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ABSTRACT

A new design for the MIT reactor thermal column has
been developed to increase the thermal neutron flux in that
region. By removing graphite from the thermal column and
creating a cavity with graphite walls, it is possible to in-
crease the thermal neutron flux by a factor of about 30.

The location of a scattering material, such as a cold neutron
moderator, in the cavity does not greatly reduce this increase
in neutron flux, but does cause an asymmetry in the flux in-
cident on the scatterer. The flux incident on the source side
of the scatterer is approximately 60% higher than the flux in-
cident on the back side.

A cold neutron cryostat has been designed, built,
and tested in the present MIT reactor thermal column. The
cryostat consists of a 12 inch diameter aluminum sphere con-
taining D,0 ice cooled by cold gaseous helium in aluminum
coils. The sphere is surrounded by an aluminum vacuum jacket
to form the cryostat. Initial testing indicates that the
cryostat is effective in increasing the number of long wave-
length neutrons. For a cold D,0 moderator temperature of a
-40°C the measured increase in neutrons of 5 R wavelength is
about a factor of 1.8. From this experimental result it is
estimated that there will be a factor of about 50 gain in 5 A
neutrons for a moderator temperature of 20°K.

The expected neutron spectrum in the cold moderator
has also been calculated theoretically. The theory predicts
the observed increases in cold neutron intensities; however,
it over estimates the gain in 5 neutrons by about 25%. This
difference falls within the uncertainty in the value for the
effective mass of the DZO ice. ‘



BLANK PAGE



ACKNOWLEDGMENTS

The author tﬁanks Dr. Theos. J. Thompson for his assistance
and guidance as the initiél supervisor of this work. He ex—-:
presses his appreciétion to Dr. David D. Lanhing who_assumed
the position of thesis supervisor when Dr. Thompson undertook
the role of AEC Commissioner in 1969: He aiso thanks Dr. N.
Thomés Olsoﬁ, the thesis reader, for his helpful suggestions;
especially in the writing of the manuscript.

The assistance of Dr. Yoshiguti Hukail and Mr. Ronald J.
Chin in carryihg out the experimental Work is greatly ap-
preciated. Dr. Franklyn M. Clikeman and Mr. David A. Gwinn
are thanked for the assistance they provided in setting up the
electronics of the neufron detection system.

The author would like to thank the MIT Reactor Staff,
the Reactor Machine Shop, the Reactor Electronics Shop, and
the Radiation Protection Office for their ésﬁistance and sug-
gestions. |

The typing wasvdone by Mrs. Carol Lindop, and the drawings
by Mr. Leonard Andexler. Their assistance 1s appreciated.
Miss Roberta Dailey is also thanked for her assistance in pre-
paring the final manuscript. | |

The computations for this thesis have been done in part
at the MIT Information Processing Center on the IBM 360/65.

The author was supported in.part by an Atomic Energy

Commission Fellowship in Nuclear Science and Engineering, and



by a National Science Foundation Graduate Feliowship;
This project has been supported by a Sloan Pure Physics

Research Grant.



TABLE OF CONTENTS

Title Page

Abstract

Acknowledgments

Table of Contents

List of Figures

List of Tables

Chapter 1 Introduction

‘Chapter 2 Hohlraum Flux Calculations
2.1. Method
2.2. Rectangular Cavities
2.3. Discussion of Assumptions

Chapter 3 Test of Model
3.1. Comparisdn with Experiment
3.2. Lead ShutterS'

Chapter U4 Optimization of Thermal Column
4.1, Emp%y Cavity
4,2, Comparison with Solid Thermal Column
4(3.:Effect of Coolant Pipes
L.4, Plane Object in Cavity
.4.5. Effect on Lattice Facility
4.6. Summary | ;

Chapter 5 Cold Neutron Cryostat

5.1. Description of Cryostat

‘ L
o
o o FonN e h

12
13
17
17
22
25
28
28
32
39
39
L3
b5
18
53
56
53
53



5.2. Cryostat Heating - _ . ' ' 67

' 5.3. Helium Pressure Drop T

Chapter 6 Cryostat Testing ' 4L
6.1. Out of Pile Testing | n

6.2. In Pile Testing ' ‘ 81

| 6.3. Flux Measurements 86

Chapter 7 Flux Calculations in Cold Moderator 96
7.1. Method of Calculation | 96

_7.2. Results 98

7.3. Comparison with Experiment 111

Chapter 8 Conélusions'and Recommendations for

Future Work 115

8.1. Conclusions e 115

| 8.2. Recommendations for Future Work 117

Appendix A Calculation of View Facfors | 119
A.1. View Factors for Parallel Planes : 119

A.2; View Facfors for Perpendicular Planes 123
A.3. Computef Program for Calculating View 12?7

Factors :

Appendix B Computer Programs for Calculating Fluxes in

a Cavity . : 13)

B.1. HOLCAV | . 13y

B.2. TARGET . | 135

Appendix C Lead Shutter Shielding Effects 170

- Appendix D Cryostat Heat Load Caléulations | , 187
D.1. Thermal Column Flux Measurements ' 187

D.2. Core Gamma Heating 159

D.3. Graphite Gamma Heating 193



Appendix E

References

D.l . Fast Neutron Heating

D.5. Cryostat Gamma Heating

D.b. Radian£ Heat Transfer

De7 e Free Molecular Conduction
D.8. Thermal Conduction
Helium_Pfessure Drop Calcﬁlations
E.l. Supply and RKeturn Lines

E.2. Cooling Coils

Page
197
199
202
20,
205
208
268
209
211



Figure

2.1.

§.1.
uo.
n.3.
Nk
n.5.
5.1.
5.2.
5.3.
5.1,
5.5.
5.6.
5.7.
6.1.
6.2.

LIST OF FIGURES

Cut-Away View of the MIT
Research Reactor

Rectangular Cavity Showing Relationship.

between Faces and Coordinates

Hohlraum Showing Relationship between
the Faces :

Hohlraum, Face 1

- Fluxes on Pedestal

Lead Shutter, No Lining

Lead Shutter, 12 inch Lining

Flux Across Centerline of Thermal . .

- Column Face

Modified Thermal Column

Flux on Face 2

Location of Coolant Pipes

Plane Object in Cavity

'Flux on Surface of Plane Object

Cola Neutroﬁ Cryostat

Upper Shield Block

Vacuum Region

Cold Moderator

Beryllium Filter Assembly

Helium Supply System

Temperature Distribution in D,0 Ice

Freezing Test

Water Temperature

" Page
18
23

29
30
31
3k
35

37
140
12
16
49
52
59
60
61
63
65
66
T2
75
77



Figure

o R =)

Q. = = ~ ~ ~3 ~J ~ -~ ~3 ~ ~ -~ -~ (o)) N (@)Y N

Q

.10.

n

O o0 N o U1 =W

11,

Sphere Deflection
Water Temperature

Spéctrum Measuring Eguipment

Neutron Spectrum in Graphite Thermal

Column
Neutron Spectrum in Warm DEO
Neutron Spectrum in D,0 Ice at 3°C

Neutron Spectrum in D,O Ice at -40°C

2

Measured Neutron Spectra
Model of Cold Modérator
Neutron Spectrum in Graphite
Céld Neutron (A>3.96 Z) Gain
Cold Neutron (A>3.96 Z) Gain
Cold Neutron (A>3.96 Z) Gain

. (o]
Cold Neutron (1>3.96 A) Gain

Neutron Spectrum in Cold Moderator

Cold Neutron Gain
Cold Neutron Gain
Neutron Wavelength Distributions
Neutron Spectrum in Warm Graphite

Subareas on Parallel Planes

Subareas on Perpendicular Planes

Relative Po‘'itions of Lattice Room,
Hohlraum, and Shutter

Hohlraum Slow Neutrons .

Hohlraum Fast Neutrons

10

Page

79

82
87

88
90
92
93
ol
97
100
101
103
10l
105
107
108
110
112
114
120
12

171

180

181



Figure

C.h.
C.5.
C.6.
C.7.

D.1.

Hohlraum Gammas

Lattice Room Slbw Neutrons
Lattice Room Fast Neutrons
Lattice Room Gammas

Model for Graphite Gamma Heating

11

Page

182
183
18l
185
194



Table
4.1,
b, 2.
5.1.
5.2.

D.2.
-D.3.
D.h,
D.5.
D.6.

D.T7.
D.8.
D.9.

D.10.

LIST OF TABLES

Length of Subarea Edge

Measured Cadmium Ratios
Cryostat Heat Load
Helium Pressure Drop

Empty Cryostat Temperatures, °F

_ Shield Combinations

Dose Rates in Hohlraum
Dose Rates in Hohlraum

Dose Rates in Lattice Room

- Dose Rates in Lattice Room

Thermal Column Flux Data

Group Constants for CorevGamma Heating
Core Gamma Heat Load

Constants for Gfaphite Gamma Heating
Graphite Gauma Heat Load

Fast Neutron Heat Load

Group Constants for Aluminum Gamma
Heating '

- Cryostat Gamma Heat Load

Radiant Heat Load

Free Molecular Conduction Heat Load

12

170
173
175
176
178
188
192
193,
196fk
197
199
201
202
203
205



Chapter 1

Introduction

Cold neutrons are defined as those neutrons having energies
less than 0.005 ev or wave-lengths longer than about 4 K. At
these wave-lengths cold neutrons becqme important tools in
material ecience because their wavelength is on the order of
lattice spacings in solids.

For several years X-rays have been used for studying
materials. Cold neutrons can now be used to extend the range of.
these studies. First, X—rays interact with atoms while neutrons
interact with nuclei. Thus, celd neutrons can give more detailed
information about the lattice; for example, thelmagnetic dipole
moments of the atoms making up the lattice.

Secondly, because of their muchbshorter interact;on time
“with the lattice, X-ray see the static position while cold neu-
trons see position as a function of time, and thus more infor-
mation is obtained aboutv the thermal motions of the lattice.

The vibrational period'of a.lattice is on the order of 10_111l

seconds cbmpared with a traverse time‘of 10—183econds for an
X-ray, and 3 X 10”13 seconds for a 0.005 ev neutron.

The energy ef the X-ray scattered from the atom is inde-
pendent of the thermal motions of the atom; whereas, a scattered
neutron can either gain or loose energy, depending on the
thermal motion of the scattering nucleus. Therefore, the cold
neutron can give information eboqt the type and energy of the

thermal motion of the atom in the lattice (26).

Although cold neutrons are effective tools, their use has

13



been limitedfbécause of the lowbintensity of beams usually
available from thermal reactors. The thermal neutron spectrum
of such a reactof.is very nearly a maxwellian distribution at
the temperafure of the.moderator which is typically above |
300°K. At this temperature the flux of U K heutrons_is less
than 1/16 the maximum flux, while the flux of 8 Z neutrons is .
less than 1/14 the 4 & flux (27).

One meﬁhod of increasing the cold neutron fraction of tﬁe
-neutron spectrum is to extract the beam from near the reactor
core where the thermal flux 1is the highesf and eliminate that
part of the spectrum with wavelengths shorter than 4 Z by using
a beryllium filter; however, in this case’the cold neutron beam
has a high probability of being hidden in the fast neutron and
gamma ray background. >With this in~mind the obvious method of
obtaining a high intensity cold neutron beam appears to be to
increase the cold neutron fractionAof the thermal spectrum
through the use of a cold moderator located Where the fast
neutron and gamma ray fluxes are minimal.

Tdeally the coid moderator shifts the thermal neutron
spectrum from that characteristic of the reactor temperature
(on the order of 300°K)lto a spectrum characteristic of the
temperature of the cold moderator‘<100°K or.less). This will
increase the relative number of low energy neutrohs. To do
this it is necessary for the cold moderator to have a large
slowing down power and a low absofption cross section.

Hydrogenous materials‘have‘high slowing down powers;
however, because of the high hydrogen absorption cross section

that increases with decreasing neutron energy, a large fraction

/
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of the cold neutrons are absorbed in the moderation and the
maximum possible gain in cold neutrons is not realized. Oﬁ

the other hand, non-hydrogenous materiéls, such as deuterium
oxide, beryllium, and graphite, with low absorption cross
sections; have relétively low slowing down powers and therefore
large volumes are needed tb obtain high cold neutron gains.
Consequently a large cooling capacity is needed to maintain the
moderator at a low temperature.

Another disadvantage of hydrogenous materials is their de-
composition in a high radiation field. This presents the possi-
bility of producing hydrogen gas in sufficient quantities to
form an explosive mixture with oxygen upon warming up the
moderator. On the other hand, heavy water is less susceptible
to radiation damage (28).

To date several cold neutron sources have been located in
various reactors (27, 29, 30, 31). In general these have been
located in beam tubes of reactors and have beenilimited in size
to a few hundred cubic centimeters. Consequéntly these cold
neutron sources have.not been efficient in producing high cold
neutfon gains; however, they have provided valuable information
about cold moderating materials. |

In 1968, installation of a helium liquifying plant was
initiated aﬂ the MIT reactor to provide coolant for an incore
cryostat to be used to study fadiatioﬂ damage in material§. The
plant is expected to deliver about'iOO liters of liquid helium
per hour to the incore cryostat. The discharge froﬁ the incore

cryostat 1s expected to be gaseous helium at a temperature of
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between 10 and 20 degrees Kelvin. With this large cooling
capacity available, it was decided to locate a cold neutrbﬁ
éource in the thérmal column of the reactor. This location has
been selected for the following reasons.

First, with the large cooling capacity available, it is
desirable to take advantagé of a large volume of non-hydrogenous
cold moderator. The thermal column providées the necessary space
for such a moderator. |

Second, with a lérge volume moderator the induced heating
due to gamma rays and fast neutrons is appreciable. Consequently
“one would like to locate the cold moderator as far as possible
from the reacfor core, but still in a high thermal neutron flux.
By removing graphite from the thermal column it is possible to
create a cavity around the cold neutron source. Such a cavity
allows neutrons to stream rapidly down the thermal column with
a minimum amount of leakage out through the sides; thus, en-
hancing the thermal flﬁx available to the cold ﬁpderator.

The purpose of this work is twofold. First, Chapters 2
through 4 discuss the optimization of the thermal column. The
effect of a cavity on the thermal flux in the thermal column
is investigated. A detailed analysis is carried out to determine
the optimumlcavity size for the maximum thermal neutron flux.

Second, Chapters 5 thfouéh 7 diScuss the design, con-
struction, and testing of 15 liter cold neutron source which
is located in the presénf thermal column, and is to be used to
gain information about and operatiné experience witﬁ a large
volume cold neutron source. . Also presented are calculations of

the expected neutron spectrum in the cold moderator.
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Chapter 2

Hohlraum Flux Caicuiations

2.1. Method.

A calculational model used for optimizing the therﬁal neu-
tron flux in the thermal column is derived in this section. The
thermal column is located between the reactor core and the héavy
water lattice facility, as shown in figure 2.1. To enhance the
thermal flux. in the thermal column, it is proposed to remove
graphite from the thermal column; thus, creating a cavity or
hohlraum with graphite walls. The méthod used to calculate
the effect of such a cavity on the thermal flux in the thermal
column is the same as that used by John Madell (2) in the de-
sign of the hohlraum below the heavy water lattice facility
(figure 2.1).

Consider a cavity surrounded Ey refleéting walls, with a
source of neutrons on one of the surfaces. Sinc=> the cavity is
filled with air, it'Will be assumed that the neutrons have an
infinite mean free path in the cavity, and consequently suffer
collisions only at the walls.

Let dA(r) be a differential area locéﬁed at r on one of
the surfaces, and G(r) be the number of neutrons/cm2'sec in-
cident on dA(r). Then G(r) dA(r)  is the number of neutrons/
sec incident on dA(r).
| Let S(r') be the number of neutron/cm® sec emitted by the
source atvg',_and Kl(gjg')-be the prébability that a neutron

emitted at r'reaches r. Then the number of neutrons/sec emitted

17 /
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by the source ‘at r' and reaching r is given by
S S(eOK (zeNaa(e!) . | (2.1)

Source r' "

Let Kz(z,g') be the probability that a neutron incident on
the surface at r' bé scattered back into the‘cavity and reaches
r. Then the number of neutrons/sec reaching r due to scatters
at r' is given by

S G(r")K,(r,r')dA(z"). : '_ - (2.2)
All r' ‘
Applying a steady-state.neutron balance results in
G(r)dA(r) = J G(r")K,(r,r")dA(r")+/ S(x")K (z,r")dA(r").
All r' Soﬁrce r' (2.3)

The above equation is eXact; however, it cannhot be solved
because of the unknown~Kefnals, Kz(g, r') and Kl(g,g'). Before
proceding, it will therefore be necessary to make some simpli-
fying assumptions. These assumptions are discussed in a latter
section of this chapter. | |

Since KZ(Q,E‘)_is the probability that a neutron incidént
on the surface at r' is scattered back into the cavity and
reaches r, it may be considered as the product of two proba-
bilities. First is the probability that a neutron incident on
the surface at r' be scattered back into the cavity at r'. 1In
diffusion theory one defines the albedo as the ratio of the num-
ber of neutrons/cmg’sec leaving the surface to the number of
néutrons/cmz'sec entering the surface. This is the probability
that neutrons entering the,surféce wiil be scattered back out;
however it is an average effect over the entire surface and does

19 /



not take into account the fact that a neutfon-may entér the sur-
face at bne‘point and leave at another. The first assumption
then will be that the scattering (reflection) is a surface
effect and the albedo can be defined at a point.

Second is the probability that a neutron emitted at r'
reaches r. If it is assumed that the scatfered neutrons and
the source neutrons are emitted from the surface according to
Lambert's Law; that is, the probability that a neutron leaves
the surface in solid angle dw at an angle ¢' with respect to the

normal to the surface is given by (1),
o8 8 gy . (2.1)

then equation (2.3) becomes,

G(r)dA(r) = / G(r")B(r K, (r,r2")aA(r") + £ S(z')K, (p,r')dA(r")

A1l r! - Source r' (2.5)
where B(r') = albedo at r!'
' ' ' cos¢ 'cos :
Ky (r,r') = $9289%%an(r) | (2.6)
|r-r'| = distence from r to r!

¢ = angle between the normal to
'dA(r) and (r-r')

= il '
cos¢rE:ETT2 Solld angle subtended by dA(r) at r'.

Using this, equation 2.4 becomes

G(r)AaA(r) = f a(z)Br )NS5 Ian(r)aa(z)

A1l rr (2.7)
+/ S(g')[fr—?%%’-fidug)d;\(y). | |

Source r'

20



Integrating over A(g ) = A; gives,

s6(z;)dA(ry) =/ J G(z')B(z’ )[9—5[’—5—-<I> COSPIaA(r)dA(r")

Aj. A{All ! : o - (2.8)
+ 4 Sz ')[&‘,’M?%ldmmdm ) . |
AiSource r'.

In principle this equétion'can be solved for G(r) once
G(r'), B(r'), and S(r') are specified. In general these are not
known; powéVer‘the integration over r' can be performed if it
is assumed that the surfaces can be broken up into n small sub-
areas over which these quantities remain constant. The inte-
grations can then be carried out over each subarea and the re-
sults summed to give the total integral over r'. It will also
be assumed that A; is small enough that G(r;) remains constant
over this area. Then the equation (2.8) becomes

all surfaces
GiA; = 2{G_B_fdA(z, )f[E%EQ—EQ?QJdA(r )}

Tlry-r,l2
all_; | (2.9)
S8 Ak Ty, )f[9$§¢ £0283aA(r, )} :
‘ Iy
Ai Ak
Where Gy = Average current incident on Ay
Gh = Average current incident on An
Bn = Ayerage albedo for An,
Sk = Average source for A, .
But,
cosd'cosd
Ja ey )Ty =p T219A () = AgFys ' (2.10)
A, A
i n

where Fni is the view factor from An to Ai. “Thus, equation

(2.9) becomes

21



ail surfééeéA all.source
Gij_;i =L GBAF. +2 SkA,kaiﬂ o (2.11)
Equation (2.11) can be written for each of the n subareas,
resulting in n equations and n unknowns (n Gi‘s). |
Once the currents are known, it is poséible to determine
the fiux on each of the subareas. Since theiflux is the popu-
lation of neutrohs at the point Qf interest, it may be con-
sidered as the sum bf the incident cﬁrrentAand reflected current
from the suﬁarea, or
Ph; = G; + RG, (2.12)

where Phi is the flux and RGi is the reflected current.

Rewriting gives

Phi = Gi[l + Bi] ) : (2.13)
where B, = RG; is the albedo.
G. :
i

2.2 Rectangular Cavities

Equation (2.11) is general for any geometry; however, only
in the special case of rectangular geometry can the view fac-
tors be found analytically. Since any modification to the
thermal column can be done most easily in'réctangular geometry,
the advantage of this simplifying case will be téken in doing
the optimization calculations.

| Consider a rectangular cavity as shown 1in figure 2.2, with
a soﬁrce of neutrons incident on Face 1. The J's and K's are

coordinates describing the position of a subarea on a particular

22
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face; for example (Jl,'Kl) means that the lower left hand corner
of a subarea on face 1 is at the positiqn (J1, K1) and théﬁ it
extends frbm J1l to J1 +L and from K1 tb K1 +L where L is the
length of the éide of the subarea. " Also, take the subareas on
all the faces to bé the same size, so that the areas in equation
2.11 cancel out. Then, using computer program notation, equation

2.11 can be written for each of the féces as

"HN WN
GI(JI,KI) = ¥ I GN(JN,KN)BN(JN,KN)F(L1,L2,L3)
. KN JN ’
H1 Wl
+ 2 I S(J1,K1)F(L1,L2,L3)
XK1 J1
where N =1 to 6, except I
HN = maximum value of KN
WN = maximum value of JN
F = view.factorA

L1, L2, L3 = coordinates describing the relative
| positions of subareas.
For the view factor from a subaréa on plane m to a subarea

on a parallel planesy n:

Ll = 1 + |Im-Jn]|
L2 = 1 + |Km-Kn]
L3 = Distance between planes.

For the view factor from a subarea on plane m to a subarea

on a perpendicular plane, n:

L1 = distance from line of intersection of planes to
subarea on m
L2 = distance of separation of the two subareas along

the line of ihtérsection

2l



L3 = distance from line of'intersection of the planes
‘to subarea on n.

Note that the equétion for any face does nct contain a term.
which is the sum over that face (e.g; face 1 does not contain a
sum'over the source). This is due to the fact that the sub-
areas on a given faée cannot,sge each other (i.e., fhe view
factors are zero). | _

The solution to equation 2.14 is obtained by an iteration
Atechnique qarried out on a digital computer. That is, initial
values for the G's are given and used to calculate new values
for the G's. The initial values are then replaced by the new
values and'égain new values are calculated. This process is
continued until the G's converge (i.e., the c;iculated values a-
_gree with the ones used to calculate them). A description of the
computer program (HOLCAV) used to solve equation 2.14 is given
. in appendix B. | .

To solve equation 2.14‘it'is necessary to know the source
distribution, the albedcs, and the view factors. The source dis-
tribution used for optimizing the thermal column is discussed in
Chapter 3. A derivatibn of the view factors and a description
of the computer programs used to evaluate them.ére given in
appendix A. The albedos wefe determined by John Madell with a

Monte Carlo calculation and are taken from his thesis.

2.3. Discussion of Assumptions

The first assumption is that the neutrons have an infinite

25



mean free patﬁ in the cavity. For dry.air the mean free path~for
2200 m/sec neutrons is 1811,0&. The.measured-temperature in |
the thermal columﬁ is about 70°C (appendix D). At this tem- -
perature thé saturation pressure of water is 234 mm Hg and the
mean free path is 362 cm. A characteristic dimension for the
proposed cavity is about 127 cm; therefofe, the assumption of an
infinite mean freé path is valid;

The sedond assumption is that the albedo can be defined‘at
avpoint. Since equation 2.11 is for small subareas, this re-
quirement can be relaxed somewhat, in that now the albedo must
be defined forba small area rather than for a point. This
is the same as assuming that all the neutrons that return to
the cavity from the ith subarea were also incident on the ith
.subarea. That is, neuﬁrons do not enter the wall through one
subarea, scatter within the wall, and come out through a differ-
ent subarea. MadellAinvestigated this problem by means of a
Monte Carlo calculation, and found'that his élbedos were accu-
rate to about one percent provided the average carrent over a
subarea was within iO percent of the currents incideﬁt on ad-
Jacent subareas. Except for the corners of the cavity, this
condition is usually satisfied.

The third assumption is that the neutfons emerging from a
surface do so according to Lambert's Law, that is the pro-
bability of being emitted in solid angle dw at an angle ¢ with
the normal to the surface is |

costy,
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Pigford et al (3) have found that the actual distribu-
tion of neutrons being emitted from a'graphite surface is é
Placzek distributionv(u), in which the neutrons emerge pre-
ferentially in the forward direction. This distribution is the
one that should be used in calculating the view factors;
however, its complicated form does not permit one to obtain
analytical expressions for the view factors. Madell found
4that qorrecfing to a Placzek distribution increased the cal-
culated fluxes by one or two percent. For this reason the
correction has not been applied in this work. This is also
justified by the excellent agreement between calculated and

measured fluxes (Chapter 3).
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Chapter 3

Test of Model
3.1. Comparison with Experiment

Before applying the model developed in Chapter 1 to the
optimizatibn‘of the thermal column; it is necessary to test
the accuracy with which it can predict neutron fluxes. The
4first test is a comparison of the fluxes!calculated by the
model with those measured by Madell in the hohlraum below the
heavy water latfice facility (figure 2.1). The model of the
hohlraum used in the calculatibn is shown in Qigufe 3.1. Each
face is subdivided into 12 inch by 12 inch subareas and assigned
albedos taken from Madell's thesis.  The source distribution,
which is located on face 1, is also ﬁaken from Madell's
-thesis. The way in whichfthe surfaces are subdivided is i1llus-
trated by face 1, shown in figure 3.2

The surface of interest in this calculation is the bottom
of the pedestal located on face 5 (figure 3.1). Shown in
figure 3.3 is a plot of the thermal fiu# on thié surface.
Since the flux is symmetric across the pedestél only half
the surface is shown. The solid lines are the values calculated
by HOLCAV, the dashed lines are the values calculated by Madell,
~and the points are tﬁe experimental values. The error in the
experimental points is 10.83%.

The differences.between Madell's values and those calculated-
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in this work are believed to be due tova correction that has
been made to Madell's expressions for calculating the view
factors. | |

As can be seen there is excellent agreement between the
calculated and experimental values, except for the front edge.
This is believed to be due to assigning too low of an albedo to
these subareas. This strip lies along the'edge of the pedestal
and cansequently the subareas were assigned average albedos for
12 inch squares on thé edge of a plane. However, this edge is
next to cadmium, which, although it i1s a strong absorber, ap-
‘parently eliminates some of the edge effect. That is, neutrons
may not leak out the edge as fast as one would expect because of
backscatter by the cadmilum, and conséqdently the albedo is

higher than in the case of an edge with no border.
3.2 Lead Shutters

The calculations involving the lead shutters do not provide
a true test of the model in that calculated results are not com-
pared with experimental values. However, the investigation does
prove useful for testing the computer program, and provides ‘a
'problem for which the results of the model being discussed éan
bé cdmpared with those obtainéd by a.Monte Carlo calculation
(5). - - ,

The location of the lead shutters is shown in figure 2.1.
These, along with a cadmium'shutter; can be positioned in the one
foot gap between the graphife'refleétor and the thermal column.

The purpose of the shutters is to reduce the gamma and fast
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neutron radiation in thevheavy water lattice room and hohlraum
when it is necéssary to work in.these areas. The purpose of
this investigation is fo determine: ~one, the effectivéness of
the shutters in shielding the lafticé room and hohlraum; two,
howvmany thermal neutrons are lost due to leakage out the edges
of the one foot gap; | |

Thekshiélding effect of the Shuﬁters‘was determined ex-
perimentally, and is discussed in Appendii C.

Since the one foot gap is essentially a cavity, it is felt
that the model discussed in Chapter 1 caﬁ be used to determine
how many neutrons are lost through the sides, and the effect
of putting-é graphite lining on these edges. The model of the
lead shutter region used in these calculationé.is shown in
kfigﬁreSVB.M and 3.5. Figure 3.4 shows the.relaﬁionship between
thé faces for the present situation, and figure 3.5 shows the
.case of a 12 inch graphite lining on the edges of the.cavity

For both cases the source on face one is taken as

Source = %[8%TT5§H}J2008[%%TTETHTJCOS[%%TTETHT] (3.1)-
where S = total number of neutrons/sec emitted by the source
x and y are the vertical énd horizontal distances re-
spectively‘from the center of face one to the position
(x,y) on face one.
Thus, the source in neutrons/cmz-sec for a subarea with a side

" of length L is
>

Source (subarea)’= ﬁLf[Bg 10in ]

- Xseos (FgTora) °0s (§gTomm ) 4%V -

subarea (3.2)
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For‘the case of no lining L is téken as 6.333 inbhes; and
for. the case of 12 inch lining, L is taken as 3.911 inches.

In the case of no‘lining, two edges of the cavity are a
combination of air, cadmium, and lead. In determiniﬁg the
albedo for a subarea on one of these faces, air and cadmium are
assumed to have albédoes of zero; therefore, the albedo of the
subarea is the albedo of lead weightéd by'its area fraction.
The albedo for lead has been estimated using diffusion theory.

The opher two edges‘of the cavity are boral. The albedos
for these edges are taken from Madell's thesis. |

Shown in figure 3.6 is a plot of the centérline flux
across face 2 (the face of the thermal column). The upper curve
is the case of a_12 inch graphite lining on tﬂé edges of the
cavity, and the lower curve is the case of no lining. The
lining reduces the size of the cavity and the number of neutrons
-entering it; however;vthe increase ih albedo of the eages is 50
great that there is a net iﬁcrease in flux on the thermal
column face. '

With no lining it is found that 68.7% of the neutrons
which enter the cavity are lost through the edgés and 20.6%
are available for diffusion down the thermal column. The
' remaining 10.7% ére reflectéd back into the reflector of the
réactor. Heimberg analysed the éame problem with a Monte
: Carlo calculation and found that 29.3% of the neutrons en-
tering the cavity were available to the thermal column. The
difference between his value and the ?alue of 20.6% found by

this model is due.to the fact that he used lead on all four
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edges of the cavity rather than;boral on two édges ana a mix-
ture of 1lead, éir, and cadmium on the other two edges. To de-
termine the effect of doing this, the problem was recalculated
by'the view factor method using lead on all four edgés. The
number of neutrons available to the thermal column was found
to be 30.5% which ié in good agreement with Heimberg's
value of 29.3%. |

With the 12 inch graphite lining on the edges it is found
that the leakage through.these edges'is réduced to 43.3% and
the number of neutrons available to the thermal column in-
creased to 28%.‘ This fact along with the results of the ex-
perimental investigation of thé'shielding effegts of the lead
shutter (Appendix C) indicate that it may be advantageous
to eliminate the lead shutters and line the edges of the one
foot cavity with graphite. The optimum thickness of this
-lining is discussed ih the next chapter. A small gap will
- still have to be left for tﬁe cadmium shutter, and provisions
made for the insertion of a temporary lead shield wherever it

is necessary to work in the hohlraum region.
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Chapter 4

Optimization of Thermal Column
k,1 Empty Cavity

Shown in figure 4.1 ié the thermal column with the pro-
posed cavity as described in section 2.1. -Face 1 is the edge
of the graphite reflector surrounding the reactor and is the
source of neutrons.

The aim of this section is to détermine the wall thick-
ness which will give the maximum thermal flux in the cavity.
Increasing the wall thickness increases its albedo and reduces
leakage from the cavity. From this it .can be cbncluded that
the maximum flux in the cavity will occur when the wall thick-
ness is increased without 1limit. However, since the outside
dimensions of the thermal column are fixed any increase in
wall thickness has to be done on the inside of fhe cavity.
This reduces the size of face 1 and the source of neutrons.
Consequehtly it migh£ be expected that an increase in wall
thickness will result in é decrease in the flux in the cavity.

To determine the optimum wall thickness, the flux on
face 2 has been calculated for four different wall thicknesses:
zefo inches; eight inches,'l2'inches; and 16 inches. For each
wall thickness, three end.conditions have been -used: (a)’
no end (face 2 albedo = 0), which gives the lowest possible
flux; (b) infinite end (féce 2 albedo = 1), which gives the high-
est possible flux; and (c) 32 inches of grabhite, whichSistthe

actual situation.
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The source 1s the same as that'uséd in the lead shutter
problem, section 3.2. The subarea sizes used in the variods

cases are given in Table 4.1.

Table 4.1

,Length of Subarea Edge

Wall Thickness, inches L,Vinches

0 _ 6.333

8 ' . 6.061
12 | : 5.633
16 | | 6.308

Shown in figure 4.2 is a plot of ﬁhe flux on face two as
a function of wall thickness and énd condition. Shown is both
the average flux and the peak flux. The curves have been nor-
malized to the average.flux for the case of no walls and no
end. As is expected, for any Qall thickness, the larger the
albedo of face 2, the larger.the flux. Also, the albedo of
face 2 has a larger effect as the walls get thicker, because
leakage out through the sides is smaller.

For thevCasé of no end, the flux increases with wall
thickness up to about 10 inches. At:this point the reduction
in source due to thé reuuction 1n cavity size becomes impor-
tant and the curve begins to decrease slightly. For the cases
of a 32 inch end and and infinite end, the flux.continues to
increase for wall ﬁHicknessés greater than 8 inches; however

beyond 8 inches, the rate df'ihcrease>drops off rapidly.
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Since it would be desirable to have as much space as possible
for the location of a large cold neutron cryostat, the walls
should be kept as thin as possible. - Thus, it can be concluded

that the optimum wall thickness 1s about 8 inches.
4.2 Comparison with a Solid Thermal Column

Qince the object of the hohlraum is to increase the
thermal flux in the thermal column, fhe flux calculated for
face 2 should be compared with the flux at the same position
in the present thermal column. The thermal column, shown in
figure 3.4, can be considered in two sections. From diffusion

theory, the flux for each section can be written as,

¢, = Acos—gcos [eYlZ+K e¥1%7 o<z<d ' (4.1)
¢2 = Bcos——cos g31nhyz(e -z), d<z<e (4.2)
where a = extrapoldted height of first section
g = extrapolated width of first section
d 5_1ength'of first section
¢ = extrapolated height and width of second section

e = overall length of thermal column

e =‘extrapolated length of thermal column
2_ 1 '

Yi L2+()2+()2
2_ 1

Y5 f2 * 203,

A, B, and Kl are constants determined from the boundry

conditions,
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017 ¢, at z = d o (4.3)

§.<2..__.<P_z - - (4.
o = at z é | ( ).
61 = ¢o at z'= 0 | (4.5)

where ¢, is the flux on the face of the thermal column cal-
culated in the lead shutter problem, Section 3.2.

Applying these. bouhdry conditions gives

K, = e*ngd[¥?Tanhyz(e a)- 1] 4 (4.6)

YzTanbyz(e da)+l

Y1d Y14 .= g :
+K, e sin(¢/a8-1)n/2 sin(¢/a+1)n/2
B = A( ) [31nhYz(e d) 1t E/a—l * c/a+1 ]

X[sin(E/B—l)ﬂ/Q + sin(6/5+l)w/2]
¢/b-1 . = c/b+1 ’
and (4.7)
_ 4 .. mXal Xii . ﬂYal ﬂYll
A= by i tsin=g— - 5 1[sinp= ~ =]
v (4.8)
where ¢i = ¢O for the ith subarea on the thermal column
face
Xii, Yii = Lower 1limits of X and.Y for ith subarea
Xai, Yai = Upper limits of X and Y for i'? subarea.
Using, a = 63.82 inches

b = 63.43 inches
¢ = 72.00 inches

d = 38.78 inches

e = 70.78 inches
a8 = 65.24 inches
§ = 64,85 inches
€ = 73.42 inches

& = 71.49 inches



L = 54,1cm.

vy 0.082885/1n.

Y2=0.076591/in.
givés

Ky= 5.2975 X 10 -5

=
]

S(1.6388 X 10° )n/cm2‘sec

W
n

8(9.7303 X 10" Tyn/em® * sec.
where S is defined in Section 3.2.

Therefore, the flux in the thermal column can be written

as,
| S(1.6388 x 10 ”EETQEEE)COS(Bﬁfﬁﬂ“EH)cos (Tr 5in)
o = ,Xtéo.o82885z + 5.2975 X 10" e 0.082895z] 0<z<38.781n
¢ = ~ S(9.7303 X 10~ 'cm )cos(—~—g—~—)cos(~l—ﬂ———)
xSinh[o.076591(71.u91n-z)],38.78ln<z<7o.781n
(4.9)
-and the averagé,ﬂlquat‘z.: 38.78 inches as |
o =¢S(2}8775'X 10‘6)n/c&2-sec. , ‘ (4.10)

The average flux at the same position (Face 2) of a
cavity having eight inch thick walls is _

& = S(9.3090 X 10;5)n/cm2-sec; ' | (4.11)
thus, the hohlraum increases the flux in the thermal column by

a factor of 32.35.
4.3 Effect of Coolant Pipes

It is proposed to locate the coolant pipes df the reactor
in the region presently occupied by the lead shutters, as shown

in figure 4.3.
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The pipe%rare>eight inch diameter-alpminum'pipes and the
coolant is light water.

The purpose éf this section is to determine the effect
of the pipes on the flﬁx in the thermal column hohlraum.

To determine the effect of the coolant pipes it is
necessary to know the combined albedo of the light water and
the aluminum. - The albedo of the‘watér is taken as

. d
Bu = 1-2+ coth(t/L)

. g (4.12)
l+2E»coth(t/L)
where D = diffusion Coefficient = 0.1l41cm
I, = diffusion Length = 2.75'cm
t = thickness = 8 inches |

the value of the water albedo becomes
Bw = 0.81398.
Since the aluminum pipe is thin, diffusion theory cannot
be applied; however, the effect of.the aluminum can be con-

servatively estimated by multiplying the albedo of the water

by the factor | : .
o~2I b S (4.13)

where Zt total cross section = Ot09850/cm

I

t pipe thickness = 5/16 inch,
Application of this facﬁor reduces the albedo to 0.69615.

The case with 8 inch thick walls and a 32 inch thick end
has been recalculated with the coolant pipes located as shown
in figure 4.3. The average flux on face two has been found
to be _ A

6 = S(8.6986 X 107°)n/cm?-sec (4.14)
which is 6.55% lower than the case with no coolant pipes.
_ y
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4.4 Plane Object in Cavity

Up to this point, the calculationé involving the op-
timization of ﬁhe thermal column have been limited to an
empty cavity. In fhe real situation the cold neutron cryostat
will be located in the cavity. The purpose of this section
is to investigate the effect of an object in the hohlraum on
the flux in that region.

fhe model discussed in Chapter 2, with some modifications,
is applicable to the special case of a two dimensional object
in a cavity. Although such a special case cannot give a true
representation of the real situation, it can give in a simple
manner some indication of how an object such as the cold
"neutron cryostat will affect the flux in the thermal column
~cavity.

The model used for analysing the plane object problem is
illustrated in figure 4.4. The two dimensional.plane object
is oriented so that its faces are towards face 1 of cavity 1
aﬁd face 2 of cavity.2. The original, empty, cavity is di-
vided iﬁto two cavities; the dividing plane being the one
containing theAtwo dimensional object. The fluxes on the sur-—
faces of the cavities are calculated as follows.

The suﬁareas on faée 2 of cavity 1 that are covered by
the plane object are assigned élbedos corresponding to thq
material of the object. The subareas not covered by the object

are assigned fictitious albedos. With a source of neutrons at

‘face 1, the fluxes on the surfaces of cavity 1 are calculated
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by the method described in Chapter,2.

Next the subareas on face 1 of cavity 2 that are covered
by the plane object are assigned albedos corresponding to the
material of the object, and the subareas that are not covered
are assigned albedos of zero. Fictitious values are not used
because neutrons ineident on these subereas mnust be‘reflected
in cavity 1 before they can re—entervcavity 2. However, this
is the current incident on the part of face 2 cavity 1
that is nop covered by the object and is taken as the source
for cavity 2, ) |

SOM(Ji K1,2) = GM2(J2,K2,1) (4.15)
where, SOM(Jl K1,2) = Source for a subarea located at
- (J1,K1) on face 1 of cav1ty 2.
GM2(J2,K2,1) = Current incident on a subarea located
at (J2,K2) on face 2 of cavity 1.
J2 | '

il

J1, exeluding area covered by object
K2 = K1, excluding area covered by object.
With this source the fli.xes on the surfaces of cavity 2-are
»calculated, again using the method of Chaptef 2.
New fTictitious albedos for face 2 of cavity 1l are then

calculated using
GM1(J1,K1,2)

BM2(J2,K2,1) = G2 (J2.K2.1) (h.16)
where BM2(J2,K2,1) = Albedo for a subarea lccated at
' | (J2,K2) on face 2 of cavity 1
GM1(J1,K1,2) = Current incident on a subarea located

on face 1 of cavity 2

50



GM2(J2,K2,1) = Current incident on a subarea located

at (J2,K25 on face 2 of cavity 1.

J2 Jl;.eXcluding area covered by object

K2 = K1, excluding area covered by object.
Using the new fictitious albedos, the above procedure is re-
peated until the solution éonverges. This iterative tech-
nique is carried out on a digital computer using the program
TARGET, which is a modification to the program HOLCAV. TARGET
is described in pppendix B.

In carrying out the calculations, two limiting cases are
‘considered: (1) a purely reflecting object, albedo = 1;
and (2) a purely absorbing object, albedo = 0. For both cases
the walls of the cavity are taken as eight inches thick, the
end as 32 inches thick, and the source the same as that used
in the lead shutter problem, Section 3.2,

Shown in figure 4.5 is a plot of the fluxes on the sur-
faces of the object asfa function of the object'size. For
each case three curves are shown: (1) the flux on the front
surface (facing the ;ource),(2) the flux on the back surface
(away from the source), and (3) the average flux for both
surfaces.

In general the results are as expecfed. >Introduction of
the object into ﬁhe.cavity'cadses the flux to beéome ésymmetric;
that is, the flux is higher on.the facé towards the source than
on»the face away from the source. This asymmetry becomes
greater as the object gets larger because increasiné the size

of the object reduces the number of mneutrons reaching cavity

2, and consequently the flux on the face away from the source.
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Also, for the;absofber the flux decreases monotonically with
increasing size. | |

Probably the.most interesting result is that for a re-
flector the»average flux drops less than 10% as the object
size increases from ‘zero to 100% of the cross sectional area
of the cavity. Since the cold moderator will be heavy water
which is a good séatterer, it wiil behave similarly to the
reflector. This means that for a fixed wall thickness
changing the size of the cold moderator will have little ef-
fect on the number.of neutrons available for slowing down,
but will affect the position at which they enter the cold

néutron source.
4,5, Effect on Lattice'Facility

As shown in figgre 2.1; the lattice facility hohlraum is
located at the'end of the thermal éolumn. fBécause of the na-
ture of the experiments carried out in the lattice facility,
it is necessary thaﬁ the cadmium ratio in the hohlraum be
maintained as high as possible. Since removing graphite from
the thermal column reduces the amount of moderator between
the core and the hohlraum, it might be expeéted that the
‘cadmium ratio in this region will be reduced. The purposé of
this section is to investigate the effect of the proposed
thermal column cavity on the cadmium ratio in the lattice
facility hohlraum.

Consider an infinite.élab of graphite. From diffusion

theory, the epithermal and thermal fiuxes'in the slab can be

/
53



written as

~YgZ, | o (4.17)

e
3
1
&'
=
®)
(0]

e~V1?, B | (4.18)

©-
3
[}
©-
e
o

¢EO = epithermal flux»at Z =0

= thermal flux at z = o.

Y g = epithermal attenuation length
Yo = thermal attenuation length.

Writing the cadmium ratio as

b .
CR =1 +$— (4.19)
E
. | b -
gives CR(z) = 1 + 629 ez (4.20)
EO ‘
or [CR(z)-1] = [CRy-11e™® (4.21)
where A= YT—YE\

CRO = cadmium ratio at z = o.

In general, A cénfbe determined from the neutron dif-
fusion properties of graphite; howevef, it is feit that a more
accurate estimate of the effect of the proposed cavity can be
ébtained by evaluating A from existing data for the preéent
thermal column. These data are listed in Table h.2. The
cadmium ratio ét z.= 26 inches has been measured as part of
this work and is discussed in Appendix D. Using these values,

A is found to be 0.046488/in.
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Table 4.2

/

Measured Cadmium Ratios

z, inches CR . | Foil
' ‘ 1 )
O0(core tank) 34(6) Au,%g dia., 10 mils
thick
26 ; 111 © Al1-Au(0.072%), 30 mils
' ' o dia., 1" thick
o 1" g.
84,78 : 1700(7) Au,g dia., 10 mils

thick

Since the graphite will be removed from the thermal
column in conjuﬁction with the installation of the new reactor
core, it 1s necessary to know CRO for the new-core. From
Andrews Addae's (8) calculations this has been‘estimated to
be 55. With the cavity in the thermal column, ﬁhere will be
ﬁ6 inches of graphite between the cofé tank and the lattice
. facility hohlraum. Using these values gives a cadmidm ratio
of 459 which is a factor of43.7 lower than the pfesent value;
however, the new value .8 sufficiently high for the experi-
ments carried out in the lattice facility (9).

Another concern ié the thermal flux available to the
lattice fécility hohlraum when the cold neutron cryostat is
located in the thermal column cavity. The cold moderétor will
be a sphere of D2O ice on the oraer of one foot in diameter;
~ thus, it Will'occupy.about 5% of the cross sectional area of
the cavity. As part of the work discussed in Section 4.4 the
thermal flux has been calculdted at the hohlraum end of the

cavity for the gaSe of an Object occupying 6.25% of the cross
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sectional area. The average thermal flux has been found to be
) =‘S(9.léll X 10™°)n/cm?-sec - (4.22)
whidh is 32 times higher than the flux at the same position
in a solid thermal column, and is thé same as that foﬁnd for
an empty cavity. Thus, it is concluded that the cold modera-
tor will not greatlj affect the thermal flux availaﬁle to the

lattice facility.
4.6.Summary

- It has beeﬁ found that the thermal neutron flux in the
thermal column can be greatly enhanced by removing graphite
from the thermal column; thus, creating a cav{fy with graphite
walls. The flux increases with wéll thickness;lhowever, be-
&ond a thickness of eight inches the'per cent increase drops
-off. -Since it is deSirable to havelas much space as'possible.
‘for the location of the cola neutron source, the optimum wall
thickness is taken as e;ght inches.

In the ideal case of an empty cavity with no absorbers
in the walls, the thermal flux is increased by a factor of
32 over that of a solid thermal column. In the real case,
with the light water coolant pipes located in the walls of the
cavity, the gain is reduced to a'factor of 30.

The effect of the cold neutron source on the flux has
been investigated with the simple model of a plane reflecting
object in the cavity. It haé been found that the cold moderator .

will not greatly affect.thé magnitude of the flux incident on
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it, but will cause an asymmetry in the flux distribution.‘ The
. flux incideht on the surface of the cold moderatof facing the
reactor w111 be on the order of 60% bigher than the flux in-
cident on the surface facing away from the reactor.

The effect of the cavity and cold moderator on the flux
available to‘the lattice facility has also been investigated.
Tt has been found that the cadmium ratio in the lattice facil-
ity will be reduced from its present value of 1700 to a value
of about 460. This latter value is expected to be high enough
for the‘experiments carried out in the lattice facility. It
has also been found thaf placing the cold moderator in the
cavity will not reduce the thefmal flux available to the
lattice facility.

In the optimization of the thermal column the diffusion
of neutrons through the walls of theAcaVity has been.neglected.
" Considering the-wall'to be a slab of graphite eight inches
',thick and approximately 50 inches wide, the attenuation length .
is found to be 2.5 inches. Thus, approximately 90% of the
neutrons which enter the wall are absorbed or lgak out within
é'distancé equal to the length of a sﬁbarea (about 6 inches).
Thefefore, the number of neutrons reaching the end of the

cavity due to diffusion through the walls is negligible.
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Chapter 5

Cold Neutron Cryostat .

5.1.Description of Cryostat

The present. cold neutfon cryostat is located in a 14
inch diameter hole in the thermal column, as shown in figure
5.1.

The upper 60 inches of the assembly is a magnetite shield
block which is shown in detail in figure 5.2. The helium sup-
ply and return lines are one inch diameter stainless steel
tubes located“in 2% inch diameter pipes. The outer pipes act
as vacuum pump lines for the cryostat and as vaéuum insulation
for the helium lines. Located in. the center of the shield
block is a 3 inch diameter beam tube. In the upper parf of
the beam tube is a 29 inch long stainless steel shield plug
with a one inch diametér hole &long its axis. fositioned in
the hole is a 58 inch long collimator, constfucted of cadmium
sheathed in aluminum. Also . located in the shiéld block are
four % inch diameter instrumentation tubes. |

The lower 79 inchés of the assembly is the vacuum region
of the cryostat and is shown in detail in figure 5.3. The
vacuum jacket is a 13% inch diameter a1uminﬁm cylinder with a
hemispherical end. The helium sUpply and return lines are one
inch diameter aluminum tubes, supported from the shield plug

by thin walled stainless steel tubeé which also act as thermal

insulation bétween the helium lines and shield plug. ' The
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transition,frsm stéinless steel to alumingm helium iines is

made through flénges with indium foil gaskets for seals.

The temperatures of the helium lines are monitored with chromel-
alumel thermocouples lécated near the upper ends of the alumiﬁum
sections. Stainless steel bellows compensaté for the contrac-
tion of the lines during cool down.

The vertical beam port is a 3 iﬁch diameter aluminum tube
which suppofts the cold moderator. The uppér’l?%'inch stain;
less steel section serves as thermal insulation between the
shield block and cold moderator. The transition from étainless
steel to alumihum is made with a flange and a silver plated
stainless steel O-ring. . The seal befween‘the bottom of the
shield plug and the stainless steel tube is made with a neo-
prene O-ring. The temberature of the beam tube is also moni-
tored with a chfomel«alumel thermocouple locatea near the
upper end of the aluminum section.

Suspended approximately 30 inches beléw.the bottom of the
shield block is a‘bqral shield which provides neatroh shielding
for the upper assembly. |

The cold moderator is D20 ice and is contained in a 12
inch diameter aluminum sphere shown in figure 5.4. Cooling for -
the cold moderator is provided by cold gaéeous helium which
passes through four % inéh diameter aluminum tubes. These
tubes are wound in an 8 inch diameter spherically shaped coil.
Three cold neutron beams are avaiiable from the cold moderator:
one vertical beam, and two_horiZontal beams. The two hori-

zontal beams are filtered through beryllium cylinders l% inches

/
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in diameter and U4 inches long. These filters penetrate the
cold moderator to a depth of U inches;__The verticalvbeam is
filtered through'a béryllium filter'l% inches in diameter and
7 inches long. The penetration depth of this filter is ad-
justable. Six ceramic spacers prevent direct contact between
the sphere and vacuum jacket.

The beryllium filter assembly for the vertical beam 1is
shown in figure 5.5. The assembly 1s constructed of concentric
aluminum cylinders. The outer cylinder is sized to fit the ver-
tical beam tube and to seat on the small step in the beam tube
just above the cold moderator. The inner cylinder contains a
step on which'the sleave around the beryllium filter seats.

The penetration depth of the filter is -adjusted by varying the
length of the sleave. Three chromel-alumel thermocouples used
to monitor the temperature of the cold moderator are sup-
ported by a small aluminum tube in the filter assembly.

The cooling heliuﬁ for the cryostat is supplied by a
helium liquifying plgnt (10). The layout of'the helium trans—-
fer lines, designed by Ed Barnett, 1s shown in figure 5.6.

Both the supply and return lines are vacuum insulated one

" inch diameter stainless steel tubes. Flexible sections in

the lines allow for coupling and decoupling the lines from

the cryostat, and for coﬁtfacfion of the lines during cool
down. The lines are coupled to thercryostat through bayonet
Joints. A valving systéh located near the liquid helium dewér
permits the directing of helium floﬁ to eithgr the cold neutron

cryostat or the in-core crydstat(lo).
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5.2. Cryostat Heating

The cold moderator increases the huﬁber of cold neutrons
by shifting the neutron spectrum to a lower temperature; con-
sequently, one’wouid like tﬁe temperature of the moderator to
be as low as possible. Siﬁce the temperature to which the
moderator can be cooled is limited by the amount of heat which
musﬁ pe remévéd by the coolant helium, one of the important
considerations in the design of the cold neutron source is
the total heat load generated in the cryostat.

In determining the total heat load the following sourées
of heat ére considered: (1) heat generated in the moderator
“and structural parts due to core gamma.rays, gréphite capture
gamma rays, fast neutrons, and cryostat gammas; (2) radiant
heat transfer and free molecular conduction to the cold sphere,
the helium lines, and the beam tube;‘(3) thermal conduction
through supporting members to the helium lines épd the beam
tube. The calculation of the heat load is discussed in Ap-
péndix D and summargzed in Table 5.1. As part of this work
the thermal flux and cadmium ratio in the thermal column have
been measured. .A discussion of the measurements 1is given in
’Appendii D. , |

The total heat load iﬁ the cryqétat is 111.6 watts. The
expected output of the heliumlliquifying plant is 100 litgrs
of 1iquid helium per hour or 27.55 lbm/hr. (18). The tempera-

ture rise of the coolant helium is éiven by,
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Table 5.1

Cryostat Heat Load

Watts

Free Mol.

Radiant Conduction Thermal

Core Graphite Fast Cryostat Heat at 10-% Conduc-
Gammas Gammas Neutrons Gammas = Tran. Torr vion Total
He . . , ' .
Supply Line 0.786 0.001 0.001 5.070 0.011 1.247 7.116
He B - | ' _
Return Line - 0.786 0.001 0.001 5.070 0.011 1.222 7.091
‘Beam Tube .3.943 : 0.003 - 0.005 14.552 0.027 4,038 22.568
. Aluminum N ' :
Sphere . 5.055 - 0.004 0.006 9,869 0.022 14.956
Cooling . '
Coils 0.878 0.001 0.001 0.880
D20 Ice 58.832 "0.040 0.098 -0.004 58.974.
Total

111.585
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pr - 9 s

total heat load = 111.6 watts

where,

27.55 lbm/hr

Q N
o .
M mass flow rate
C

1.25 Btu/1lbm * °R

= specific heat .
Using these values givés
AT = 6.142 °K.

Since the effectiveness of the cold neutron source is de-

pendent on the temperatufe of tﬁe cold deerator, if is impor-

tant to know the temperature distribution in the D2O ice. The

" temperature rise between the helium and the ice is given by

oo QT ety |
T = gilpiln () ) . (5.2)
where, = Q = total heat load on cooling coils
Ai = inside surface area of coils
= 214.1 square inches
r;y = inside radius of coils = 0.1363 inches

t = wall thicness of coils 0.020 inches

kp = thermal éonductivity of aluminum
= 128 Btu/hr _— + °R
h = heat tiansfeg coefficient and is_giﬁen by
h = 0.023(2§i)[i?iuH]°f(Pr)§” S (5.3)
with, ky = thermal conductivity of helium
= 0.0158 Btu/hr-ft:.°R
My = viscosity of helium = 0.00891 1lbm/ft-hr .
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Pr = Prandtl number of helium = 0.72
m = mass flow rate for one coil = 6.89 lbm/hre
By using these values, h becomes

= 72 Btu/hr~ft2-°R.

The heat load on the coils is the total heat lead on the
cryostat minus the heat load on the eupply and return lines;
or 97.4 watﬁs. Thus, the temperature rise between the helium
and ice is | |

AT = 1.726 °K .

The temperature at a radius r in the ice is given by
t et

T = -_7;--[1 () ], O<r<a | (5.4)
_no, (1D ' qt
'I'—TC I‘{(TT)+ [1()]}*“—'6'—"—‘[1()],
(l— =)
a<r<b _ (5.5)
where T, = Ice temperature at coils
q''""’ % volumetric heat generation in ice, taken as
constant.
a = radius of coils = 4 inches
- ' s . _ Btu
k = thermal condgct1v1ty of ice = 8HF~?€—U§
b = radius of sphere = 6 iriches
Tl = temperature at surface of sphere end 1s given by
(T)-T,) + q"'b ()12 - 2
c k. b &
a
AR, )t by (5.6)
Alka -3 1 : :

with A3 surface area of vacuum jacket

F31 = view factor from vacuum jacket to sphere
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o = Stefan-Boltzman constant

T =‘Température of vacuum jacket = 3U43°K.

3 . .

The inlet temperature of the coolant helium is expected
to be about 20°K. The temperature rise between the ﬁelium
and the ice is apprqximately 2°K; therefore, TC has_been es-—
timated to be 22°K. The volumetric heat generation is calcu-
lated from Appendix D to be 65.18 milliwatt per cubic inch.
By using theseivalues and eéuation'(5.6)ythe surface tempera-
ture of the sphere is calculated to be about 26°K.

A plbt of the temperature distribution in the D,0 ice

2
is shown in figure 5.7.7 Shown~are the case for: 1. cooling

at the surface of the sphere, 2. cooling with the coils at r = 4
inches; and 3. cooling with the coils at r = 3 inches. As

can be seen, the case for cooling at r = U inches gives the

most uniform ice temperature with a maximum AT of about U4°K.
5.3. Helium Pressure Drop

Another important‘consideration in the design of the cold
néutron sburce is the coolant helium pressure drop across the
cryéstat. Under normal operating conditions, the liquid helium
from the helium refrigerator is psed to cool the in-core cryo-
stat. ‘The helium discharged from this cryostat is cold gas ex-
~ pected to be ét a temperature between 10 and 20 degrees Kelvin.
This gas 1s then used to cool the cold neutron cryostat be-
fore returning to the heiium-liquifying plant. With this in

mind the cold neutron cryostat has been designed to operate
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with cold helium gas as the coolant. .

As éhoWn in figures 5.1 to 5.4, the helium gas is fed
to the cold moderator through a one inch tube 130 inches long.
At the cold moderator it enters a header which separates the
flow into four % inch coils, each approximately 60 inches long.
After passing through the cooling coils, the helium is col-
lected in é‘plenum and returned to the transfer lines through
another one inéh tube 130 inches long. |

The detailed calculations of the pressure drop‘are given

in Appendix E and summarized in Table 5.2.

Table 5.2

Helium Pressure Drop

AP, Psi
Supply Line | 0.0146
ﬁeturn Liné S ' 0.0146
Coils and Headers 0.3785

As shown‘by equation 5:2, the ice tgmperature is reduced
as the surface area of the coils increases; thus, didtating a
large number of small diameter tubes. However, since the driv-
ing pressure head of the helium refrigerator is 1imited to
~about 3-5 psi, it is necessary to minimize the pressure dfop
acrossed the cooling coils, or to use larger diameter.tubes.
‘éhe final design df the cooling coils has been a balance between

the required heat transfer and the available pressure drop.
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Chapter 6

Cryostat Testing
6.1.0ut of Pile Testing

The cold neutrbn cryostat was conétructed at tﬁe M. I. T.
Nuclear Reactor Machine Shop. Thrbughout‘the cqnstruction all
welded joints were leak checked with a helium leak detector.
All welds ;ndicating leaks weré rewelded except for a small
leak located in the header section of thé cooling coils. This
leak was discovéred after the sphere had béen assembled and
repairing it would have requiréd complete reconstructibn of
fhe sphere.. waever, with a low temperature éboxy it was
possible fo reduce the leak to 10—9.cubic centimeters per
second of helium at séandard temperature aﬁd pressure. This
. was felt to be‘acceptable.since the leak was from thé header
into the sphere and not inté the vacuum space. ~ Because of them7
small size of the leak ;t is unlikely that D2O will leak into
the header. |

'When'constructionrof the aluminum section had been com-
pleﬁed, a test was conducted to determine the manner in which
the moderator (water) would freeze. The sphere was filled
abproximate1y185% full of distilied water and cooled by passing
- liquid nitrogen throﬁgh the coils. Four thermocouples were
located in the sphere, as shown in figure 6.1. The bottom
of the sphere was insulated with a rubber insulating material.

The water temperature as a function of time is shown in

Th
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figure 6.2. For the first 35 minutes of cooling the colder and
more dense water is on the bottom of the sphere. During the
next 10 minutes there is a reversal Of'ﬁhe temperature dis-
tribution due to the density inversion of watef at 4° C.

After 100 minutes of cooling the temperature distribution

comes into equilibrium at the freezing point. The first point
to freeze is the side, near the cooling coilé. This is fol-
lowed by the bottom, then the center, and finally the top.

Such a freezing pattern is ideal because it allows the ice to
expand upward without damaging the sphere.

This sequence of freezing was verified by visual observa-
tion through the 3 inch beam port. Ice first formed around the
cooling coils and grew to form a layér around the surface of
the sphere. It then grew from thé sides and bottom towards
the center and top.‘ It is believéd that the top was the last
to freezé because of héat conduction down the beam tube.

The cryostat was nekt assembled outside the reactor
Suilding for preliminary testing. In the originél design a
large bellows was lotated in the 3 inch beam tube to compensate
for thermal contraction of fhe helium lines during cool.down;
howéver, no bellows were located in the helium lines them-
selves. With suéh'an arrangement ahy'differential contraction
of the helium lines due to-é temperature diffefence between
them'resuits in a sideward deflectioh of the sphere. Since
there is only about % inch between the sphere and vacuum '
jacket it is necessary to limit the .amount of deflec¢tion to

prevent thermal short with the vacuum jacket and to prevent
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excess stresses in the helium lines. With this in mind tésts
were run'to'correlate ~helium line témperature difference with
sphere deflection. The results are éhown in figure 6.3. As
can be seen in the figure, to maintain the deflection less than
% inch, it 1s necessary to maintain the temperature difference
between the helium inlet and outlet less than 160°C. Because
of this restfiction in the operatinn of tne cryostat and the
possibility of‘damaging the facility, thé bellows in the 3 inch
port was replaced by two bellows, one in. each of the helium
lines. With this arrangement the moderator sphere is supported
by the beam tube, and eéch heiium line can contract and expand
independenb of the other. |

As shown invfigﬁre 5.1, the lower aluminum section of the
cryostat is connected to the upper stainless steel section by
flanges. One of the major problems éncountered in the out of
"pile testing was thaﬁ of achieving helium leak proof connections.
The flanges were designed for netal O-ring sealé; however, these
proved to be unsatisfactory for preventing helium leaks. The
problem was temporarily solved by replacing the.0~rings witn
60 mil diémeter indium solder. This éolder made the system
leak tight at room temperature.

At this point the vacuum jacket was put in place and the
cryostat evacuated tn approximately 20 microns rressure with
" a mechanical nacuum pump. Again the sphere was filled ap-
proximately 85% full of distilled water and cooled with liquid
nitrogen; however, when the coolant lines reached a temperature

of about -50°C the vacuum was lost, indicating a leak. Cooling

was continued, but after about 30 minutes, température readings
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A plus visual observation indicated that the topvof the.watér
was'freeéing, and the liquid nitrogeh flow was stopped. ' Once
the coolant lines warmed up, the vacﬁum was regained. It
should be noted that approximately 3 hours after shut down all
the water in the sphere was frozen.

After removing the vacuum_jacketAa vacuum wasrdrawn on
the coolant iines. By cooling the'flangeé down with liquid
nitrogen it waé determined that this is where the leaks oc-
curred on cooling.

Having determined the location of fhe cold leaks, the
cryostat was reasembled.inside the reactor building. Again
stainless steel O-rings and indium solder proved to be useless
for maintaining heliﬁm tight flanges when cooled down with 1i-
quid nitrogen.

The indium solder was then repléced by gaskets cpt from
10 mil thick indium foil. After four cycles of cool down the .
flanges were found to be helium leak tight even when cooled to .
liquid nitrogen temperature.

It should be noted that the flange on the beam tube contains
a'stainleés steel O-ring coated with éilver. This flange was
alsé cooled down four times and found to be helium leak tight
at liquid nitrogen temperature.

Again the vacuum jacket was put into place and the cry-
 ostat evacuatéd to about 20 microns pressure with a mechanical
vacuum pump. With the sphere empty the cryostat was cooled
down With liquid nitrogen. Dﬁring cool down the pressure fell

to about 15 microns indicating there were no cold leaks.‘
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Distilled water was then placed into the sphere and cooled
with liquid nitrogen. The water témperature as a function ofr
time is shown in figure 6.4 It can be seen that the tempera—'
ture distribution follows a similar pattern as that shown in
figure 6.2 except for the sudden drop in the top temperature
after 36 minutes of cooling. Visual observation thrdugh the
beam tube indicatéd~thaf there still ‘was water at the top. In
this test the thermocouples were épproximately one inch off
the centerline of the sphere; thus, the top thermocoup;e wask
probably reading a temperature similar to thermocouple 2,
figure 6.1. As can bé seen in figure 6.3 this thermocouple
indicated freezing long before the top’center freezes; however,
in this test the liquid-nitrogen flow was stopped to prevent
freezing from the top down and possible damagevto the sphere.

The above tests gave no definité conclusions as to the
manner in which the water will freeze; however, in the thermal
column it might be ekpected that the freezing pattern will be
quite differenﬁ from the above results because of the induced
heating due to gamma and neutron irradiation. If it should tend
to freeze on the top first, cooling can be stopped and the ice
allowed to melt. The water may then be withdrawn from the
- sphere. It can then be put back into the sphere in small

~

quantities and the ice formed in layers.

6.2. In Pile Testing

Before the cryostat could be inéerted into the thermal
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column it was;hecessary to remove some oflthe graphite. ThieA
was done by sawing a 14 inch diameﬁer vertical hole in the
thermal column, ae shown in figure 5.1. The thermal column ie
made up of horizontal iayers of graphite stringers approxi-
mately 4 inches thick. The hole was cut by eawing through one
layer at a time and removing the cut stringers after each layer
was cut. To prevent the saw froh_plﬁgging up with sawdust it
was necessafy fo drill a one inch diameter vertical hole in ‘
the saw cdt. This gave space for the sawdust to go and prevented
plugging of the saw teeth. During the operation, the maximum
radiation levei over the hole was about 75 mr/hr. The graphitev
stringers varied from about 100 to 400 mr/hr on contact.

After the out of pile testihg had shown that- the cryo-
stat was helium leak tight, it was inserted into the thermal
column. Because of the close fit between the éhield plug and
the hole in the concrete shielding'some difficulty was en- |
countered in installing the cryostat; howeﬁef; after grinding
off the high spots on the shield plug it was possible to get
the cryostat into place.

During the installation the hemispherical end of the
vacuum jacket was deﬁted near the point where it 1s welded to
the cylindrical part. Because of fhis a Vacuum was drawn on
the cryostat immediately after installation to determine
whether or not a leak had developed. After approximately one
hour the pressure was 30 microns-and falling; therefore, it
was felt that no leaks had.developed'and the reactor was brought .
up to power, After about.one and a half hours the cryostat,

without D,0, had heated up to approximately 155°F and due to

/
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outéasing the'preSSure had risen to about'60 microns. Once
the surfaces in the vacuum region completed outgasing the
pressure dropped to about 20 microns and was maintained at
_that level for nine days. At this point it was felt that the
'vacuum jacket was tight and the vacuum space was back filled'

with helium gas.
During the first three weeks after 1nstallat10n, the

temperatures in the cryostat were monitored frequently. The -
average recorded temperatures, with no DéO in the sphere,

are given in Table 6.1.

Table 6.1

Empty Cryostat Temperatures, °F

20 Micron ' Helium in
Vacuum Vacuum Space
Sphere Top 176 + 1 151 + 1
Sphere Center 176 + 1 ~ 152 £ 2
Sphere Bottom 175 # 1‘ | 151 + 1
Helium Inlet 160 + 1 136 + 3
Helium Outlet 162 + 1 130 + 1
£ 1 133 + 1

Beam Tube 163

By using fhis information, the inner aluminum heating
rate is estimated to be approximately 6.3 X J.O_3 watt/cm3.
The calculated value (Appendix D). is 10.9 X 1073 watts/cmS.
This indicates that the calculated heat loads due to gamma
and neutron irradiation may be conservative by a factor.of

about 1.7
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With Dzd?in the sphere, helium_in~th¢ vacuum space, and
no coolant flowing through the cooling coils, the surface
temperature of the D2O is estimated to be about 188°F. This‘r
is based on the calculated heating rate of about 60 watts in
the D2O. Assuming 6nly conduction in the ng, a conservative
estimate of its centerline temperature is about 230°F; there-

fore, the D,O0 will boil if no cooling is supplied. Should

2

the calculated heating rate be conservative by a factor of
1.7, the surface temperature and centerline temperature will
be ébout 173°F and 199°F respectively.
' | Because of the possibility of boiling the D2O, special
precautions have been taken to assuré‘safé operation of the
cryostat. A % inch diameter aluminum tube has been placed
into the beam tube. Tﬁe tube extends from the gas seal to
the '‘bottom of the sphere (figure 5.1). The tube will be used
for putting thé DzO into the sphere and will-permit quick
withdrawal of the D20 in the case of an emérgency. The
center thermocouple in the sphere has been connected to a tem-
perature recorder in the control room and to the reactor alarm
system; The alarm has been set at 180°F. A safety release
valve has also been installed in the gas seal. This has been
'set to release at an overpressure of about 10 Psi, which is the
vapor pressure of a D2O at a temperature of about 193°F.

To prevent excess evaporation’and possible boiling of the

2
supplied from a bottle of 1iquid CO2’and discharged to the

D2O, CO2 is circulated through the cooling coils. The CO, is

reactor ventillation system.
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Because of the possibility of boiiing, and to prevent
excess build up of tritium in the D205.it is planned to re-

move the D,0 from the cryostat when it is not being used

2

for a neutron source.

6.3. Flux Méasurements

kAs parﬁ of the in pile testing of the cryostat, neutron
energy distribution méasurements in the sphere were made by
using the time of flight method. The layout of the equipment
used for the measurements is shown in figure 6.5. The chopper
is located in‘the vertical beam at the top of the thermal
column. The flight path from the chdppér to the BF3 detector
is an aluminum tube filled with helium. The length of the
flight path is 94 inches. The pulses from the BF3 detector
are fed to a 256 channel analyser. Abdetailed qescription
of the time of flight équipment'used for these measurements is
given in references 24 and 32.

For these measurements the chopper speed was 600 RPM and
the channel width 16 microseconds. By varying the chopper
speed, it was found that the measurements weré independent of
‘chopper speed for speeds greater than about 600 RPM. It was
also found that the.cha nel nﬁmber of the peak varied inversely
with the channel width, as is exbected. ’

Shown in'figure 6.6.is'the neufrén spectrum in the warm

graphite of the thermal column. 'This spectrum was measured

with the sphere empty. The vertical error flags represent the
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error due to counting statistics. The horizontal errbr flags
fepresent the resolution of the-detectién system. This error
is due to the uncertaihty in flight path 1ength; the finite
opening time of the chopper, and the finite width of the chan-
nels in the multichannel analyser. Also shown is the max-
wellian distribution ét the measured témperature of'the sphere,
150°F. |

Shown in figure 6.7 is the neutron spectrum with warm
(95°F) D20 in the sphere. For this measurement a one inch
diameter_ré-entrant port penetrated the.Dzo to a depth of four
inches from the surface, or two inches from the‘center. The
spectrum has been normalized to the same counting time and
reactor power as that used for the graphite sﬁebtrum. The
error flags représent the same quantities asbin.the graphite
Spectrum. Also shown is the maxwellian at the measured tem-
_perature of the D,0, 95°F. |

The measured neutron distribution follows the maxwellian
distribution quite clos~ly. The shift toward shorter wave-
lengths (higher energieé) is almost within the uncertainties
of the measurement; hoWever; the shift is in the direction
expected from the effect of the 1/v dependent neutron absorp-
tion in the aluminum and moderator.

Two cold spectra were measured using D2O ice, one at 3°C
and one at -40°C. The measurements were limited to these
femperatures because of a vacuum leak which developed during
the cool down of the cryostat. For both measurements a one

inch diameter re-entrant port penetrated the sphere to a depth
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of 4 inches from the surface.

The spectrum at 3°C is shoﬁn»in figure 6fé, and the, spect-
rum at -40°C in figure‘6.9. Shown with the experimentél data
are the maxwellian distributions at the corresponding tempera-
tures. Again the measured neutron distributions are shifted
toward shorted wéveiengths because of ﬁhe l/v dependent neutron
absorption of the aluminum and.moderator.'

For comparison, the measured spectra-are all shown in
figure‘6.10. In this figure, the "best fit" curves to the data
are shown.. The warm D20 and graphite dafa are the same within
the uncertainty'of the measurements. There appears to be an
increase in.long wavelength neutrons for D20'ice at 3°C;
however, since the uncertainty of the data faiis within the
uncertainty of tne graphite data the observed increase may not
ne a real effect. The uncertainty of the data for DZD ice
~at —HQ°C falls Qutside of the uncertainty of the grapnite data;
therefore, the observed increase in»long wavelength neutrons
is expected to be a real effect.

The measnred gain for 3.18 Z neutrons is about 1.5, and
for 5.30 K neutrons abeut 1.8. This pattern ofAincreasing gain
with increasing wavelength is expected from the results of
section 7}2. It should be noted that the spectra in the this
chapter are neutron density spectra as compared‘with neutron
~ flux spectra shown in section 7.2. This is due to the fact
fhat the neutron absorption in the detector is 1/v dependent.

The measured neutron spectra shown in this section have

been normalized to the same counting time, 230 minutes, and the
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same reactor power, 4.88 Mw. No corrections have been applied
to the data.

The detector effiéiency is about 5% for 1 Z neutréns and
varies as 1/v. By using this, the intensity of i Z heutrons
at fhe detector 1s estimated to be approximately 8X103 n/cm2-

sec.

A comparison between measured spectra and calculated

spectra is given in section 7.3.
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Chapter -7

Flux Calculations in Cold.Moderator
7.1 Method of Calculation

Calculations of the neutron flux have been carried out
as a part ofhthis design in an attempt to predict the effective-
ness of the cold moderator. To date ver& little theoretical
work has been published on the subject of cold heutrons; con-—
sequently, no rigorous theory exists fof determining the ef-
fectiveness of a cold moderator in slowing down neutrons to
subthermal.gnergies (19). |

‘In this work it has been assumed that the problem can be
treated the same as the thermalization of neutrons in a warm
moderator, and the calculations have been carried out using
" the computer program Thermos (15) with the Brown-St. John
‘scattering Kernel. Thermos soives the integralitransport
equation with isotropic scattering. The Brown-St. John scatter-
ing Kernel takes into account chemical binding effects by
aésigning to the scatﬁering nucleus an efféctive mass which
is larger than the mass of the nucleus itself.

The model used for the éalculations is.shown in figure 7.1.
Regions 1 and 3 are cold moderator. Region 2 represents the
cooling coils and is taken as a homogeneous mixture of alumi-
num, helium; and cold moderator. Region 4 is graphite at the
temperature of the thermal_column and contains a slowing down

source near its outer edge. This region is not meant to
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represent the thermal column, but has been chosen so as to
give a thermallneutron spectrum at the edge of the cold modera-
tor which is nearly a maxwellian at the temperature of the
thermal column. |

Thermos has been written for an infinite cylinder, which
one would expect to.over predict the magnitude of the fluxes
in é sphere of the same radius. A'cdnserVative correction has
been made by réducing the radius of the infinite cylinder so
that its buckling, neglecting extrépolation length, is the

same as that for a sphere,

Re = gL%QQRS (7.1)
where Rec = effective radius of infinite Cylinder

Rs = radiué of sphere..

The energy range has been takeﬁ.as zefo to 0.3019 ev
which corresponds to velocities of zero and 7600 m/sec re-
spectively. Beﬁween zero‘and 2400 m/sec 30 velpcity groups
have been used with spacings of 80 m/sec. Between
2400 m/sec and 7600 m/sec 20 veloéity groups have been used
with spacings of 260 m/sec.
| O and D,0O have

2 2
been taken from references 21 and 22. The cross sections for

The low temperature cross sections for H
the remaining isotopes have been taken from reference 23.
7.2 Results

For a comparative basis the neutron spectrum in a solid

.graphite cylindér‘has been calculated. The spectrum at the
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center of the cylinder is shownAin.figure 7.2{ Also shown is
theAmaxwéllian.distribution at the temperature of the thermal
column, 343°K. The excellent agreement between the curves
indicates that the neutrons are well thermalized in ﬁhe graph-
ite.

Shown in figuré 7.3 is the gain in cold neutrons as a
function of position in the cold mcdefatof. For éll cases,

the gain is defined as

Flux of neutrons with velocities<1000m/sec in cold
. moderator

Flux of neutrons with velocities<1000m/sec in warm
' ‘ : moderator

Gain =

(7.2)
Curve 1 is the case for solid DZO ice af\20°K with no
correction for bﬁckling. Curve 3 shows the effect of correct-
ing for buckling as given by equation (7.1).

The purest D,0 available at the reactor contains about 0.22

2

volume per cent H20. The effect of adding this. amount of H

is shown by curve 2

0
The actual cold moderator contains aluminum cooling coils-
as shown in figure 7.1. Thé effect of the cooling coils is
shown by curve 4. |
For the above cases thé_effective masses of deuterium
and hydrogen in D2O and H2O ice have been taken the same as
. those of the 1liquids; that is, 3.60 and 1.88 respectively.
in the low temperature ice, one would expect the atoms to be
more tightly bounq than in the 1liquid and thus have a higher‘

effective mass. The effect of using a larger effective mass
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is shown by curve 5, where M has been taken as 10 for D20
ice. Because of the 1afge effect, it was decided to estimate
as accurately as possible the effectivé masses of H2O and D2O
ice. In the Brown-St. John scattering Kernel the effective
mass is defined in‘terms of the mass of the scattering nucleus
(ﬁ or D) and the translational and rdtational'energies of the
molecule. Using the method of Brown-St. John (20) and data
obtained from reference 25 the effective masses of HZO and
D2O iée have been estimated to be 2.29 and 4.39 respectively.
The results of using these effective masses is shown by
curve'2 of figure 7.4. Shown for comparison is the gain
calculated using the effective masses of the liquids. For

both cases the volume per cent of H,O is one per cent. The

2
estimated effective masses give a gain which is about 8%
lower than the value obtained using the effective masses of
the liquids.

By using two group diffusion theory, Cavanaugh (24) has

shown that for a mixture of H2O—D O ice in the form of a

2

cylinder, 5.7 cm in radius, the maximum gain in cold neutrons

occurs with.about 25 volume per cent H,O0. With this in mind,

2
- Thermos has been used to calculate the cold neutron gain in a
spherical moderator, 12 inches in diameter, as a function of
'H20 concentfatioh. The‘reSulﬁs are shown invfigures 7{5 and
7.6. In all cases the effective-massés of D2O and HZO icg
‘have been taken the same as those of the liquids.

Figure 7.5 shows the gain as a function of diséance in the

cold moderator. As is expected, for low H2O.concentrations,
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the gain continuously increases as tﬁe'depth into the moderator
increases; however, for.HEO concentratiqns above a certaihl
limit the absorption causes the gain tb decrease thus giving

a peak near thé edge of the moderator.

Shown in figufe 7.6 is the cold neutron gain as a function
of H20 concentration. Forveach concentration the maximum gain
is shown. As can be seen the maximum gain-occurs at an H20 con-
centration of one volume per cent. These results, combined
with ghose of Cavanaugh, may indicate_that the optimum H20
concentration is a function of the moderator size.

The results are what one might expect. For low concen-
trations of Héo, its high slowing down power is more impor-
tant than its high absorption and the gain is increased.
However, once the concentration exceeds about one vglume per
cent, the absorption becomes important and the gain decreases.

Shown in figure 7.7.is the neufron spectrum at the center
of the cold moderator for the case of one volume per cent HZO
and the cooling coils included. For this spectrum the estimated
effective masses havé been used. Also shown is the max-
ﬁellian distribution at the‘temperatﬁre of the ice, 20°K.

- As can be seen the cold moderator does not completely shift .
the spectrum to one that is.characteristic of‘the moderator
temperature; Thé peak bf the'éalculated curve occurs at a
velocity of 800 m/sec or a anelengthtbf'4.95 Z. This cor-
responds to a temperature of 26°K.'.

Shown iﬁ figure 7.8 is the cold neutron gain as a function

of wavelength for the spectrum shown in figure 7.7. It should

be noted that the gain for any wavelength longer than about
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6 Z is greatef'than 100 as compared with a flux weighted gain
of about 65 for all neutrons with wavelengths greater thanA
3.96 A. This is aue to the fact that the flux of neutrons
with a wavelength that-is longer than about 20 X is less than 
Is the peak flux (4.952).

Shown in figure 7.9 i1s the cold neutron gain as a function
of cold moderator size. The calculafions have been done using
pure D,0 with an effective mass equal to that of the liquid, |
and the cooling coils not included. As is expected there is
an initial rapid increase in gain due to more complete modera-
tion as the volume gets larger. At a volume of about 30
liters the gain levels off indicating that no additional mod-
eration can be achieved by increésing the volume beyond this
point. The volume of ﬁhe present cold moderator is about 15
liters, which gives a gain that is approximately 93% of that
obtainable with a volume of 30 1iters.

Van Dingenen (29) shows similar resulﬁs‘as those shown .
in figure 7.9. His calculations are based on a maxwellian
distribution for the moderated neutrons and for D2O give a maxi-
mum cold neutron gain at a radius of about 20 centimeters.

This is in good agreement with the results shown in figure 7.9. -

Webb (27) shows measured cold neutroﬁ gains as a func-
tion of wavelength for a cylinder of liquid hydrégen 8 centi-~

meters in diameter. Except for magnitude the gain follows

the same trend as that shown in figure 7.8
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7.3. Comparison with Experiment

The calculafed neutron spectravasva function of neutron
wavelength are shown in figure 7.10. If the neutron energy
distribution in thé cold moderator could be characterized by
a maxwellian.distribution'ét the temperature of the moderator,
one would expect all the neutrons to be shifted toward longer
wavelengths; ‘However, the calculations indicate that in the
real situation of a finite cold moderator located in a flux
of thermal neutrons there is very little shift in the short
‘wavelength neutrons (less than about 1 K). This is in agree-
ment with the'experimental results of section 6.3. As can be
seen in figure 6.10 there is no apparent shift in the neutron
spectrum for wavelengths less than about 1 Z and that the
shift becomes greater as the wavelength increases. This
trend is the same as that shown in figure 7.10. It should also
be noted that the calcdlated spectra falls belo&4the maxwellian
distribution for the long wavelength neutroné. This again
agrees with the resuits presented in section 6.3.

The calculated neutron spectrum using the effective
masses of the liquids and the estimated effective masses of -
the ices is shown in figure 7.10. For short wavelengths the
spectrum is'indepenQent'of-thé effective mass; however, for
wavelengths greater than abouﬁ l'z,'tﬁe smaller effective'mass
gives a greatef shift towards léngér wavelengths. This is
expected because of the higher slowing down power of a lighter

nucleus.
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Shown_in;figure 7.11 is the measured and calculated
neutron spectrum in the warm graphite. Fﬁr long wavelengths
the calculated spéctrum nearly falls'within the uncertainty of
the measured spectrum.'»The apparent shift towards shorted
wavelengths is expected because of the 1/v dependent neutron
absorption in aluminum which was not accounted for in the
thermos calculation. |

"For 1ohg'wave1engths both the measured and calculated
neutron spectra have a shape whigh is very nearly the same as
a maxwellian distribution. Assuming the shapé is maxwellian,

the cold neutron gain at a given wavelength can be written as

w32 o w32
G(T) = (52 exp{ XTIl a(r)) (7.3)
1-"o © - '
Ty

where G(Tl) = gain at Temperature T

1
T0 = Temperature of warm spectrum.

From the data in section 6.3 fhe gainfiﬁ 5 K neutrons at
-40°C is estimated to be about 1.77. By using this and equétion
(7.3) the gain in SFZ at 20°K is estimated to be about 52.

The calculated gain in 5 K neutrons at 20°K is approximately
65, or about 25% hiéher than the gain estimated from the ex-
perimental data. | -

The shapes of the neutron spectra calculatedbwith Thermos
agree reasonably well with the measured spectra; however, the
calculatedvcold neutron gains appéar to be too high. This is
expected to be due to using too small of an effective mass in

the Thermos calculations.
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Chapter 8

Conclusions and Recommendations for Future Work

8.1. Conclusions

A new design for the MIT reactor thermal column has been
developed to optimiie the number.of fhermal neutrons available
for slowing‘ddwn in the cold neutron cryostat. It has been ‘
found that by creating a cavity in the thermal column with
graphite walls approximately eight inches thick, the thermal
flux can be increased by a factor of about 30. Since the cold
moderator is a good scatterer, its pfesenée in the cavity will
not greatly reduce the magnitude of the thermal flux incident
on it, but will cause Ehe incident flux on the reactor side of
the cryostat to be approximately 60% higher than the incident
flux on the side away from the reactor.

The effect of such a cavitj'on the lattice facility,
located at the end of the thermal column, has also been in-
vestigated. It has been found that the cavity will reduce
the cadmium ratio in the lattice facility from a value of about
1700 to approximately 460; however, it d1s felt that this value
is sufficiently high for the experiments carried out in this
facility.

The model used for the above calculations has been compared
with experimental results and Monﬁe Carlo calculations. The
agreement with both has been very goqd; therefore, it is felt

that the predicted effects of a cavity in the thermal column

/
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are reasonably accurate,

A large volume cold neutron cryostat has been designéd,
built, and tested in the present reactbr thermal column. The
cold moderator.is a one foot diameter sphere of D2O ice cooled
with cold gaseous helium. The preliminary testing indicates
that qhe predicted gamma ahd neutron heating in the cryostat
may be high by a factor of about 1.7. It has been found that
good temperature and vacuum monitoring instrumentation is
neceséary to assure proper operation of the cryostat. It has
also been found that to prevent excess stresses in the aluminum
‘sphere and cooling coils it méy be necessary to freeze the
D,0 ice in layers.

Neutron energy spectra have been measured using the time
of flight technique. Due to a vacuum leak which occurred
during cool down, the‘cold moderator temperature was limited
to a -40°C; however, even at this relatively high temperature,
a definite increase in'long wavelength neutrons’was observed.

Expected neutron energy spectra in the cold moderator
have been determined.using the thermalization code THERMOS with
the Brown St. John scattering Kernel. - It has been found that
the code predicts the trends observed in the measured spectra;
however, it over estimates the observed gain in long wavelength
neutrons. Since thg caiculations are very sensitive to the
effective mass used in the scaftering Kernel, it is felt Qhat

the discrepancy between theory and experiment is mainly due to

using too small of an effective mass for the D20 ice.
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8.2. Recommendations for Future Work

The major source of heating in the cold moderator is the
core gamma rays. In the present thefmal column this‘heating
is tolerable because of the shielding provided by the graphite
between the reactor core and the cryostat. However, with the
proposed cavity in the thermal colUmﬁ most of this graphite
will be removed and the core gamma heating may be excessive.
To reduce this heating to a tolerable le?el, it may be neces-
sary to locate a bismuth shield in the graphite reflector of
the reactor between the core and the cryostat.

The initial tests indicate that the cold‘neutron cryostat
is effective'in_increasing the number of long wavelepgth neu-
trons. Since the goal of these measurements was only to prove
that the cold moderator does indeed increase the number of
- cold neutrons, no corrections were made to the data.' To de-
termine exact cold neutron gains it will be necessary to cor-
rect the measured neutfqn spectra. for such things as counter
efficiency, flight path attenuation, chopper transmission,
and neutron leakage current from the cold moderetor. It will
also be necessary to have a spectrometer designed specifically
fer low energy neutrons. Since the neutrons of interest are
those having energies less than that of the beryllium cut-off,
it would be desirable to eliminate the higher energy neutrons
through the use of a beryllium filter.

Tbe initial ﬁeeting alse indicates that some modifications

must be made on the cryostat. The following are suggested:
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Redesign the sample holder, 3" shield plug, and gas'seal
to permit easy insertion and withdrawal of the D2Q; and

to allow for freezing the D20 in layers.

Use clad thermocouples in the sphere to prevent con-

famination of the moderator.

Develop an ozone detector to be located in the vacuum

Jjacket.

Set up a permanent instrumentation panel to allow for
easy and continuous monitoring of temperatures, vacuum

pressure, and helium flow.

Once a good spectrometer has been developed and experience
-has been gained in operating the cryostat, the following measureé

ments are recommended:

Measure neutron spectrum as a function of distance
in the cold moderator to determine optimum location of

a re-entrant port.

Use cold neutron beam from cryostat to measure low tem-

0O and H,O.

perature'cross sections of D2 5

.With the above‘information determine an effective mass
for the_mo@erator_whidh will give agreement between

theory and experiment.
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Appendix A~

Calculation of View Factors

This appendix discusses the calculation of the view
factors used in the computer program for calculating the ther-
mal neutron fluxes on the surfaces of a cavity lined with a
refleetive meterial. Section A.1l gives the derivation for view
factors for square subareas on parallel blanes, section A.2
gives the derivation for view factors for square subareas on
perpendicular planes, and section A.3 discusses the cqmputer

program used to calculate the view factors.
A.1. View Factors for Parallel Planes

Consider two subareas, A1 and AZ’

" shown in figure A.1. C is the perpendicular distance between -

on parallel planes, as

the planes; A is the distance between the nearest vertical
“edges of the subareas; B is the distance between the nearest
horizontal edges of the subareas, and L is the length of the
sides of the subareas. |

‘ Consider now a differential areavdAl located at (x.,y)

on subarea A,, and a differential area dA located at (s,t)

1 2
on subarea A2. -The view factor from dAl to dA2 is given by
(1).
2 _ cos¢,cosd _
A,d (F12) 12. 2 dA,dA, (A.1)
mr
where $q isxthe angle between the normal to dA, and r

¢2ris the angle between the normal to.dA2 and
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r is the distance between dAl,and dA2.

Integrating'the above equation over A2 gives the view factor

between dA, and A2, or

1
p Q(Fyo) _ y cosdycosd, 4y
3% 5 2
1. TY
Ay

Let u

i

A+y+t

|

B+X+S

Then, r2 = u2+v2+C2

v

C/[u2+v +C

c/r 2,0291/2

coscbl

2 2]1/2

C/r C/[u2+v +C

I
i

cQs¢2

'dAz = dsdt = dvdu ,
Substituting into equation (A.2) gives
a(F 2A+y+L B+X+L

12) C dv

A —————— . = e o

1 dA T f k) [ 2

- Aty B+x4

Pt
1 7]

+V +C
Integration gives,

d(Fi5) ¢ B+X+L

(A.2)

. (A.3)

MYar, T o o1/ ran rc?

1 [c +(B+X+L) ]

~-Tan

-1, A+
1( y

2 1/2)

+(B+X+L) ]

[C +(B+V+L) ]

1720 ]

B+X [MTan l(A+y+L
[C +(B+X) 11/2L 2

[C+(B+X) ]

-1, A+
l(A y

5T75)

. ~Tan

[C24+(B+X)

+ A+y+L

)]
24172

l(B+X+L

[Ta
{C +(A+y+L) ]1/2L

~Tan

[C2+(A+y+L)

-1 B+X
(

27172

[c +(A+y+L) ]
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A+y

B+X+L

[c +(A+y)

Integration of this over dAl

between A, and A

1 2’
L L d(F12

A1F12

0 O 1

Carrying out the integration

fdxfdy&K~——~

[Tan’l( )
1 B+X
~T ( Y1i.
P (ary) 21172 :] |
| (A.L)

dxdy gives the view factor

) :
(A.5)

results in,

' o2 2 1/? -1 1+2 2
2TmF = (I+2){[K“+(J+2)°] ( Y=2[K“+(J+1)"
mF, = Al [K' +(J+1) 31/2
-1 I+2 2. .2.1/2 -1,I+2
T ( Y + [K°+J°] Tan™ = ( )}
R NN [x%+3%71/%
1/2q, -1 1 '
+ I{[K +(J+2) ] ( )
[K24(J+2)°271/2
_2[K +(J+1) ]1/2 1(1 ‘ 1/2)+[K +3°2 ]1/2
[K +(J+1) ]
Tan™ (A ) M (3+2) (KP4 (1+2) 212
[K°+7°]
_=1,J42 1/2
Tan~ ~ ( ) =2[K +(I+l) ]
[K2+(1+2)°7%/° |
-1 J+2 1/2 -1,J+2
Tan ~( ) +[K +1° ] an ~( )}
[K2+(1+1)2]1/2 [x°.1°271/2
+I{[Ko+(T1+2)2 ]1/2 1(J s 1/2)—2[K2+(I+l)
: [K +(I+2) ]
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)+[K +I ]Tan 1(J

[K2+(I+1)2]1/2 [K +I

Tan-'l(J

2]1/2)f

291/20, =1 I+l

_o(T+1){[K°+(T+2) 5
[K

)
+(J+2)2]1/2.
1/2m, =1 (1] y+[K2+3271/2

(K24 (3+1) 212

—2[K +(J+1) ]

2]l/2

J1 T4l | | >
Tan ([K +J2]1/j)}—2(J+1){[K +(;+2)

Tan

—1(J+l
[K +(I+2)

2 1/2 -1
Tan vk ~2[K+(1+1)°]

(J+1
[K +(I+1) ]

K2
;2 1n{

2]l/2 l(J+l
[K +J ]
2

)+[K2+I

177 51720}

[K +1 +(J+2) ][K +J +(I+2) ][K +I1°+4+J ]

[K2+12+(J+1) ] [K +J +(I+1)2]2[K +(I+2) +(J+l)

2]2

[K +(I+2) +(J+2) ][K +(I+1) +(J+1) ]
(K +(I+1) +(J+2) J h , (A.6)

where, K = C/L

I =A/L

<
n

B/L.

A.2. View Factors for Perpendicular Planes

- Consider two’subareas, Al and A2, on perpendicular planes,
as shown in figure A.2. C is the distance from the line of

1ntersectlon of the planes to the near edge of A B is the

o5
distance from'the line of intersection of the planes to the
near edge of Al; A is the vertical separation of the near

edges of Al and A2; and L is the length of the sides of the

subareas.
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Consider now a differential area dAl located at (x,y)

on subarea A,, and a differential'area da, located at (s,t)

on subarea A2.

) = cos¢1co

59, dA,dA

L
A a"(Fy,
™r

where ¢1

¢2 is the'angle between the normal to dA, and r

The view factor from'dAl

1

is the angle between the normal to dA; and r

r 1is the distance between dA

is given by

Integrating over A2 gives the view factor from dA1 to A2 or,

a(F

)
A _ 127 = J cos¢lcos¢2' aa
1 dA 2
1 A ﬂrz
5 :
Let ' u = A+y+t
v = C+S
Z = B+X,
Then r° = [u2+v2+32]2
cos¢, = v/r = v/[u 24vlig
oos¢é = 2/r = 3/[u’+vo+z
dA2= dvdu

2]1/2

231/2

Substituting into equation (A.8) gives,

[(C+L) +Z ]

C+L A+y+L
d(F1,) 4 vdu
Mg =5/ W/ ——=
1 [u+v +Z ]
C A+y
Integration gives,
?(FlZ) - & (1 man~t(AFYHL )
Ay 2T 02,527172 (024527172
Tan-L (AtyAL , o1 |
[(c+n)®+2®1Y27 [c +z2]1/2
/

125

(A.8)

(A.9)



1

[(C+L) +Z

(A.10)
[(c+L) +2231/2

+ Tan

L 3

2.1/2
1+ |
Integration of this over dAl = dxdy = dzdy gives the view

factor from Al to A2,

AF —— dZ. ‘ - (A.11)

Carrying out the integration results in,

2]1/2 1(I+2 1/2
[K +(J+1) ]

27F = (I+2){[K2+(J+l) ) - [J +K° ]

12 1/2

[J +K

2]1/2Tan“l(1+2

Tan 5
[T+ (K+1)

Y+[J +(K+1)

)
241727 24172

1/2 1(I+2
[(J+1) +(K+l) ]

)I+2(I+1)

- [(J+1) +(K+1) ] 175

24 1/2 -1

2]1/2 1(I+l
[J +K

{[3%+K [K +(J+1) Tan

2]1/2)

(I+1 2]1/2 l(I+l

])+[(J+1) +(K+1)

[K +(J+1) ] | [(J+1) +(K+1) ]

2]1/2Tan—1(I+l

[J2+(K+1)2]l/2

—[J2+(K+1} )}+I{EJ2+(K+1)2]1/2"
—1(I
[J +(K+1) ]

Tan = [J2+K2]

1/2 -1,T
Tan™~ (= 1/2)

1/2 [J +K ]

2]1/2 l(I
[K +(J+1)

+[K2+(T+1) 1) L) 2+ (k+1)27172

C=-1,1I (I+2)
Tan™ "~ ( )+
[(3+1)2+(k+1)271/27 B

(L) +<J+1) S4x® 10(1+2) °+g +<K+1) 1
[(I+2) +J +K JL(T+2) +(J+1) +(K+1) ]

NELSD L (L) 243242 ][(I+1) +(J+1) +(K+l) ]}

2 [(I+1)%4(3+1)2+K2I[(T+1) 2432+ (k+1)°]

126

1/2)



(J+l) 1n {[(J+1) 24K +(1+1) J [(J+1) +(K+1) +(1+2) j
A [(T+1)2+K2+(T+2)2 [ (T+1) +(K+l) 24 (1+1)°7

[(J+1)° +(K+1) +I ]}
[(J+1) +K2+I ]

(K+1) 1n {[(J+l) +(K+1) +I+2) ][J +(K+1) +(I+1) ]
4 (324 (K41) 2+ (T42) 2 [ (J41) 24 (K+1) 2+ (141) 212

[(J+1) +(K+1) +T ]}
[J +(K+1§+I ]

2 [I +(J+1) +K ][I +J +(K+1) ]
[I +J° +K 1T +(J+l) +(K+l) ]

21 {[J +K2+(T+2) WFJ +(K+1) +(I+1) j;[I 2+3°4+K°7 }
[(T4+1) 24T 24+K2 120 (T+2) 2+ (K+1) 2 +I° 10 (K+1) S+I°+1°]
1 {[J +X +(I+2) ][I S ][(J+1) +(1+1) +K 72 (a.12)
2 242 :
[(TJ+1) +(I+2) +K 10(T+1) +K +1 ][J +K +(I+l) ]
where, I =A/L
J = B/L
K= C/L »

A.3. Computer Program for Calculating View Féctors

Equations (A.6) and (A.12) give the view factors between
square subareas on parallel and perpendicular planes in terms
of the parameters I, J, and K. Since these equations are quite
tedious to evaluate by hand; and sinée they have to be evaiuatéd
for several values of I, J, K,‘it was decided fo write computer
programs to carfy out the necessary calculations.

FRONTVIEW is the program for caiculating the view factors
for parallel planes, and SIDEVIEW is. the program for calculat-

ing the view factdrs for perpendicular planes. A listing of
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vboth programs is given in the following_pages{
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621

OO

FRCONTVIEW .
VIEW FACTORS FOR PARALLEL PLANES

- MAIN PROGRAM

10
11

DIMENSTINN F(l4,14,14)
FOPMAT{3H1K=13) '
FORMAT(1HO,14{1X,F8.6))
N = 14 . .
M= 14

NN 50 K = 1,N

WRITE{6,10) K

X = K
Pl = X*X
DO 40 J = 1,M
Y = J
Q1 Y*Y
QZ (Y"lo)"y‘(Y‘lo’

Q3 B (Y-ZQ)*(Y-?_Q)
R1 = P1 + Q1

R2 = Pl + Q2

R3 = Pl + Q3

S1 = SQRT(R1)

S?2 = SQRTI(R2)

S3 = SQRT(R3)

DO 30 1 = 1,4

7 =1

Tl = 7*7

T2 = (Z-1.)%(Z-1.)
T3 = (Z—Z.)*(Z—Z.)
R4 = Pl + T1

RS = Pl + T2

R6 = P1 + T3

S4 = SART(R4S)

S5 = SQRT(RS)

S6 = SQRT(R6)

Ul = R1 + T3

U2 = R2 + T3



u3
ua
us
u6
u7
ua
U9
Wl
F1
F2

T3

(UI*U%*UQ*U7*U5*U9*U5ﬁU5)/(UZ*J?*Ué*UB*US*UP*Uﬁ*Ué)
Z#*(S1*ATAN{Z/S1) - 2.,%S2*ATANUZ/S?) + S2*ATAN(Z/S3))
2. (I-1. )% (S1*ATAN((Z-1.)/81} - 2.%S2*ATAN{{(Z-1.)/52)

= R3 +

= R1 + T2
= R2 + T2
= R3 + T2
= R1 + T1
= R2 + 71
= R3 + T1

1+ S3®ATAN((Z-1,)/S3))

F3

= (Z-2.)*(ST*ATAN((Z-2.)/S1) - 2,¥S2*ATAN((Z-2.)/52)

1+ S3*ATAN((Z-2.)/S3))

Fa
FS

= YR(SLEATANIY/S4) - 2,%SS*ATAN(Y/SS) + SE6*ATAN(Y/S6))
= 2.7 (Y=1.) 5 (SA=ATAN(IY=1.)/54) = 2.%SS5¥ATAN({Y=1.)/55)

1+ Sb*ATAN((Y 1.1/56))

F&

0€tT

F7

(Y=2.)7(S&4=ATAN((Y-2, )/34) = 2.*55%ATAN((Y~-2,)/5%5)

1+ Sé*ATAN((Y 2.1/56))

= X*X®ALOG(W1) /2.

F{T,J4.K) = (Fl1- f':?ﬁ'f_"H—quF-—F‘5-!-¥:()--F:7)/(?-""z 1416)
A0 CCNTINUE

WRITE (6,11) (F{T4J,K)e1 = 19\“
40 CONTINUE
50 CONTINUE

END



TEL

10

11

SIDEVIEW

VIEW EACTORS FOR PERPENDICULAR PLANES
"MAIN PROGRAM '

DIMENSION F(15,15,+15)
FORMAT(3H1U=13) '
FORMAT(1HQ«15(1X,F745))

N = 15

M = 1‘3

L = 15

DN 50 J = 1.N
WRITE(6,10) J

X = J

P1 = X%X

P2 = (X-1lel)X%(X-1.)

DO 40 K = J+M

Y = K

Q1 = Y*Y

02 = (Y=1.,)1%{Y-1.)

R1 = P1 + Q1

R2 = Pl + Q2

R3 = P2 + Q1

R4 = P2 + Q2

S1 = SORT(R1)

S2 = SQRT(R2)

S3 = SQRT{R3)

S4 = SQRT(R4)

DO 30 1 = 1,L

7 =1

T1 = R1 + 7%Z

T2 = R2 + I*7

T3 = R3 + 7*7

T4 = R4 + 7I%7

Ul = R1 + (Z-1)%{Z-1s}
U2 = R2 + (Z-1e)*(Z-14)
”3 = R3 + (Z—l.)*(Z-l.)
Us = R4 + (7-1a)%(7-1a)



2€1

(7-2)%(7=24)

V1 = R1 +

V2 = R2 + (Z-2.)V%(7-2s)

V3 = R3 + (7-2.)%11-2.)

V4 = R4 + (1-2.)%(7-2s)

Wl = (T2%T3)/(T4%T1)

W3 = (U2%U2%T1%V1)/(T2%U1*U1*V2)
W4 = (T1#2U3%U3=V1)/{T3IHUYLI*U1*V3)
F4 = ZXE7*¥ALOGIWL) /4

F6 = XEXKALOG(W3)/4.

F7 = YxY2ALOG(W4)Y /4.

NUML = J*K
IF(NUML - 1) 20, 15, 20

15 F1 = Zx(S2%ATAN(7/S2) - SI*ATAN{Z/S1) + S3*ATANI(Z/S3))

F2 = 2.%(7-1¢)*(SI¥ATAN({Z=1,)/S1) = S2*ATAN((Z-1.)/S2)
1- SIXATAN((7-1.)/53))

F3 = (7-2.)%(S3*ATAN({Z-2.1/53) = SI*ATAN((Z-2.)/S1)

1+ S2¥ATAN((7~2,1/52))

TF(1 .EQ. 1) GO T0 16

W2 = (U4*UL)/(U2%U3) A

FS = (Z-1)%(7-14)%*ALOG(W2)/2,

IF(I oFQ. 2) GO TO 18

GO TO 25
16 F5 = O.
F9 = 0.
F10 = 0.
GO TO 2?27
18 F8 = 0Os
F10 = 0.
Gao TO 28

20 F1 = 7%(S2%ATAN(Z/S2) — S4%*ATAN(Z/S4) - SI*ATAN(Z/S1)
1+ S3%ATAN(Z7/S3))
F2 = 2.%(2-1o ) *{SG*ATAN({Z~1,)/54) — SZ2*ATAN({I-1.)/52)
1+ SIXATAN((Z-1e)/S1) — S3I*ATAN{(Z-1.1/S3))
F3 = (7-2.)0%(S3=ATAN((Z-2,)/53) ~ SI*ATAN{({(Z-2,)/S1)
1— S4¥ATANI((7-2.1/S4) + S2*ATAN((7-2,1/52))



£L£T

25

27

28
39

40

50

W2 = (U4%U1)/(U2%U3)

FS = (Z-1.)%(7-14)%AL0OG(W2)/2,

W6 = (T4xU3%xU3%v4)/{U4xU4%T3*¥V3)

W7 = (T4xV4&xU2H)2) 7 (T22V2xU4%U4)

FO = (X=-1e)%(X=14)*ALOGIW6)/4e

F10 = (Y-1a)%(Y=1,)1%ALOG[WT) /4.

W5 = (V2xVv3)/{v4xvl) v

F8 = (7-2.)%(7-2.)%ALOG(WS)/ 4,

F(KsTosd) = (Fl+F2+F3+F4+F5+F6+F7+f8+F9+F10)/(2.*3.1416)

CONTINUE

“WRITE (As11) (F{K,Ied)sl = 1.,L)

CONTINUE
CONTINUE
END



Appendix B

-Computer Programs for Calculating
Flﬁxes in a Cavity
This appendix discusses the computer program used to
calculate the neutrbn fluxes on the suffaces of a héllow
cavity surrounded by reflective wallé. Section B.1l discusses
HOLCAV, used for empty cavities, and Section B.2 discusses

TARGET, a modification to handle cavities surrounding objects.
B.1l. HOLCAV

‘HOLCAV. is aAcomputer program using an itéfation tech-
nique to solve equation (2.14) as discussed in Section 2.2.
Below is a listing of the symbols used in HOLCAV:

GN(JN,KN) = neutron current incident on a subaréa located

at (JN, KN) on face N.

BN(JN,KN) = albedo for a subareablocated at (JN,KN) on

face Nv

SO(J1,K1) = sourcé (n/cmz'sec)‘fOP a subarea located at

(J1,K1) on face 1.
CN(JN,KN) = calculated neutron current incident on a
subarea locatedvat (JN,KN) on face N. Be-
Comés GN(JN,KN) at start of next iteration.
NCN(JN,KN) = CN(JN,KN)*¥(1-BN(JN,KN)) = net current through

a subarea located at (JN,KN) on face N.
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PHN(JN,KN) = CN(JN,KN)*(1+BN(JN,KN)) = neutron flux on a

subarea located at (JN,KN) on face N.

FL(L1,L2,L3) = view factor between subareas on parallel
planes.
FP(L1,L2,L3) = view factor between subareas on perpendi-

cular planes.
L1,L2, and L3 = coordinates déséribihg the relative
A positions of the subareas under con-
sideration. (See Section 2.2)

HN

maximum value of KN on face N.

WN maximum value of JN on face N

B.2. TARGET

TARGET is a modification to HOLCAV for the purpose of
-calculating the neutron flux on a plane of reflecting material
located inside of a cavity.' The procedure by which this is
done 1s discussed in Chapter 4 and will not be repeated here.
In addition to the symbols used in HOLCAV, the following

symbols are used in TARGET.

' GMI(JI,KI,N) = neutron current incident on a subarea
located at (JI,KI) on face I of cavity N.
BMI(JI,KI,N) = albedo of a subarea located at (JI,KI)
én face I of cavity N.
SOM(J1,K1,N) = source (n/cmg-sec) for a subarea located
' at (Jl,Kl) on face 1 of cavity N.
PHM(JI,KI;N)'= neutron flux on a subarea located at

(JI,KI) on face I of cavity N.
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CMI(JI,KI,N) = calculated neutron current incideht on a
subarea 1ocated at (JI,KI) on face I of
cavity N. Becomes GMI(JI,KI,N) for start
of next iteration.

NCM2(J2,K2,N) ='CM2(J2,K2,N) = net current through a

subarea located at (J2,K2) on face 2 of

cavity N.
TSOM(N) = sum of source terms for caVity N.
TCMI(N) = total net current through face I of cavity N.

TCMZI(N) = total net current of neutrons passing from
 cavity N to cavity NH.

NMAX = total number of cavities = 2

VKIMAX (N) = maximum value for KI on face I of cavity N.

JIMAX(N) = maximum value for JI on face I of cavity N.
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LET

la¥e X8

HOLCAV

CURRENTS IN HOLLOQ RECTANGULAR CAVITY

THERMAL COLUMN WATER

PIPES

DIMENSION G1(10,10),62(10,10),563(12,10),66(10,101,65(1C,10),

166 (12,10),31(12,10),82(10,10),B2(17,10),B4(17,10),85{(10,1C),
186(10,10),C1(10,10}),C02(12,10),C3(10,101,C4(10,10),C5{10,10), ‘
1C6(10, 1)y NC1(10,10),NC2(10,10)4NC3(10,10) NC4(10,10),NC5(10,1C),
INCE(10,10),S0(10,10),FLI1D,10,10),FP(10,10,10),PHI(17,10}, '
1PH2(10,10),PH3(10,10),PH4(10,17),PH5(10,10),PHE({1IN, 1)

OGN FACE
ON FACE
ON FACE
ON FACE
ON FACE
ON FACE

ONE)
TWO)
THREE)
FOUR).
FIVE)

S1X)

FORMAT (39 H1 CURRENT INCIDENT
- FORMAT(39H1 CURRENT IMCIDENT
FORMAT(41H1 CURRENT INCIDENT
FORMAT {40H] ~ CURRENT INCIDENT
FORMAT (47H1 CURRENT INCIDFENT
FORMAT (39 H] CURRENT INCIDENT
FORMAT(1IHN,12(F12.5)) '
FORMAT( 36H1 NET CURRENT THRU
FORMAT {36H1 NET CURRENT THRU
FORMAT(38H1 NET CURRFENT THRYU
FORMAT(37H1 NET CURRENT THRU
FORMAT(3TH) NET CURRENT THRU
FORMAT(36H1 NET CURRENT THRY

FORMAT(9F8,.5)
FORMAT(1HN ,15F8,5)

FACE
FACE
FACE
FACE
FACE
FACE

ONE)
TWO)
THREE)
FOUR)
FIVE)
SIX)

INTEGER H1,W1leH2,W2yH3yW3yH4,WL,HES, WS 4H6,WE

REAL NC1,
H1=8
W1l=8
H2=8
W2=8
H3=8
W3=8
H4=8
W4=8
H5=8
WS5=8

NC2, NC3, NC4,

NC5,

NC6



e

21
- 22

23

25

26

28

29

H&6=8
W6=8

DO 21 K1=1,H1

READ(5,16) (CGl(J1,K1),B1(J1,K1)sSO(I1,K1Y,

J1=1,W1)

WRITE(6917) (GLEJL1,K1)¢B11J1,K1),S0(J1,K1),y J1=1,W1)

CCNT INUE

D0 22 K2=1,H2 :

READ(5516) (G2(J2,K2)4B2(J2,K2), J2=1,W2)
WRITE(6,17) (G2(J24K2),B2(J2,K2)y J2=1,W2)
CONTINUE

DO 22 K3=1,H3

READ(5415) (G3(J3,K3)1,B3(J3,K3), J3=1,W3)
WRITE(6,17) (G3(J3,K3),83(J3,K3), J3=1,W3)
CONT INUE ‘

DN 24 K4a=1,H4

READ(S5,16) (G4{J4ayK4)4B&(J4yKE) , J&=1,HW4)
WRITE(H,17) (Ge(JbyK4)yBL(J4sKE), Jb=1,W4)
CONT INUE :

DO 25 KS5=1,H5 ,

READ(5,416) (G5{J5,K5)4B5(J5,K5), J5=1,W5)
WRITE(6417) (GS5(J5,K5)485(J5,K5),y J5=1,W5)
CCANT INUF :

DO 26 K6=1,H6 “
READ {55 15) (GA{J6,K6),86(J64KE) s JE=1,WE)
WRITE(6417) (GOH{JO6,KE )y BOE{IO6KEYy JE=1,WE)
CONTINUE ’

L3=8

DN 28 L2=1,10 ‘

READ(5,16) (FL{L1,L2,L3), L1=1,10)
WRITE(6,17) (FL{L1,L2,L3)y L1=1,10)

CCONTI NUE

L3=8

Do 29 1L2=1,10

READ(S,16) (FL{L1,L2,L3), L1=1,190)
WRITE(6,17) (FL{L1,L2,L3), L1=1,10)
CONTINUE
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30

21

40

50

51

60
61

DO 31 L2=1,10

D0 30 L2=1,10

READ(5516) (FP(L1,L2,13), L1=1,10)
WRITE(6,17) (FP(L1,L2,L3), L1=1,10)
CONT INUE '

CONTINUE

MAIN PRNOGRAM

N0 101 Kl=1,H1

D0 100 J1=1,W1

3=W4

$2=0C.

DO 51 K2=1,H2

L2=1+TARS({K2-K1)

DN 50 J2=14W2

L1=1+1ABS(J2-J1)
S=R2(J2,K21*FL{LL1,L2,L3)%G2(J2,K2)
$2=52+S

CONTINUE

CONTI NUE

L3=W1+1-J1

S3=0,

DN 61 K3=1,H3

L2=1+IABS(K3-K1)

DO 60 J3=1,4W3

L1=J3
S=B3{J3sKI)%FP(L1,L2,L3)*%G3(J3,K3)
S3=S3+S :

CONT INUE

CCNT TNUE

L3=J1

S4=0C,

DO 71 K&4=1,H4

L2=14TARBS{K4-K1)

DD 70 Ja=1,W4

L1=J4
S=B4(J4,K4)*FP{L1,L2,L3)%G4(J4,KE)



otit

70
71

S4=544S
CONTINUE
CONT INUE

~L3=H1+1-K1

$5=0.
DO 81 J5=1,W5

L2=1+1ARS(JS5-J1)

. DN 80 K5=1,H5

80"

. 81

90
91
100
101

L1=K5 : :
S=B5¢{ JS,KS)*F?(LI 9L29L3,*65(J5,K5)
$5=55+S

CONTINUE -

CONTINUE

1L2=K1

S6=0N,

DD 91 J6=1,4W6

Lt2=1+1ARS (Jo-J 1)

DO 90 Kbh=1,H6

L1=K&6 ‘

S=R6 (U6 KO IEFP(L1,L2,L3)*G6(J64K6)
S6=56+S

CONTINUE

CONTINUE
C1{J1,K1)=(S2+S3+S4+55+56)

CONT INUE

CONTINUE

DN 201 K2=14H2

DO 220 J2=1,HW2

L3=W4

S1=0.

DC 151 Kl=1,H1

L2=1+1A8S(K2~K1)

DO 150 Ji=1, W]l

L1=1+1ABS{J2-J1)

S=FL{L1,L2,L3)1*{B1{J1,K1I*G1(J1,K1)+SO(J1,K1))

$1=S1+S
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160

150

151

161

170

171

180
181

CONTINUE

CONT INUE

L3=W2+1~J2

$3=0.

DO 161 K3=1,H3

L2=14+TABS(K3-K2)

DO 160 J3=1,43

L1=W3+1-J3
S=R3(J3,K3)*FP{L1,12,L3)%*G3(J3,K3)

- §3=S53+S

CONTINUE

CONTI NUE

13=J2

S4=0,

DO 171 K4=1,H4
L2=1+1ABS (K4-K2)
DO 170 J4=1,UW4
Ll=W4+1-J4

S=B4 (J4, K4)*FP(L1,L2,L3)*G4(J4qK4)
S4=S4+S

CONTINUE
CCNTINUE
L3=H2+1-K2

$5=0.

NN 181 J5=1,W5
L2=1+1ABS(J5-42)
DN 180 K5=1,HS5
1.1=H5+1-X5
S=B5(J5, KQ)*FP(LI,L?9L3)*GS(JR K5)
$5=554S

CONTINUE

CONT INUE

L3=K2

S6=0.

DO 191 Jh=1,H6
L2=1+TARS(J6-42)
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DN 190 Kb6=1,Hb6

190
191

200
- 201

©.250

251

260
2€1

L1=H6+1-K6
S=BE({J6,KEVXFP(L1,L2,L3)%G6(J6,KH)
S6=S6+S

CONTI NUF

CONT INUF
C2(J2,K21=(S1+S3+54455456)
CONTINUF

CONTINUE

DN 3N1 K3=1,H3

DN 300 J3=1,W3

L3=J3

S1=0,

DO 251 Kl=1,H1

L2=14+1ABS(K3-K1)

DO 250 Jl=1,91

Ll=Wl+1-J1

S=FPILYLyL24L3)%(BLI(J1,K1)I*GI(JIT1,K1)+SDLI1,K1))

S1=S1+S

CONTINUE
CONTINUE
L3=W3+1-J3

S2=0.

DO 261 K2=1,H2
L2=1+TABRS{K3-K2)
DO 260 J2=1,W2
L1=W2+1-J2
S=R2(J2,¥2)¥FP(L14L2,L3)%G2(J2,K2)
$2=S2+S

CONT INUE
CONTINUE

L3=W1

S4=0 .

D0 271 K&=1,H4
L2=1+IABS(K4~-K3)
DD 270 J4=1,Ws4



s

L1=1+1ABS(J4-J3) .

S=R4 (J4,K4)XFLIL1,L2,L3)*%G4(J44K4)

-S4=S54+S '
270 CONT INUE
271 CONTINUE

1L3=H3+1-K3

S$5=0.

DO 281 K5=1,HS

L2=1+1ABS(K5-J3)

DO 280 J5=1,W5

L1=W5+1-45
S=RS5(J5,KS5)AFP{L1,L2,L3)%G5{J5,KS5)
$55=554S

280 CONTINUE
281 CONT INUF
L13=K3
S6=0.
DD 291 Kb=1,Hb6
L2=1+1ABS(K&6-J3)
DN 290 J6=14W6
Ll=W6+1-J6
S=B6{J6,KE)EFP{LL,L2,4L3)=G6(J6,K6)
‘ S6=56+S
290 CONTINUE
291 COMTINUE _
: £3(J3,K2)={S1+52+S54+55+56)
300 CONTINUE :
301 CONTINUE
DO 401 Ké&=1,H4
DO 400 J&=1,W4
L3=J4
S1=0.
DO 351 Kl=1,H1
L2=141ABS(K4-K1)
DO 350 Jl=1,W1
L1=J1
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350

351

360
361

370
371

3890
381

S=FP(L1+L2,L3)=(B1L{J1,K1I*G1(J1,K1)I+SO(JI1,K1))

S1=S1+5

CONT INUE

CONT INUE
L3=Wa+1-J4
$2=0.

DO 361 K2=1,H2
L2=1+1ABS(K4~K2)
DO 360 J2=1,W2
11=J2

(S=B2(J2,K2)%FP(L1,L2,L3)%G2(J42,K2)

$2=S2+S

CCNTINUE

CCNT INUE

L3=W1

S3=0, .

DO 371 K3=1,H3
L2=1+TABS {K4-K3)

DO 370 J3=1,W3
L1=1+1ABS(J4-43)
S=83(J3,K3)=FL(L1,L2,L3)1%*G3(J3,K3)
$3=S53+S '
CONT INUE

CONTINUE

L3=H4+1-K4

$5=0.

DN 381 K5=1,H5
L2=1+1ABSK5~J4)

DO 380 J5=1,W5

L1=J5
S=BS5(J5,K5)*FP(L1,L2,L3)1%G5(J5,K5)
$5=55+S

CONT INUE

CONT INUE

L3=K4

S6=0,
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D0 391 Ké6=1,Hb6

L2=1+TABS(K6~J4)

- D0 390 J6=1,4W6

390
391

“&00
40 1.

450
451

460
461

L1=J6

S= 86(J6,K6!*FP(L1,L2 L3)*G6(J6,K6)
S$6=564S

CONTINUE

CCNTINUE
C4(J44K4)=(S1+S2+S3+55+56)

CONTI NUE

CONT INUE

DO S21 KS=1,HS

DO 500 J5=1,W4W5

L 3=K5

SI:'Oo

DO 451 J1=1,W1
L2=1+T1ABS{J5-J1)
DD 450 K1=1,H1
L1=H14+41-K1

S FP(Ll,L?,LB)*(Rl(Jl,Kl)*’l(Jl K1)+SC(J1 K111}
S1=S1+S

CCANTINUE

CONTINUE

L3=H5 +1-K5

SZ=O.

DO 461 J2=1,4W2
L2=1+IABS(J5-J2) .
DO 460 KZ =1 ,H2
L1=H2+1-K?2
S=B2({J2+K2)*:FP(L1,L2,L3)*G2(J2,K2)
$2=S52+5S

CONT INUE

CCNTINUE
L3=W5+1-J5

S2=0,

DO 471 J3=1,W3
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470
471

480
481

490
491

500
501

L2=1+1ARS(K5-J3)
DO 470 K3=1, H3
L1=H3+1-K3

S=R3 (J3,4K3)XFP(L1,L2,L3)%G3(J3,K3)

$2=513+§

CONT INUE

CONTINUE |

L3=J5

S4=0,

DN 481 J4=l,Hé

L2=1+IABS(K5-J4)

NO 480 K4=1, Hé4

L1=H4+1-K4 ' ,
S=B4(J4y K&)XFPILL,L2,L3) *G4(J4,K4E)
S4=S4+S "
CONTINUE

CONT INUE

L3=H1

Sf)=~’)v

D0 491 K6=1,H6

L2=1 +IABS(KH-KS)

DR 490 Jh=1,4WH

L1=1+T1ABS(J6-J5)
S=B6(J6,K6)EFL{L1,L2,L3)%G56(J6,KH])
S6=S6+S

CCNTINUE

CNNT INUE .

CS{ U5 ,K5)=1(S1 +52+53+54+56)
CONTINUE

CONT INUE

NO 6171 K6=1,H6

DO 600 J6=1,W6

L3=K6

S].:O .

DO 551 J1=1,W1

L2=1+1ABS({J6-J1)
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55C
551

570

571

580

[s

DO 550 Kl=1,H1
L1=K1

S=FP(L1,L2,L3)%(B1(J1,K1)*G1(J1,K1)+SOLI1,K1))

S1=S1+S
COMTINUE

CONT INUE

L3=H6+1-Ké&

S2=0.

DO 561 J2=1,W2
L2=1+1ABS(J6-J2)

D0 560 K2=1,H2

L1=K2
S=B2(J2,K2)*FP{L1,L2,L3)*G2(J2,K2)
S2=S2+S

CONTINUE

| CONTINUE

L3=W6+1-J6

S3=0,

DN 571 J3=1,W3

1.2=1+#1ABS(K6-J3)

DN 570 K3=1,H3

L1=K?3 ’
S=B3(J3,K3)%FP(L1,L2,L3)*G3{J3,K3)
$3=53+S

CONT INUE

CONTINUE

L3=J6

S4=0,

DO 581 J4a=1,W4

L2=1+1ABS{K6-J4&)

DO 580 K4=1,H4

1=K 4

S=R4(J4, K4)*FP{L1,L2,L3)*G4{J4,K4)
S4=54+S

CONT INUE

CONT INUE



oft

590
€91

600
601

640
€41

660

661

670
671

L3=H1
$5=0.

DO 591 K5=1,H5

L2=14+TABS(K6-K5)

DO 590 J5=1,W5

L1=1+1ABS(J6-J5)
S=B5(J5,K5)*FLIL1,L2,L3)%G5{(J5,K5)
$5=55+S

CONTINUE

CONTI NUE

C6(J6,K6)={S1+452+53454+S55)

CONTINUE

CONT INUE

DO 641 Ki=1,Hl

DO 640 J1=1,Wl
NC1(J1,K1)=C1(J1,K1)*{1.~-B1(J1,K1))
CONTINUE

CONTI NUJE

DC 651 K2=1,H2

DO 650 J2=1,W2
NC2(J2,K21=C2(J2,K2)*(1.-B2(J2,K2))
CONTINUE '

CAONTINUE

B0 6561 K3=1,H3

DO 660 J3=1,W3
NC3(J3,K31=C3(J3,K3)*(1,-B3(J3,K3))
CCNY INUE :

CONTI NUE

DN 671 K4=1,H4

DO 670 J4=1,W4

NCa4l JayKa)=Ca(Jb,Kb)*{1.-B4(J44+KE)) .
CONT INUE

CCNTI NUE

DO 681 K5=1,HS

DT 68N J5=1,4UW5
NC5{J5,K5)=C5{J5,K5)*{1.-B5(J5,K51)



61T

680
681

690

691

700
701

C 710

711

729

721

730
731

CCNT INUE
CONTINUE

DN 691 K6=1,H6

N 690 J6=1,W6

NC6{J64KA)=CH(IE,KE):(1.-B6(I6,4KE))

CONT INUE

CONT INUE-
Tsn=0,

TNC1 =0,

DD 701 K1=1,H1

DN 700 Jl=1,W1

TSO=TSA+SC(J1,K1)
TNC1=TNC I4NC1(J1,K1)
CCNY TNUE

CONTINUE

TNC?2=0.

DN 711 K2=1, H?

DO 710 J2=1,W2
TNC2=TNC2+NC2( J2,K2)
CONT INUE

CONTINUE

TNC3=0.

NN 721 K3=1,H3

DA 720 J3=1,W3
TNC3=TNC3+NC3(J3,K3)
CCNTINUE

CONTINUE

TNC4=0.

DO 731 K&=1,H4

DO 730 Ja=1l,4W4
TNC4=TNC44NC4{J4,K4%)
CONTI NUF

CONT INUE

TNC5=0.

DO 741 K5=1,H5

DO 740 J5=1,4W5



0S1

740

741

750

751

810
811

821

821

830
231

840
£41

8590
£S1

TNC5=TNCS5+NC5(J5,K5)
CONT INUE

CONTT NUE

DN 751 Kb6=1,Hb

DN 750 J6=1,W6

TNC6=TNCAH+NCH(J6,4K6)

CONT INUF

CONTINUE
KK=TSO/{TNC1+TNC2+TNC3+TNC4+TNC 5+ TNC6)

.DN 811 X1=1,H1

DD 810 JI=1,W1
C1{J1,K1)=KK=C1(J1,K1)"
CONTINUE ’
CONT INUE

DO 821 K2=1,H2

DN 820 J2=1,W2
C2(J2,K2)=KK*C2({J24K?2)
CONTINUE '

CONTINUE

DC 831 K3=1,H3

DO 820 J3=1,W3 '
C3(J3,K3)=KK*C3(J3,K3)
CCNTINUE

CONTINUE

DD 841 K4=1,H4

DO 840 J4=1,W4 :
Ca{J4,K4)~KK*¥C4(J4,K4)"
CONT INUE

CCNTINUE

DO 851 KS5=1,HS5

DD 850 J5=1,W5
C5(J5,K5)=KK*C5(J5,K5)
CONTINUE

CONTINUE

PO 861 Kb=1,Hb
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860

8¢1

DO 860 J6= 19W6
ColI64K6)= KK“Cé(JéyKé)
CONTINUE

CONTI NUE

I1=0.,

.DC 911 K1=1,H1

NO 910 J1=1,W1

- X1=ABS(Cl (J1, Kl)—Gl(leKl))

999
910
911

919

920
921

929
930
931

IF(X1 4GEs Z) GO TO 909
=17

.60 TO 910

7=X1

CCNT INUE

CONT INUE

DN 921 K2=1,H2

DN 920 J2=14W2
X2=ABS{C2(J2,K2)-G2(J2,K2))
IF(X2 .GE. Z) GO TO 919

1=7 ' '

G0 TO 9290

I=X2

CONTINUE

CONTINUE

DO 931 K3=1,H3

DN 930 J3=1,W3
X3=ABS(C3(J3,K3)-G3(J3,K3))
IF(X3 .GE. Z) GO TO 929

1=17 '

GO TO 930

7=X3

CONTINUE

CONT INUE

DO 941 K4=1,H4

DC 940 J4=1,W4

X4=ABS({C4( J4,K&)-G4(J4,K4))
IF(X4 GE. Z) GO TO 939



251

939

240
941

949
950
951

359

960
261

1010

1011

1020
1021

=7

GN TO 94D
1=X4
CONTINUE
CCNT INUE

DN 951 K5=1,H5

DO 950 J5=1,W5

X5= ABQ(C%(J5,K5)—65(J5,K5))
IF{XS .GEe 72) GO TO 949

=27

GO T3 950

7=X5

CONTINUE

CONTINUE

DO 961 K6=1,4H6

DO 960 J6=1,W6.
X6=ABS(CH(I6,K6)-G6EII6,K6))
TF(X6 «GE. Z) GO TO 959

=17 '

GO T0O 960

I=X6

CONTINUE

CCNT TNUE

IF(Z +LE. 0.0001) GO TO 1100
DO 1911 Kl=1,H1

DO 1010 Jl=1,W1
G1(J1,K1)=C1l(J1,K1)
CONTINUE

CONTINUE

DN 10721 K2=1,H2

DO 1022 J2=1,W2

G2 (J2 ,K2)=C2(J2,K2)
CONTINUE

CONT INUE

DO 1031 K3=1,H3

DO 10320 J3=1,W3



€51

G3(J3,K3)=C3(J3,K3)
1030 CONTINUE
1021 CONTINUE
DO 1041 K&=1,H4
DO 1040 J4=1,W4
G4l J4:KE) =04 ( JbyKb)
1040 CONTINUE
1041 COMTINUE
DO 1051 KS=1,HS
DO 1050 J5=1,WS
65(J5,K5)=C5{J5,K5)
1750 CONT INUFE
1051 CONTULNUE
DN 1061 Kb6=1,H6
DO 1060 Jb=1,Wh
- G6(J64KE) =CH(J6,K6)
1060 CONT INUE |
1061 CCONTINUE
GO TN 49
1100 WRITE(6,1)
DD 1110 K1=1,H1
~ WRITE(648) (C1(J1,K1),y J1=1,W1)
1110 CONTINUE
WRITE(5,2)
NO 1120 K2=1,H2
" WRITE(6,8) (C2(J2+K2), J2=1,42)
1120 CONTINUE
WRITE(6,3)
NO 1130 K3=1,H3
WRITE(6,8) (C3{J3,K3), J3=1,4W2)
1130 CCNTINUE :
WRITFE(6,4)
DO 1140 K4=1,H4%
, WRITE(5,8) (C&4(J4yK&)y Ja=1,4W4)
1140 CONTINUF
WRITE(A,5)



Uiy

1150
1160
iZIO
l??ﬁ
1230

1249

1260

1310

DO 1150 K5=1,H5

WRITE(6,8) (C5(J5,K5), J5=1,W5)
CONTINUE

WRITE(6,6)

DO 1160 Ké=1,H6

WRITE(6,8) (C6(J6,K6), J6=1,Ub)
CONT I NUE

WRITE(6,10)

DO 1210 K1=1,H1 -

WRITE(5,8) (NC1{J1,K1), J1=1,W1)
CONT INUE -

WRITE (6 ,11)

DN 1220 K2=1,H2

WRITE(6,8) (NC2{J2,K2), J2=1,4W?2)
CONT INUE

WRITE(6,412)

NO 123297 K3=1,H3

WRITFE(5,8) (NC3(J3,K3), J3=1,W3)
CONTI NUE

WRITE(6,413) A

DC 1247 K4=1,H&

WRITE(5,48) (NC4UJ4yKG), J4=1 yW4)
CONTINUF

HRITF(6,414)

DN 1250 KS5=1,H5

NRITE(@, 8) (NCS(J{S,KS) [} J5=L’w5)
CONT INUF

WRITE(6,15)

DO 126N Ké=1,H6

WRITE(6,8) (NC6(J64K6), J6=1,H6)
CONT INUE :
WRITF(6,1400)

DO 1311 K1l=1,H1

DO 1319 J1=1,W1
PH1{J1,K1)=C1(J1,K1)*(1.+B1{J1,K1))
CONT INUE



Sat

1211

1320

1321

1330

1331

- 1349

1341

WRITE(6,8) (PH1(J1,K1)y J1=1,W1)
CONTI NUE

WRITE(6,1401)

DC 1321 K2=1,H2

NN 1322 J2=14W2

PH2 (J24,K2)=C2(J2,K2)%(1.4B2(J2,K2))
CONT INUE

WRITE(6,8) (PH2({J2,K2)y J2=1,4U?2)
CONTINUE :

WRITE(6,1402)

DN 1331 K3=1,H3

00 1320 J3=1,W3

PH3(J3,K3V1=C3({J3,K3)%{1,+B3(J3,K3))
CONTINUE

WRITF(6,8) (PH3(J3,K3), J3=1,W3)
CONT INUF ' : :
WRITE(6,1403)

DN 1341 K4=1,H4

NO 1340 J&=1,W4
PH4(J4,K4)=Ca(Jb,Ka)*(1,+B4(J4,Ka))
CONT INUE A ,

WRITE(6 48) (PH&4(J4,Ka)y Ja=1,W4)
CONTINUE

WRITE(6,1404)

PN 1351 K5=1,H5

DN 1350 J5=1,W5 . :

1359

1351

1360

PHE{J5,K5) =CS5(J5,KS)*(1.4B5(J5,K5))
CONT INUE o
WRITE(6,48) (PH5(J5,K5), J5=1,W5)
CONTI NUE :
WRITE(6,1405)

DC 1361 K6=1,H6

DO 1367 J6=1,W6
PHE(JB3KOE)=CE(I6,KEVE(1.4BE(JE4,KE))
CCNTI NUE .

WRITE(E,8) (PHA(JI64KE)y J6=1,WE)
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1361
1400
1401
1402
1403
1404
1495

CONTI NUE
FORMAT({ 27H]1
FORMAT (27H1
FORMAT(29H1
FORMAT ({?28H1
FORMAT(28H]
FORMAT(27H1
FND

FLUX
FLUX
FLUX
FLUX
FLUX
FLUX

CN
CN
ON
ON
ON
ON

FACE
FACE
FACE
FACE
FACE
FACE

ONE)
TWO)
THREE)
FOUR)
FIVE)
SIX)



LSt

C

TARGET

MAIN PROGRAM

FLUXES IN CONVERGING HOLLOW CAVITY

COMMON GM1{(10,10,10),GM2(12,10,10),6GM3{10,10,10),GM4(10,10,10),GM5
1(10,10,10),6M6(10,10,10) ,8M1¢10,10,10) ,BM2(10,10,10},B8M3(10,10,10)
1,8M4{(10,10,103),8M5(10,10,10),BM6(10,10,10),S0M(10,10,410),PHML1{10D,
110,10)4PHM2{10,10,10),PHM3(10,10,10),PHM4(10,10,10),PHM5(10,10,10) ~
1,PHM6(10,10,410),CM1(10,10,10),CM2(10,10,10),CM3(10,10,10),CM4(10,
110,10),CM5(10,10,10),CM6(10,10,101,NCM2(10,10,10)

COMMON G1(10,10),62(10,10),63(10,10),64{10,10),G65(10,10),G6(10,10)
1,R1(102,109,82{10,10),R3(12,19),R4(10,10),B5(10Q 'IO)yBé(lOylﬂ),Cl(IO
1,10),2(10,10),C3(10,10),C4(10,10},C5(10,10),CHA{10,10),NCL(10,10),
INC2(10,10',NC3(10,10),NC4(10,10),NC5(10,10),NCA(10,10),5S0(10,10),
1PH1{10,10),PH2{10,10),PH3(10,10),PH4(10,10),PH5(10,10),PH6(10,10)
CIMMON TSOM(10) ,TCM21(10),TCM1(10),TCM2(10),TCM3(10),TCM4(10),

. 1TCMS(10),TCME(10)

COMMON TNC1+9TNC2,TNC3,TNC4,TNL5,TNCO
COMMON FL(lO,lO,IO),FP(10,10,10),KK,Z,HI,HZ,H3gH4yH5yHb,w1,W21N3,

IW4 W5 ,W6
COMMON KlMAX(IO),JIMAX(10),KZMAX(IO)sJZMAX(lO)vKBMAX(IO) J3MAX(10)

"1, KQM&X(10)9J4MAX(10),KS“AX(lQ),JSMAX(lO),KbMAX(IO)ydéﬂAX(lO)

INTEGER HK2,.,HJ2

INTEGER H1 WL H2 gW2 4 H3 3 W33 HE 3 W4 ¢HS g WSy HE 3 W6
REAL KK

REAL NC1,NC2, NC3,N(4’NC5 NC6H4 NCM2

" READ(5,10) MMAX

10

11

FORMAT(115)

DO 80 N=1,NMAX ’
READ(S5,11) (KlMAX(N)vJIMAX(N)1K2WAX(N)qJ?MAX(N}vK3MAX(N) J3MAX(N),

TKAMAX (N) 9 JEMAXIN) KSMAXIN ) » JSMAXAIN) 3 KEMAXIND 3 JEMAXINY)
FORMAT(12715)

WRITE(6,11) (KIMAXIND 3 JIMAXIN) 3K2MAXIN) 3 J2ZMAX (N) sK3MAX(N), J3MAX (N)
1,K4MAX(N),J4MAX(N),K%MAX(N),JSMAX(N),Kéwaxtw),JAMAX(Nal
H1=K1MAX(N)

W1=JLIMAX(N)

H2 =K2 MAX (N)
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13

14

12

15

16

17

18

19
80

W2=J2MAX(N)
H3=K3MAX {N)

C W3=J3MAX(N)

H&=K4 MAX (N)
Wa=J4MAX (N)

CHS=K5MAX{N)

W5=J5 MAX {N)
H6=KHMAXI(N)
W6=J6MAX(N)

DO 12 Kl=1,H1
CREAD(S5,13) (GM1(JL,K1,N)¢BML(JL,KI 4N} ,SOM{JL,K1,N), J1=1,W1)

FORMAT (9F3,.5) ‘

WRITE(64514) (GMLUJ1,K1,N),BMI(J1,K14N},SOMEIL,K14N), Ji=1,41)

EORMAT(1HN,15F8,.,5)

CONTINUE

DO 15 K2=1,H2 '

READ(5413) (GM2(J2,K24N)$BM2{32,K2,N),y J2=1,:42)
WRITE(6,14) (GM2{J2,K24N)yRM2(J2,K2,N)y J2=1,W2)
CONTINUE ' :

DO 16 K3=1,H3

REAND(S5,13) (GM3I{J34K3,N),BM3{J3,K3,N), J3=1,W3)
WRITE(H6,14) (GM3(J3,K34N)yBM3(J3,K3,N}), J3=1,4W3)
CONTINUE

DO 17 Ka=1,H4

WRITE(691%4) (GMa{J4 K& N yRML{J4,KE4N)y Jba=1,4W4)
CONTINUE . :
N 18 K5=" ,H5 ) p :
REAN(S,13) (GMS5(J5,K5,N) yBM5{15,K54N)y J5=1,UW5)
WRITE(6,14) (GMS5{JS5,KS54N)4BMSLI5,K5,N}y J5=1,45)
CONTINUE .

DO 19 Ké6=1,H6

READ(5,13) (GME{JB, K64 N)+BME(I6,KE,4,N)y J6=1,4W5E)
WRITE(64514) (GM6E(JA+KE4N) +BME{IJELKE4N)y JH=1,UWH)
CONTINUE

CONTINUE
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83
85

89
. 90

READ(5,10) MMAX

WRITE (6,81) MMAX

FORMAT(*0',115)

DO B5 M=1,MMAX

READ(5,10) L3

MRITE(6,81) L3

DO 83 L2=1,10

READ(5,13) (FL{L1,L2,L3), L1=1,10)
WRITE(6514) (FL{L1,L2,L3), L1=1,10)
CONTINUE

CONTINUF

DO 89 L3=1,10

DO B9 L2=1,10

REANtS,13) (FP{L1,L2,L3), L1=1,10)
WRITE(6,14) (FP(L1,L2,L3), L1=1,10)
CONTINUF :

DO 500 N=1,NMAX

H1 =K1 MAX (N)

W1=J1MAX(N)

H2=K2MAX {N)

W2=J2MAX(N).

H3=K 3MAX{N)

W3=J3MAX (N)

H4=K4MAX(N)

Wa=J4MAX{N)

" H5=K5MAX (N)

W5=J5MAXIN)

HE=K6 MAX (N)

Wh=J6MAX (N)

TSOM(N)=0.

DD 100 Kl=1,Hl

DO 100 J1=1,W1 .
G1(J1,K1)=GML(J1,K1,N)
RL{JL K1) =AML (JL K1 4N)
SIMJL,K1)=SOM(J1,K1,N)
TSOM(N)=TSOM(N)+SO(J1,K1)
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1C0

110

120

130

140

150

160

CONTINUE
DO 110 K2=1,H2

DO 110 J2=1,W2

G2(J2,K2)=6M2(J2,K24N)
R2(J2,K2)=BM2(J2,K24N})
CONTINUE

PO 120 K3=1,H3

NO 120 J3=1,W3
G3(J3,K2)=GM3(x]39K31N)
B3{J3,K3)=8M3(J3,K3,N)
CONTINUE

N0 139 K4=1,H4

NN 130 J4=1.W4
G4{J4,K4)=GM4(J4 4K4 4N)

CBR4{J4 K4 )=BML4( J4,K44N)

CONTINUE

DO 140 K5=1,4H5

DO 140 J5=1,W5

G5 (J5 K5 ) =6M5{J5,4K5,N)
R5(JS5,4K5)=BM5(J5,K5,N)
CONTINUE

DO 150 K6=1,Hb6

NN 150 J6=1,W6
G6{J6,KEVI=GME(JH K6 4N)
Bo{J6 s KAY=BME(JI6,KAyN)
CONTINUE

CALL HOLCAV
TCMI(N)=TNC1

DO 160 Kl=1,H1

DO 160 J1=1,W1
CM1(J1,K1,N)=C1(J1,K1)
CONTINUE

TCM2(N)=TNC2

DO 170 K2=1,H2

no 170 J2=1,W2
CM2(J2,K2,N)=C2(J2,K2)
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170

180

180

200

210

215

216

NCM2(J2,K2,N)=NC2{J2,K2)
CONTINUE

TCM3{N)=TNC3

DO 180 K3=1,H3

DD 180 J3=1,W3
CM3(J3,K3,N)=C3(43,K3)
CONTINUE

TCM&(N)=TNC4

DO 190 K&=1,H4

DO 190 J4=1,W4
CM4(J41K49N)=C4(J41K4’
CINTINUE

TCM5{N)=TNCS

N 200 K5=1,H5

DD 200 JB=1,4W5

CMS(J54K54N)=C5(J5,K5)
CONTINUE

TCMA(N)=TNCHA

DO 210 Ké6=1,H6

NO 210 J6=1,W6

CME(J6,KAyN)=C6(I6,K6)

COMTINUE

IF(N .EQ. NMAX) GO 7O 500

IF{N +EQ. 1) GO TO 215
HX2=K IMAX(N+1)
HI2=J1MAXIN+1)
LK2=( (H2-HK2)/2)+1
LI2=((HW2-HJ2)/2)+1
MK2=LK2+HK2-1
MJ2=LJ2+HJ2-1

GO TC 216

LK2=3

LJy2=4

MK 2=6

MJ2=7

TCM21(N)=0.0
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DO 220 K2=LK24MK?2
DO 220 J2=LJ2,MJ2
TCM2I(N)=TCM21{(N)+NCM2{J24K2,N)
K1=K2+1-LK2
Ji1=J2+1-LJ2
SIM(J1,K1,N+1)=CM2{(J2,K2,4N)
220 CONTINUE
5C0 CONTINIIE
TTCM=TCM1(1)
D) 510 N=1,NMAX
TICM=TTCM+TCM2(N)+TCM3I(N)+TCML{N)+TCM5(N)+TCM6(N)
510 CONTINUE
NN=NMAX~-1 :
DO 515 N=1,NN
} TTCM=TTCM-TCM21(N)
515 CONTINUE
521 KK=ABS{TSOM{1)/TTCM)
' 7=0.0 .
DO 700 N=1,NMAX
522 FORMAT('0*',1F10.5)
" H1=K1MAX(N). ,
Wi=J1IMAX{IN)
H2 =K2 MAX {N)
W2=J2MAX(N)
H3=K3MAXI(N])

T W3=J3IMAXA{N)
H4=K4MAX{N)
Wa=J4MAX (N)

HS =K5MAX (N)

WS =J5MAX (N)
H6=K6MAX(N)
Wo6=J6MAX {N)

DO 530 K1l=1,H1

DO 530" J1=1,W1
Cl{J1,K1)=CML{J]l,K1,N)
Gl{J1,K1)=GMI(J1,4K1,N)
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530

540

550

560

Bl1(J1,K1)=BM1(J1,K1,N)
CONTINUE
DO 540 K2=1,H2

‘DT 540 J2=1,W2

C20J2,K2)= CM2(J2,K2,4N)
G2(J2,K2)= GM2(J24K2,N)
B2(J2,K2)¥=8BM2(J2,K2,N)
CONTINUE

DO 550 K3=1,H3

NO 550 J3=1,W3
C3(J3,4K3)= CM3(J43,K3,N)
53(J3,K3)=GM3(J3,K3,4N)
B3(J3,K3)1=BM2(J3,K3,N)
CONTINUE

DO 560 K4=1,H4

D3 560 J4=1,.W4
C4a(44,K6)=CM4{J4,K4,N)
G4lJa K4 )=GMAL J4,K4,4N)
R4 (J4 K& )=BM4(J4,K4,N)
CONTINUE :

DO 570 K5=1,4H5

570

580

582

DO 570 J5=1,W5
C5(J5,K5)=CM5(J5,K5,N)
G5(J5,K5)=GM5{J5,K5,N)
B5(J54K51=BM5{J5,K5,N)
CONTINUE

DO 580 Ké6=1,H6

DO 580 J6=14+W6
CH6(J6,K6)=CMA(J64KL4N)
66{J6+KE6E1=GME{I61K64N)
Bo(J6 4 KE)=BME{ J64KH4N)
CONTINUE

CALL NNORM

=17

FIRMAT('C ', 1F10.5)

DO 590 K1=1,H1
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530

6090

610

630

640
700

DO 590 Jl=1,¥W1
GM1(J1,K1,N)=C1{Jl,K1)
PHM1(J1,K14N)=PH1(J1,K1)
CONTINUE

DO 600 K2=1,H2

D3 600 J2=1,W2
GM2{J24K24NY=C21(J2,K2)
DHM2(J24K2,N)=PH2(J2,K2)
CONTINUE :
NO 610 K3=1,H3

DI 610 J3=1,W3
GM2(J3,K3,N)=C3(.J3,K3) ‘
PHM3(J3,K3,NI=PH3(J3,K3)
CONTINUE

. DO 620 K4=1,H4

DD 620 Ja=1,W4
GMA(J4 Kby NY=C4(J4,K4)
PHMG { J4 4 K4 s N)=PHA4 (J4& K4 )
CONTINUE

NO 630 K5=1,HS

DO 630 J5=1,W5
GM5(J5,K5,N}=C5{J5,K5)
PHMS5{ J5 ,K54N)=PH5{J5,K5)
CONTINUE

DO 640 Kb=14Hb6

N0 640 J6=14W6
GME(J6 KB NI=CH( JB4KE)
PHMAL( J6 4 Kh 4 N)=PHE{ Jh K6
CONTINUE '
CONTINUE

IF(Z .LE. 0.0001) GO TN 1000

NN=NMAX~-1

NN 720 N=1,NN

IF(N .EQ. 1) GO T3 705
H2=K2 MAX (N)
W2=J2MAX(N)
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HK2=K1MAX({N+1)
HJ2=J1MAX{N+1)
LK2=( {H2-HK2)/2) +1
LI2={(W2-HI2)/2) +1
MK 2=LK2+HK2 -1
MJ 2=t J2+HJ2-1
‘ 60 TO 706
705 LK?2=3
LJ2=4%
MK 2=6
MJ2=7
706 DD 710 K2=LK2,MK2
DO 710 J2=1LJ2,MJ2
K1=K2+1-LK2
CJ1=J2+1-1J2
BM2(J72,K2,N)=GML{J1,K1L,N+1)/GM2(J2,K2,N)
710 CONTINUE
720 CONTINUE
GO TO. 90 ;
™~ 1000 DT 1500 N=1,NMAX
" HL=K1MAX(N)
Wl =J1MAX (N)
H2=K2MAX(N)
W2=J2MAX (N)
H3=K3MAX (N)
W3=JIMAX(N)
H4=K4 MAX (N)
Wa=J4MAX(N)
H5=K5MAX {N)
WS=JSYAX(N)
H6=KA6MAX (N)
Wo=J6MAX (N}
WRITE({6,1001) N
1001 FORMAT{'1','FLUX ON FACE ONELCACITY *',12)
NO 1010 Kl=1,H1 .
WRITE(6,1011) {PHMI(JL,K1,N),y J1=1,W1)



991

1011 FORMAT{*'0',10F12.5)
1010 CONTINUE
WRITE(6,1012) N
1012 FIRMAT(*1',*'FLUX ON FACE TWO,CAVITY ,12)
N3 1020 K2=1,H2
. WRITE(6,1011) (PHM2(J2,K2,4N), J2=1,4W2)
1020 CONTINUE
' WRITE(A,1021) N .
1021 FORMAT('1','FLUX ON FACE THREE,CAVITY 1',12)
. DD 103C K3=1,H3 :
MHRITE(6,19211) (PHM3(J3,K34N), J3=14W3)
1030 CONTINUE .
WRITE(6,1031) N o
1031 FORMAT(*1','FLUX ON FACE FOUR,L,CAVITY 1,12)
. DD 1040 Ka=1,H4
WRITEA(6,1011) (PHMG{J44yKEyN), J4=14W4)
1040 CONTINUE
WRITE(6,1C41) N
1041 FORMAT(*]1',*FLIX ON FACE FIVE,CAVITY ',12)
N0 1050 K5=1,HS. .
HRITE(H651011) {PHMS(JS5,K54N), JS=1,W5)
1050 CONMNTINUE
WRITE(6,1051) N
1051 FORPMAT('1','FLUX ON FACE SIX,CAVITY ',I2)
‘ DO 1060 K&=1,H6 e
WRITE(6,1011) (PHME{JB,KE4N) s J6E=1,WH)
10A0 CONTINUE :
1520 CONTINUE
END
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209
810
a11

SUBROUTINE NORM

COMMON GM1(10,10,10),GM2(10,10,10) ,GM3(10,10,10) ,5M4(10,10,10),GM5
1(10,10,10),GM6(10,10,10),BM1(10,10,10),8B42(10,10,1C),843(10,10,10)
1,B6M4(10,10,10),BM5(1C,10,10) ,8M6(10,12,101,5S04(10,10,10),PHMI(10,
110,10}, PHM2(10,10,10),PHM3(10,10,10),PHM4(10+,10,10) 4PHM5(10,10,10)
1,PHM6(10,10,10),CM1(1N,10,10},CM2(10,10,10),C43{10,10,10),CM4(10,
110,10),CM5(10,10,10),CM6(10,10,10),NCM2{10,10,10) ’

COMMOM G1(10,101,62(12,10),63410,10),G4(10,17),65(102,410),G6(10,10)
1,31(10,10),R2(10,10),83(1n0,10),R4(10,10),B85(13,10},R6(10,10),C1(10
1,10),C2(10,10),C3(10,10),C4(10,10),C5(10,10),06(10,10),NC1(10,10),
INC2(1041034,NC3(10,10),NC4{10,10),NC5{10,10),NCH(1D,10),50(10,10),
1PH1I(10,10),PH2(10,10),PH3(10,10),°H4{1C,10),PH5(12,10),PH5(10,10)

COMMON TSOM{10).TCM21(10),TCM1(10),TCM2{(10),TCM3(10),TCM4(10D),
1TCMS5(10),TCME(10)

COMMAON TNC1,TNC2,TNC3, TNC4,TNCS,TNC6

COMMON FL(10,10410),FP(10,10,10),KKy3ZyHIyHZ9H3yH4,HSyHOE3H]1 4 W24W3,
TWLy WS WA

COMMON K 1IMAX(10),JIMAX(10),K2MAX(10),J2MAX{10) +K3MAX(10),J3MAX(10)
1y KAMAX(10) 5 JAMAX (10D, KQMAX(IO)yJSMﬁX(lO) K6MAX(10),Jd6MAX(10)

INTEGER HK2,HJ2

INTEGER H1,Wl, H?yW21H3qw37HQ1H49H57WSQH6,W6

REAL KX

REAL NC1yNC2,NC34NC44NC5,NChH,NCM2

D3 811 Ki=1,H1.

D3 810 Jl=1,W1l -

Cl1(J1,K1)=KK%xC1(J1,K1)

PHL(J1,K1)1=CL{J1l,K1)*(1.+B1(J1,K1))

X1=ARS{C1{J1,XK1)-G1(J1,K1)}

TF(X1 oGF. Z) GO TD 909

=7

G TD 810

2=X1
'CONTINUE

CONTINUE

NI R21 K2=1,H2

N3 820 J2=1,42
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919
82¢
821

Q29
830
821

939
840
41

C2(J2,K2)=KK*C2(J2,K2)
PH2(J2,K2)1=C2{J2,K2)%(1.+BR2(J2,K2))
X2=ABS(C2(J32,K2)1-6G2{J2,K2))

IF(X2 .GE. Z) GO TA 919

=7

60 TO 820

I=X2

CONTINUE

CONTINUE

NO 831 K3=1,H3

N 830 J3=1,W3
C3(J3,K3)=KK*C3(J3,K3)
PH3(J3,K3)=C3(J3,K3)*{1,+R3(J3,K3}))
X3=A3S(C2{J3,K3)-G3(J3,K3))

IE(X3 «GEL. 7) GO TO 929

=7

GO 70 830
1=X3
CONTINUE
CONTINUE

- DO 841 K4=1,H4

DD 840 J4=1,HW4

Ca {44 y K& )=KK*C4{ J4,K4)

OH4(J4 4, KLY =C40 U4, K4V R (1, +BR4{J4,KA))
X4=ABS(CalJ4,K4)-G4IJ4,K4E)) ’
IF{X4 .GE. Z) GO TO 939

=7 '

GO TO 840

1=X4

CONTINUE

CONTINUE

N3 851 K5=1,HS

NO 850 JS5=1,W5

C5(J5 4, K5)=KK*C5(J5,K5)
PHS5(JS5,K8)=C5(J5,K5)%[1.+BS{J5,K51}
X5=ABS{C5{J5,K5}1-65{J5,K5))
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949
350
851

959
860

- 861

IF(X5 «GE. Z) GO TN 949
7=7

60 TO 850

I=X5

CONTINUE

CONTINUE .

N0 R6L1 K6=1,H6

NI 860 JA=1,W6
COLI6KE)=KKXCH{ J6,Kb)

PHE (J69KE)=COIJ6,KE)VH(1a+BE{I6,KE))
X6=ABS(CAIIE,KE)=661I6,K6))

IF(X6 .GE. Z) GO TO 959

=17

GO0 1O 860
1=X6
CONTINUE
CONTINUE
RETURN
END



Appendix C

Lead Shutter Shielding Effects

Becausé of the beﬁefits'to be gained in neutron economy -
by eliminating the ITead shutters (Section 3.2), it was de-
cided to determine what.effect the lead shutters had in
shielding the D,0 lattice room ahd the hohlraum. The relative
locations of the regions of interest are shown in figure C.l;
As shown in the figure, there are three movable shields: the
cadmium shutter (Cd), the lead shutter (Pb), and the steel
doors (Fe). There are . eight possible goﬁbinations for the

ghields which are given in Table C.1.

Table C.1

Shield Combinations

Cd Open Cd Closed

Pb open, Fe open Pb open, Fe open
Pb open, Fe closed Pb open, Fe closed
Pb closed, Fe open Pb closed, Fe open

Pb closed, Fe closed Pb closed, Fe closed

Measurements were made of ‘the gamma dose raté, the fast
neutron flux, and the thermal neutron flux in the lattice
room and hohlraum for all eight cbmbinations. The measure-
ments were also made as a function of the reactor power (both

increasing and decreasing).
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' In the lattice room the gammas were measured with a
"Cutie Pie". detector, the fast ﬁeutrons with a BF3 sheathed
in polyethylene, and the slow neutrons with a bare BF3; In
the hohlraum the gammas were measured with a "Victoreen"
detéctor, the fastineutrons with a polyethylene and cadmium
sheathed BF3 for flﬁxes <5X103.n/cm2'séc and a polyéthylene
and cadﬁium sheathed fission chamber for fluxes >5X103, and
the slqw neutrons with a bare BF3 for fluies <1O7n/cm2-sec
and a bare fission chamber for fluxes >107.

The results of the measurements are tabulated in Tables
C.2 through C.S; and plotted in figures C.2 through C.7

With the lead shutter in the open position, the gamma dose
rate in the lattice room appears to follow thé Slow neutron
flux. This means that most of the gammas reaching the lattice
room are capture gammas from the graphite in the thermal
. column and'hohlraum. - It therefore follows that the gémma dose
rate in the lattice room can be conﬁrolled by controlling the
thermal flux in the thermal column by means of the cadmium
shutter. The}steel doof (w;th cadmium on it) also has a large
effect on the lattice foom gamma dose rate, indicating that a
large part of these gammas originate in the graphite of the
hohlraum. |

A large fraction of the gammas reaching the hohlraum come
- directly from'the reactor; therefore, the cadmium shutter alone
is not very effective in reducing the hohlraum gamma dose rate.
However, the steel doors are very effective in shielding the

hohlraum from gamma rays. It appears that the only time the

lead shutter may have to be closed is for work in the thermal
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Table C.2

Dose Rates

in Hohlraum

Cd Shutter Open

Friday July 12, 1968

Slow Neutrons

A Fast'Neutroﬁs

Q
]

O
i

.closed -

opened

- Gammas, R/min

_Power

Power

Power

KW Pb Fe CPM n/cm2~sec CPM ‘n/cm2.sec Decreasing Mon. July 15
B 0 93,424(Fc)  2.90x10° 68 65.5
5000 0 ¢ 4,807(FC)  1.44X10° 0.1 0.1
c 0 38,983(FC)  1.21X10° 25 23
C C 1,019(1?(;) 3.16x1o” 0 ~0.01
| o o 17,312(FC)  5.37X105  32.5 12.7
1000 0 0 891(FC)  2.76X10% 14 ~0.01
c o 6,921(FC)  2.15X10°  0.34-0.5 4,3
C C  188,224(BFy) 6.77x10° 193(FC)  5.48%X105 0 0
o 0 . . 1.72 1.75
100 0 ¢© yi(re)  3.43x10° 149,311(BF,) 2.99x103  0.75 0
C - 0  B800,000(FC)  5.60x10%7 715(FC)  2.20x10%  0.27 0.1
c c 17,594 (BF,) 6.25%10° 32,T0L(BF, 6.54%10° 0.25 0
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Table C.2 (Continued)

Slow Neutrons Fast Neutroné Gammas, R/min =
Power 5 5 Power Power
KW Pb Fe CPM n/cm *sec - CPM n/cm“ - sec Decreasing Mon. July 15
0 0 137,868(Fc) 9.6uX1o” 232,200(BF3) 4.64x1o3 0.12
10 0 C : 8,2&4(BF3) 2.92X105 14,66O(BF3) 2.93X102 . 0.0
c o0 64,734(FC)  4.88x10"  92,880(BF,) 1.86X10 . 0.04
C C 1,808(BF;) 6.M1X104 3,095(BF ) 6.19%x10% 0.25 0
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Table C.3

Dose Rates In Hohlraum

Cd Shutter Closed C = closed
Sat.‘July 13, 1968 - 0 = Opened
: ) Slow Neutrons >Fast'Neutroﬁs - Gammas
Qower v 5 5 Tracer Lab Victoyeen
Kw _ Pb e CPM n/cm-.sec CPM ‘n/cm” rsec mr R/Min
B 0 0 275,000(FC) 1.93x101°%  6,740(FC) 2.09X10° 400 7.6
10000 0 C ' 869(FC) 2.69%10" 8 0
c 0 _ 1,844(FC) 5.72X10" 400 0.3
c 1&8,392(BF3) 5.35%10° 188(FC) 5.83X107 S 0
o 0 32,784 (FC) . 2.29%10° 657(FC) 2.04x10° 50 0.79
100 0 ¢ 7H, 746 (BF) >.83x10% 132,234(BF3) 2.64x103 2 0
c 0 22,822(FC)  1.60X10° 190(FC) 5.89%103. 30 0
¢ C 16,630(BF ) 5.91X10° 29,276 (BF;) 5.86x102 2 0
o ¢ 3,163(FC)  2.22%X10° 1ou;uué(BF3) 2.09%103 5 0.06
10 0 ¢ 7,886(BF, 2.80x1og 13,868(BF,) 2.77 x182 —_ =
c 0 2,123(FC)  1.44X10 30,144 (BF;) 6.03X10 Y 0
c 1,653 (BF,) 5.86%10" 3,871(BF,) 7.74%107% 1 0
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Table C.U

Dose Rates in Lattice Room

Cd Shutter Open

Friday July 12, 1968

Slow Neutrons Fast Neutrons

Closed

a
i

(@)
H

Opened

Gammas, mr/hr

?Ower v 2 P )
KW _ Pb Fe CPM n/cm -sec CPM ‘n/cm_ *sec
| o0 o
5000 O ¢
c o0
c ¢
| o 0 60,000
10000 0 ¢ 16,300 1.25X10° ~ 81,000  9.00X10° 100
c 0 1,960,000 2.18X1o” 30,000
c C » '
O 0 800,000 6.15X10° 575,000 6.39%10° 5,500
100 o ¢ 1,700 1.31%101 8,300 9.22x10% 150
¢ 0 372,000 2.86X105 278,000 - 3.09%X10° 3,000
c 385 2.96 1,648 1.83x10% 100
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Table C.4 (Continued)

Slow Neutrons Fast Neutrons

Gammas, mr/hr .

Power

KW Pb Fe CPM n/cm2~sec CPM n/cmz-sec
o 0 87,000 6.69X10° 63,000 7.00x10° 550
10 0 -¢ 167 1.28 800 8.89 100
c o 41,000 3.15X10° 29,000 3.22X10° 350
¢ c 100

33 2.54x107% 238 2.64
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Table C.5

Dose Rates in Lattice Room

Cd Shutter Closed

Sat. July 13, 1968

Slow Neutrons Fast Neutrons

Q
]

Closed

o
1]

Opened

' Gammas, mr/hr

Power

KW Pb  Fe CPM n/cm®-sec CPM n/em? - sec
- . o (
5000 O  C
c o
B |

| 0 0 - 289,000 C2.20x103 870,000 5.22%103 1,800

1000 0 ¢ 15,500 1.19%10° 74,200 8.24%10° 100

c 0 160,200 1.23%X103 180,000 2.00x103 1,000

c  C 13,343 2.57x10% 15,900 1.77X10° 150

o 0 29,000 2.23X10° 51,600 5.74X10° 300

100 0 ¢C 1,503 1.17%10% 7,700 8.55x10% 100

cC 0 15,839 1.22%10° 18,419 2.05%10° 200

c © 1 100

309 2.38 1,686 1.87X10
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Table C.5 (Continued)

Slow Neutrons Fast Neutrons Gammas, mr/hr
Power 2‘ 5
KW Pb Fe CPM n/cm”.sec - CPM n/cm” -sec
o 0 2,850 2.19x10% 5,296  5.89X10% 100
10 0 ¢ 160 1.23 843 9.36 100
c 0 1,528 1.17x10% 1,911 . 2.22%x10% 100
c ¢ 1 210 2.3k 100

30 2.31X107
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column itself. |

The steel.doors appear to be the most effective shield
against fast neutrons in both the hohlraum and lattice room.
One would expect this for the hohlraum but not for tﬁe lattice
room since the s@eel doors do not lie in the line of sight
from the reactor to'the 1attice room. The apparent effect
1s probably due to the way in which the fast neutrons were
measured. The fast neutron detectors were sheathed in cad-
mium; therefore, they were actually measqring epicadmium
neutrons which include some of the thermal spectrum which can
be reflected into the lattice room by the hohlraum. Thus,
any effect the steel doors havé‘on thermal neqﬁrons above the
cadmium cut-off would be observed as an effect on fast

neutrons. In fact because of the observed large effect

¢ .
(Last, steel closed ~ 5 91), it may be concluded that most of

¢fas§, steel open
"fast" neutrons are really epicadmium thermal neutrons, and

that the real fast flux is very small.
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Appendix.-D

Cryostat Heat Load Calculations

D.1. Thermal Column Flux Measurements

To determine the induced heating.due to thermal neutrons,
fast neutrons, and graphite'capture gammas, 1t is necessary
to know these fluxes in the thermal column. As part of this
work the absolute thermal flux and cadmium ratio were measured
in a horizonﬁal beam port in the thermal column (9CHI) using
cobalt and gold foils. The foils were.COQnted with a Nal
crystal calibrated for absblute counf rates for cobalt (11).

The cadmium ratio is given by

o - (C,-CB)W, [1-T(C_-CB)] eA(TDb_TDC‘) (D.1)
(C -CB)W,_[1-T(C,-CB)] ‘
c b b
where Cy; = bare foil count rate
Cc = ‘Cd covered foil count rate
CB = background count rate

= Cd covered foll weight

W

Wb = bare foil weight
T = counter dead time
A

= foil decay constant
T = bare foil decay'time
TD = Cd covered foil decay time.

The absolute 2200ﬁ/sec flux is given by
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o

A(1-£=) (C_~CB)e
%2200 = ‘ X(TR-TC) XTC
Nowb022ooe[}—T(cb-03)]{1-e '[1-a(1-e )1}
(D.2)
where A = atomic weight
NO = Avogadro's number
05500 = 2200 m/sgc activation cross sectlon
€ = counter efficiency = 0.00859 (11)
TR = total irradiation time = 100 hr, 23 min
TC = time lead shutters closed = 8 hr, 3 min
oo = ratio of flux with lead shutter closed to

"flux with shutter open =

0.52 (12).

The parameters needéd to calculate the cadmium ratio and

95200

are given in Table D.1.

Table D.1

Thermal Column Flux Data

Gold

Cobalt
Cb’ counts/min 334,338 139,347
C,, counts/min 1,779 77,340
CB, counts/min 73.6 110
W, grams 0.020333 A 0.
W,, grams 0.053660 | 0.
T, min (2.15%).65)1077 (1.97+0.
A, hr~1 1.5072X107° 0.
TP, hr 576 329.
TDC,hr 576 ' 69.
A, amu 58.94"
02200,‘bgrns 37.3 /
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The dead times were measured using.the two sourcé mefhod.
The foiis were'Al—Au(,Q72%) wire 30 mils in diameter ahd Al-Co
(0.55%) wire 40 mils in diameter. The cadmium covering was
40 mil. diameter tubing with a 20 mil wall. No correction
has been made for flux depressions in the foils.

By using the data in Table D.1 gives

[CR] Cobalt = 517.76%4.35

[CR] Gold 11144211k,

The higher,value‘for cobalt is due to the fact that the in-
finitely dilute resonance integral for cobalt is only about
75 barns as compared with about 1500 barns for gold.

Using the data for cobalt gives

b00oo = (5.80+0.03)10%n/cm? - sec
_ - 10 2.
and ¢th = /EE ¢2200 = (7.34+0.04)10  “"n/cm” *sec
i .

"where T was measured to be 70°C.
This value of ¢th is on the order of 50% lower than values
listed in Reactor Operations (12). This is consistent with re-

sults Bill Bley (11) has obtained in other parts of the reactor.
D.2. Core Gamma Heating

Consider an infinite planar medium of thick:ness t separated
from the reactor core by a thickness L of graphite. Assume
the core gamma flux to be a plane source with n energy

th

groups. The flux for the i group is
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where Ri

S
o

= SR, , ’ ' (D.3)
(o] . .

fraction of gammas in ith group

‘total source flux.

The total source flux is given by

where

where

and

S
o)

D
E,

2D | (D.1)
ey |
z RiE; (524

measured dose rate at core tank

.th
energy of. 1 group

mass absorption coefficient in ailr for ith group.

group gammé flux reaching the medium is given by
S .

- 1 - O ’
=5 Ky = 57 RyKy —_— (D.5)
[¢e]
9 e—x )
= é = dx . . (D.6)
L X
|3 g .
oi

]

total attenuation coefficient in graphite for

.th
i group.

The energy deposited by the ith group in a thickness

dx of the medium 1s given by

apr,
i

or aP,
i

where

' M_ : '
G, M M -Upoi X :
Bi Hag Ei¢ie dx (D.7)
' M
“Hoi X '
GB.Mu .ME. So RiKie ax (D.8)
i Tail Ti 5= :
2
= build up factor in graphite for ith group
= build up factor in medium for ith group
= energy absorption coefficient in medium for
i?n group
= total attenuation coefficient in medium for
ith group .
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Defining the volumetric heat generation for the ith group

as
' 1 t . _
H, = & [ 4P, : (D.9)
i t o i
M M
S . ~Hns T
. - _O G M ail l-e "0O1
gives Hi = 3 RiKiBi Bi Ei(u M)[ T ] . (D.10)
. o1 .

Substituting equation (D.4) and summing over n gives the

total volumetric heat gﬁneration

U .M
DZRiKiBiGBiMEi( s J[1-e Vol Ly | o
HT = n O uoi (D.ll
, Ha, a *
tﬁRiEi(P—)i

The group parameters needed to evaluate equation (D.11)
are given in Table D.Z2. The'Ri's have been taken from Frank
Berte's thesis (13), and the other parameters from ANL-5800

(14). The values for DEO have been'taken as those given for

H,0. | |
Using the following values:
D = 1.3X108 r/hr (12)
tAL = 1 cm
t. | 30 cm
) DQO
L = 58.42 cm
gives,  H, = 10.91X1073 watt/cm3
H_ = 3.968X1073 watt/cm>
D20 ‘ .

- The core' gamma heating which has to be removed by the
ﬁelium coolant is that generated in the aluminum supply line,
the aluminum return line, the aluminum sphere, the aluminum
goils,'the aluminumbbeam tube, and the D20 moderator. These

heat loads are giVen in Table D.3.-
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Table D.2 _

Group Constants for Core Gamma Heating

o
: uaiDZO uoiD2O aiAL oiAL gméi
Group - E,,Mev R, 5 BiG BiDZO BiAL em™  emt cm em™L g
1 0.25 .5830 .00000 108.00 8f75 1.23 .0311 .12700 ..0754 ‘.3010 0278
2 0.75 .2116 .00016 26.66 3?“u 1.11 ;0323 .08135 .0756 .1907 .029i
3 1.25 . 0905 T00091 10.10 2.16 1.07 .0298 06300 .0699 .1480 .0268
b 1.75 - .0396I .OOélO 6.37 1.78 1.05 .0274 .05340 .0648 .1258 .0247‘
5 2.25  .0230 .00407  4.58 1.58 1.0 .0256 .04690 .0613 .1113 .0231
6 2.75 .0159 .00673 3.76 1.47 1.03 Q.241 .04200 .0585 .1006 .0218.V
7 3.25 ,;0102 .01013 3.21 1.39 1.03 ..0228 .03820 .0564 .0924 0207
8 3.75 .0081 701375 2.83 1.33 1.02 .0218 .63530 ;O5U8 .0866 .0198
9 4, 25 .0057 .01779 2.57 1.28 1.02 .0209‘ .03295 .0535 .0818 .0191.‘
10 y 75 - .0042  .02216 2.38 1.25 1.02 .0202 .03105 .0523 !0780 .0184v.
11 5.25  .0029 .02597 - 2.24 1.23 1.02 .0196 .02945 .0516 .0749 .0i79 :
12 5.75 .0017 .03088 2.09'-1.20 1.02 .0190 .02815 .0510 .0725 .0174 :
13 6.25 .0012 .03485 1.99 1.18 1.01 .0186 .02706 .0506 .0705 .0170
14 6.75 .0006 .03827 1;92 11.17 1.01 .0182 ;02618 ’.0503 .0690 .0162
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Table D.3

Core Gamma Heat Load

Watts
Sup. Ret. - Beam D.0
Line Line Sphere Coils Tube 2
0.786 0.786  5.055  0.878 3.943 58.832

D.3. Graphite Gamma Heating

The model used for calculating‘the induced heating
due to graphite'capture'gammas is shown in figure D.1

The medium in which the heating is to be calculated
is taken as an infinite plane of thickness t;‘.The graphite
in the thermal column is divided into slabs, and the gammas
generated in each slab are assumed to be an infinite plane
. source at the center of the slab.
| Following the proéedure of section D.2 gives the

volumetric heat generati’on,
' M

M 1
M, "a _~"Ho t)
g = BB () (A-e £S.K,B, (D.12)
_ u iviti
o n
2t
where E = gamma ray energy = 5 Mev
BM = build up factor for medium
uaM =  energy absorption coefficient fcr medium
uOM = total attenuation coefficient for medium
B,% = build up factor for 11 51ab of graphite
Sy = gamma source flux for 10 s1ap

n = number of slabs
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. -X

K. =, & ax (D.13)
i X E
Uy by
qu = total attenuation coefficient for graphite
Ly = distance from center of 1% s1ab to medium.

Assuming graphite 1s a 1/v absorber and taking ¢2200 as

$5500 é (5.8X1Q10 n/cmz-sec)cosﬁg cosE% e—y(z—76.20cm) (D.14)
gives ' )
10 2200
_ 8(5.8%X10"")za . YL,
Si = w2y sinhyz e'"1 (D.15)
where
2200 _ ) )
Za = 2200 m/sec absorption cross section for
graphite = 2.728X107u/cm
y = 135 +(M? + (%172 = 0.03335/cm
L a’ b .

L = diffusion length of graphite = 53 cm
a = thérmal column height = 162.1 cm .
b = thermal column width = 161.1 cm
| 15.24 em, 0<z<76.20 cm
A = slab thickness = -
14.60 cm, 76.20 cm<z<134.6 cm.
Substituting equation (D.15) into equation (D.12) gives

w M M
BB (-2p) (1-e7H0 ©)
H .

' 10, . 2200
g = (23.2X1077)z,

[¢]

ﬂ2yt
" Xsinhyl 1x.B, CGeYli (D.16)
. nll

195



The parameters needed to evaluate equation (D.16) have
been taken from ANL-5800(14) and are given in Table D.L,

Using these constants and the following values:

BP20 - 1 23
pfl =101
vug?o = 0.0198/cm
2% = 0.0301/cm
ugL = 0.0518/Cm

Table D.U

Constants for Graphite Gamma Heating

Slab  Li,em Ki BiG
1 68.58 01370 2.53
2  53.34 .03234 2.19

3 ~ 38.10 . ~.08095 1.86
4 22.86 . 2240 1.51
5 7.62 .8379 1.17
6 7.30 .8690 - 1.16
7 21.90 .2403 1.49
8 36.50 .08948 o 1.82
9 51.10 .03681 2.15

ugL = 0.0761/cm
t = 30 cm

D,0 ~
tAL = 1 ecm
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gives,

2.707%10~°% watt/cm>

m<
i

D50

HAL

6 watt/cm3.

8.502X10"

The heat due to graphite gamma heating which must be

rembved by the coolant helium is given in Table D.5.

Table D.5

Graphite Gamma Heat Load

\ Milliwatts
Sup. Ret. Beam D.O
Line Line Sphere Colls Tube 2

0.613 0.613 3.939 0.684  3.073  40.136

D.4. Fast Neutron Heating
The energy deposited in a medium due to the slowing down

- of fast neutrons is given by

H=/ ELZS(E)¢(E)dE (D.17)
where EL = energy lost per collision
'XS(E) = scattering cross section

$(E) = fast neutron flux .
Assuming isotropic scattering,

E = .%A_____E.

L (a+1)?
Assuming
$(E) = ¢,/E

and ' ZS(E) =_COhstantv
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gives

_ 2A - } |
H = S5——56 AE | (D.18)

(A+_1)2
where AE = energy range of fast neutrons.

The activation of a bare irradiated foil is given by

E

o C » o i
(ACt)B = [ ¢odE = [ ¢odE + S ¢odE : (D.19)
o o E '
‘ c
where'Ec = cadmium cut-off energy.

Assuming o is 1/v for E less than Ec’ and ¢ = ¢O/E for

E greater than Ec’ gives

(Bet)pg = 45500%2200 F olw (D.20)
where G500 = 2200 m/sec activation cross section
I, = infinite dilute resonance integral.

The activation of a cadmium covered irradiated foil is
- given by

[+

(Act)Cd = [ ¢odE = ¢O
E

I, = (Act)y/CR (D.21
. |

]

where CR cadmium ratio.

Using equations (D.21), (D.20), and (D.18) gives

H = 2AZg05500%0002E (D.22)
(A+1)°I_(CR-1)
Using,
¢2200 = 5.80X1010‘n/cm2~sec
AE = 10 Mev
CR, = 111
Au . _ ‘
95500 =.98.,8b
A% _ qu90p

(e
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Ap o = 3-595(15)

2 .
Bpp, =27
192° = 0.4519/cm
T = 0.08434/cm
gives _
H. = 6 633X10_6 watt/cmg'
D,0 :
H . = 3.252X10"7 watt/cm>*

AL -
The induced heat.due to fast neutrons which must be re-

moved by the coolant helium is given 1in Table D.6.

Table D.6

Fast Neutron Heat Load

Milliwatts
Sup. Ret. : ‘ Beam D.O
Line Line Sphere Coils = Tube 2

0.023 0.023 0.151 0.026 0.118 - 98.346

The cobalt data’gives values about 60% higher than the gold
vdata; however, the fast neutron heat load is still very small
- compared to the radiant heat transfer and core gamma heat load.

4

D.5. Cryostat Gamma Heating

Thermal neutrons cause heating through the gamma rayé
given off in the (n,Y) reaction. Assuming the medium is a
1/v absorber and taking ¢2200 as givenvin equation (D,15),

results in
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(4.69x1011) 32200 6
S = Sinhyzs (D.23)
. Y , ,
where S = gamma flux
y = 0.03335/cm
Z2200 = 2200 m/sec absorption cross section for the
medium

t = thickness of medium.
If gammas of different energies are given off, the flux

for the itb group is

(u.64x10t )z 22003. .
b, = — a 13inh 3 (D.24)
Ty |

where Ri = fraction of gammas given off in,ith group.

The volumetric heat generation is given by .

(4.64x10M1)z2200 . ;
H = N SlnhYZZRlualEl (D.25)K5
Y i M
where n = number of energy groups vé?
E; = energy of 1 th group '
W,q = energy absorption coefficient in medium for
.th

i group.
In D20 one 6 Mev gamma is given off for every thermal

neutron absorbed. Using,

22200
a

t = 30 em

= 3.323X10"2/cm |
ua = ,0188/cm

gives

Hy o = 2.665%1077 watt/cm’
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The gammas given off by aluminum have been'separated
into 9 energy groups. The group constants, taken from ANL-

5800 (14), are given in Table D.7.

Table D.T7

Group Constants for Aluminum Gamma Heating

| E, > o Moy
Group Mev i cm—1
1 0.5 .67428 L0772
2 1.5 55714 .0670
3 2.5 .19714 .0599
y 3.5 L1771 L0556
5 4.5 L1771 .0529
6 5.5 .05428 © ,0513
7 6.5 .05428 .0505
8 7.5 .05428 L0497
9 8.5 .05428 L0493

The fact that thevRi‘s-add up to two is due to the fact
that about 2 gamma rays are given off for every thermal

neutron absorbed.

Using,
2290 = 0.01416/cm
t ='l cm
gives,  H, = 1.384%107° watt/cm> .
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The heat load due to cryostat gammas which must be re-

moved by the coolant helium is given in Table D.8.

Table D.8

- Cryostat Gamma Heat Load

Milliwatts .
Sup. Ret. ' Beam D.o
Line Line Sphere Coils Tube 2

0.998 0.998 6.413 1.113 5.002 3.951
D.6. Radiant Heat Transfer

The radiant heat transfer from surface 1 .to surface 2 is

given by

_ = b it : '
Q = Al 12o(Tl --T2 ) . (D.26)
where A1 = area of surface 1
o = Stefan-Boltzman constant
Tl = absolute temperature of surface 1
T, = absolute temperature of surface 2
FlZ = effective view factor from surface 1 to surface
’ 2, and is given by
—_ . 1 .
F1o = 1= A 1-e - - (D27
1 " 1 + 1 2
e v, &) e
1 12 2 2
where e, = emissivity of surface 1

e, = emissivity of surface 2
B = gepmetric view factor from surface 1 to surface 2

A, = area of surface 2.
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.The radiant heat which must be removed by the coolant
helium 1is that transferred from the vacuum jacket to the hélium
éupply line, the helium return line, the moderator sphere,
and the beam tﬁbe. These heat loads are given in Table D.9.

The temperapufe of the vacuum jacket has been taken as
343°K and the emissivity aé 0.085. The temperature of the
supply line has been taken to be the same as the‘helium iniet
temperature; The temperature rise of the helium has been
estimated to be about'6°K; therefore, the temperature of the
return line has been taken as 26°K. The surface temperature
of the Sphere has been calculated to be about 26°K (section
5.2). The temperature of the beam tube has been taken as its
" average temperature (section D.8). The emissivities have been

taken from reference 16.

Table D.9

Radiant Heat Load

Surface . T,°K e Q, watts
Sup. Line 20 0.048 5.070
Ret. Line 26 0.048 5.070
Sphere 26 0.048 9.869

Beam Tube 48 0.053  1h4.552

If the aluminum surfaces become oxidized, their emissivi-
~ties may rise to a value of about 0.2. In this case the ra-
diant heat transfer will increase by about a factor of 4

resultlng in a total heat load of 215 ‘watts and a hellum
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temperature rise of about 12°K.
D.7. Free Molecular Conduction
Free molecular conduction is the transpbrt of heat from

the warm vacuum jacket to the cold surfaces by the molecules

remaining in the vacuum. The rate of heat transfer is given

by [17],
Q= GA,P(T-T,) . (D.28)
where A2 = area of cold surface
P = ébsolute_pressure
T, = temperature of warm surface
T2 = temperature of coid surface
and
G = %Ei—ﬁ—ﬁ]’l/zti—é + %(é—i'_m‘l (D.29)
where Y =>specific heat ratio
R = ﬁniversal gas constant
M = gas‘molecular weight
a, = accomodation coefficient for cold surface
a = accomodation coefficient for wérm surface

Al = area of warm surface.
For air, vy = 1.4

M = 29

a; = 0.85

8.2 = 1¢OO >
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Using these values the heat load due to free molecular con-
duction has been calculated. The results are given in Tabie-

D.10.

. Table D.10

Ffee Molecular Conduction Heat Load

Surface T, °K Q, Milliwatts

.Sup. Line 20 10.844
Ret. Line 26 - 10.743
Sphere 26 21.595
Beam Tube 48 . 27.274

It is expected that the pressure in the vacuum will be
less than or equal to 10—“ mr of mercury; therefore, the value
has been used in the célculation. The temperature of the
Vvacuum jacket has been taken as 343°K. At a pressure of about
SXZLO_2 Torr the free molecular'conduction becomes equal to the

radiant heat transfer.
D.8. Thermal Conduction

Since the helium supply and return lines and the beam
tube are in thermal concact with the shield block there will
be some heat conducted into the cryostat. To reduce this’
heat load the helium lines and beam tube have been insulated
from the shield block by stéinless steel tubes approximately

17 inches long.
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Neglecting the small amount of heat generated in the beam
tube, the temperature of the aluminum section (figure 5.3)

is given by

| (1-5-) :
T = Tl + (TO—Tl) T (D.30)
S (& _
LL (7= -1)+1]
T s
where Tl = temperature at surface of sphere = 26°K
T, = temperature of shield block = 343°K

X = distance measured from botton of shield block

Lf = total 1ength of beam tube = 65 in
| LT = length of stainless steel = 17.5 in
ka = conductivity of aluminum = 128 Btu/hr‘*ft-°F ’
k, = conductivity of stainiess steel = 10 Btu/hr-ft-°F

and the heat conducted into the sphere is given by

(TO—Tl)kaﬂDt

R (D.31)
T s
where D = diameter'of beam fube =.3 inches
t = thickness of beam tube = 0.065 inches,

Usihg the values listed gives
| Q = 4.038 watts.
and an average temperature for the beam tube of 48ex,
| Again neglecting heat.generation, the heat conducted into

the helium lines is-giv=n by
(To—Tl)ksﬂDt

Q= Lo o (D.32)
where T1 = temperature of the line '

D = diameter of stainless:steel tube = 2% in

.t = thickness of stéinless‘éteel tube = 0.02 in.
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For the supply line, T1 = 20°K and .

Q = 1.2U47 watts.

For the return line, t, = 26°K and

1
Q = 1.222 watts.

A summary of the heat loads is given in Table 5.1.
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Appendix E

Helium Pressure Drop Calculations:

E.1 Supply and Return Lines

The pressure drop through the helium supply and return

lines is given by

°2
gp  £32m .
9t = > BDB : (E.1)
L m™ gcp : ; .

where = tube diameter

Fanning friction factor

g0 = O o
]

]

mass flow rate.
Since the flow rate is 55.09 lbm/hr, the Reynolds number

is greater than 2X10Ll and the friction factor is given by [1]

po= Q086 _ o qup(TRY)0.2 (E.2)
0.2 ,
R 4m
e -
where M= yiscosity.
Substituting into equation (E.1l) gives
ap mi1.8
- dP _ myl.c6,u,0.2 1 ‘
ar = LT TR (E.3)
og, D |
) c’
Using m = 55.09 1lbm/hr
u = 0.00813 1bm/hr-ft
= 0.1952 1bm/ft3
= 0.93in.
glves %%~ = 1.1257x10~" psi/in.
/
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The supply and return lines are each 130 inches long;
therefore the pressure drop for each one is

AP = 0.01463 psi.
E.2. Cooling Coils

The cooling coil consists of four %" diameter aluminum
coils operated in parallel. Each coil has an entrance, an
exit, and four 90 degree turns. The pressure drop for each

coil is given by

_ ,dp ' o
AP = (EE)L + AP ot AP ¥ UIAPg'O ‘ : (E.b)
dap '
where gL, = Ppressure drop along the length of the coil

L = length of coil
Pent.= entrance pressure drop

Pext = exit pressure drop

P90 = 90 degree turn pressure drop.

The pressure drop along the length of the coil is given
by equation (E.3). The entrance pressure drop is given by

(1),

02 D .
_ 8m < c 4
g,m pD, s A
where DC = diameter of coil tube
Dh = diameter of supply and return lines.

The exit pressure drop is given by (1)

°2 ' D
_ 8m° “cyhe . (E.6)
BPoyy = — a1 L85 0.121 .
BT PD, ‘
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The 90 dégree turn pressure drop is given by (1)
AP = - o /

where

L

(5)90 = 31 .

Substltutlng eouatlons (E. 3) (E.5), (E.6), and (E.T)

1nto equation (E. 4) gives

0'2 .
Ap = Om {0.288) (mu y0.2 14 qoup ) + 1.287, (E.8)
2 4 0.8 c
™ gchC Dc Um
Using
o 1
m = E(55'09 1lbm/hr)
p = 0.1952 1bm/ft>
D, = 0.2725’1@
u = 0.00813 1lbm/hr.ft
L = 60 in
gives
AP = 0.37848 psi .,
y
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