wimmiimiiffMWiti

-Z.7S"n e.zzf'-*-

-2,/£"•=• 0.Z62'-
OfQco'L

H

wmm\imvmmk

//
/ /

' / /

Z.6,3"-

mmm
/ / / /

wmmm

^

Figure 63

Fuel Element and Fuel Slab Dimensions
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Pertinent dimensions:

VD20

I = L.» 5-9'

T = 0.030" = 0.0025'

t = 0.010" = O.OOO833'

d = 0.010" = O.OOO833'

c = 0.200" x 0.0167'

e = 0.060" = 0.005'

w = 2.63" s 0.219'

P = 250 Megawatts

•HL= 0.73

m235 = 9.273 kg = 20.4 lbs.
Atomic cone. = 9.2 x 10^-9 atoms U235/cm3

Vreactor = 5'9 x 5-9 x °-262 = 9-12 "3
VDgO +°-73 Vp^o =9-12 ft3

v^.o-r^f-5-27ft3
vm = 9.12 - 5.27 = 3.85 ft3

Ap^o =1220 =^§=0.894 ft2
J_l

Aclad = 2WL = 2(0.229)(5-9) - 2.7 ft2

vfuel/cell " wt L= (0-2l9)(0.000833)(5-9) = 0.00108 ft3
W « 2.75" = 0.229'

b = 0

s = 0.0591" = 0.004-92'

S + T = O.O89I" = 0.00742'

n = 0<oqy42 = 795 cells/slab
x = 2.04$

fD20 = *75o = °'02ok

E = 5-9'

qp = 250 Mmtts = 8.53 x IO8 BTU/hr
hH2o = 7&00 BTU/hr-ft2-°F
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hD20 = 8470 BTU/hr-ft2-°F
U = 7880 BTU/hr-ft2-°F

p0„ = 62.5 x 18.7 = 1170 lb/ft3
235
pA& = 62.5 x 2.7 =169 lb/ft-3

_ BTU/hr / cm3 \ _
fissions/sec y ft3 / 025 x 10"

PD20 = 68 ib/ft3
Cp "k 1.0 BTU/lb-°F
v = 30 ft/sec

G= pv = (68)(30)(3600) = 7.35 x 106 lb/ft2-hr
fpj = 1 - 0.0204 = 0.9796

M = PM Vfuel fA^ • i69(0.00108)(0.9796) = 0.1823 lb/cell

m.S3i . o-og^I = o.i4i
m 0.1823

Ai

Avog.No. P235 6.023 x 1023 x 0.0358 - _ .19 , / 3
235 = "235 = 235 = 9 X atoms/cm-3

* n W S
ft pD20 v CP = (795)(0.229)(O.Q0492)(68)(30)(l) = 310 BTU/sec-ft-°F

E

fuel *
qp =' coZ f w A

.* ".p P7

4o)zfuel w

5-9

~- (1 - cos pz)(l - cos 7u)
P7

at z - L and u • E

„ „ fuel
Q* = coZ f

fuel _ Q / ir'\ f tt \
a* coZf wqpPy qRp7 (8.35 x 108) 1579)^-9)

w A - — 3-t-ti " , * ,. V -y Y 'l
4ajZluelw 4 W

6.03 x 107 BTU/ft2-hr

-ft*p E -(310x3600)(5^) (5-9)
3cJ0)(795tan °max * 2WUn = 2(0.229)(7880)(795)

\ zmax - tan"1 (-1.22) =129-3e

1.22

mL /129.3A tr^s - (5-9)(2)(l29.3) B j, 2- ftzmax ? ^^oO-; (2T) W ^25 "
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. TT

sin L ZlHax

TT
cos — z

L max

0.773

-O.634

-1.578sec Qmax "

T„
•*

Tf(o) = Q E sin Qmax i - cos Qmax
max

q'"= co

6.03 xio7 [g ^9 *0.750 ^ 1+0.669
26l°F

2 WU n ft* p

x. 0.7. ,
2 x O.229 x 788O x 795 + 310 x 36OO x tt/5-9

Tf »T(z,u) = coZf A* sin pzmax sin 7%ax

sin Om8. *&Vr .,_ „ = (8-53xlQ8)(^fe) (0-773) . ^^^3^
kyfiZf

Tn = Ts t q"
J-max max ^

aax

t td

2%

4(0-219)

Ts ♦ q" 5^
_8~^F

8= 26l°F * 2.13 x 10 (5)(O.OOO833)
V)(117)

" 26l°F t 0.79°F

= 262°F.
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