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ABSTRACT

With the major step of getting the computer
capability completed it was found that the production

■ ■ 1 , . 213 kg of U-233 from Th-232 in a PWR is an appreciable
amount of fuel, but not enough to start a light wafer
breeder project. The conversion of Th-232 to U-233 is
still a viable method to produce nuclear fuel for the
future.
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CHAPTER 1

INTRODUCTION

The primary objective for the design of a nuclear 
reactor core is to find that set of system parameters which 
will yield safe, reliable, and economical reactor operation 
at the rated power level over the desired core lifetime.
The principal tools in this task consist of a. number of 
models of neutron behavior in the reactor that are comple
mented by a multiplicity of computer codes used to simulate 
the nuclear behavior of the reactor core.

The nuclear analysis of a given core configuration 
must be performed many times during the core design. Rather 
crude models are used initially to identify the major 
constraints that will be placed on the design. Usually in 
these preliminary design studies one draws heavily on past 
experience. Such studies are used to identify the range 
through Which system parameters can be varied while still 
conforming to the constraints placed on core performance.
As more information is accumulated the design advances into 
increasingly detailed studies in an effort to narrow in on . 
a reference design with which one can perform trade off 
studies in order to determine the best choice of system 
parameters to achieve the optimum core performance



constraints. During these later stages of the design 
process the analytical models used to predict core behavior 
become more detailed and much more expensive to apply.

The principal design concerns in the analysis of a 
reactor core can be grouped into three general areas.

1.1. Core Critical!ty and Power Distribution 
The calculation of core multiplication and flux or 

power distribution is the most common type of analysis 
performed in nuclear core studies. The core analysis is 
dependent on the power distribution since it is of central 
importance to both the corresponding thermal analysis and 
the fuel depletion studies of the core. The calculation of 
core power distributions: will depend on parameters such as 
core enrichment, moderator to fuel ratio, core geometry, the 
location and types of reactivity control, and fuel element 
design. The core power density will also depend on both 
space and time because of fuel burnup and isotope production 
over core life.

1.2. Reactivity and Control Analysis 
Analysis must be performed to determine the amount 

Of negative reactivity or control required to compensate 
for the excess reactivity contained in the fuel loading as 
well as to allow for flexible and safe reactor operation.
The reactivity must be allocated among several different 
control mechanisms including movable control rods, soluble



neutron poisons, in the. coolant, and neutron poisons that 
burn out over the core life. It is important to study the 
interaction of such control elements with the nuclear 
behavior of the core. •

One must also study the inherent reactivity changes 
by calculating the various reactivity feedback coefficients 
that determine the short time kinetic behavior of the core. 
Of particular concern are the reactivity coefficients 
characterizing coolant or moderator density and temperature 
changes, and the temperature coefficient of reactivity for 
the fuel primarily determined by the Doppler effect.

1 . 3 .  Depletion Analysis 
During reactor operation the fuel composition will 

change as fissile isotopes are consumed and fission products 
are produced. The nuclear designer must monitor these 
processes over the core life in an effort to ascertain fuel 
composition and reactivity as a function of energy removal. 
This requires studying the depletion and production chains 
for the principal isotopes (U -2 3 5 ,  U - 2 3 8, or U -233  , Thr-232) 

coupled with the equations determining the neutron flux in 
the core. The calculation of the core multiplication and 
power distribution must be made many times over the 
operating lifetime of the core as the core composition 
changes. Depletion analysis is perhaps the most time 
consuming and expensive aspect of reactor analysis and



perhaps the most important since it will indicate the 
economic performance of the reactor. Depletion analysis is 
closely related to the topic of fuel management in which 
one tries to optimize the fuel loading, arrangement, and 
reloading in order to achieve the most economical power 
generation within the design and safety margins placed on 
reactor operation.

This third area is the major concern of this thesis. 
A survey will he done to determine the isotopic contents of 
a Pressurized Water Reactor, PWR, with thorium oxide added . 
to 20% enriched fuel pins. The thorium will he converted to 
U-233 which can be used as a fuel. It is hoped that enough 
U-233 can he produced to make the PWR an economical light 
water breeder.



CHAPTER 2

THE COMPUTER CODES

2.1. .Background 
The computational work in this report was done 

primarily by the computer codes PREP (Merrill, 1971a),
JASON (Thompson, 1967), and ALTHAEA (Merrill, 1971b).
These computer codes were obtained from Battelle Northwest 
Laboratories by The University of Arizona in November of 
1978. They were obtained to do work similar to the work 
contained in this thesis but funding was not available to 
work on these computer codes at the time. These particular 
computer codes were chosen for their easy availability, 
their method of calculation, and they were available on a 
non-IBM machine system. The last requirement was due to the 
immense difficulties that were encountered, with large 
computer codes from IBM systems, in converting to Control 
Data Corporation systems.

When funding became available it was found that the 
computer codes were sent in the RANDOM computer mode in the 
UPDATE format. This made them quite difficult to compile in 
a form which could be run on the available CDC CYBER 175. 
This was solved by one of the computer consultants, Dick 
Jay.

5
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After compilation, more problems arose in that the 

most recent version of the computer codes had been sent, but 
the manual had not been updated for several years and the 
input parameters: and formats had been modified with addi
tions and deletions, thus no sample problem was available.
A list of input parameters and input formats was obtained 
and over a period of time the variables were defined and 
the input was prepared.

2.2. PREP
PREP is a program to prepare the ALTHAEA library 

tape in binary. The number of isotopes to be used in 
ALTHAEA and the library constants are input with the 
reactor temperature. PREP then writes the cross sections 
of the named isotopes on a computer tape for input into 
ALTHAEA. A number of comments may also be added in order 
to document the library.

2.3. JASON
The computer code JASON is designed to compute : 

lattice parameters at a speed which is feasible to survey 
type computing without sacrifice in analytical techniques. 
JASON also has the capability of communicating directly with 
ALTHAEA, thus JASON calculates the lattice physics 
parameters for a unit lattice cell of specified geometry 
and composition and translates these parameters into the 
input data necessary for communicating with ALTHAEA. The
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two computer codes are linked by either magnetic tape or 
computer disk storage.

Detailed information on the physics calculations 
would be too lengthy for this thesis but can he found in 
HW-63411 (Richey, 1960). Basically the computer program 
calculates the thermal neutron flux fine structure with a 
P3 approximation to the Boltzmann transport equation. The
solution to the transport equation is for concentric 
cylidrical geometry. When cluster fuel elements are used 
they are transformed internally to an equivalent fuel 
assembly of cylindrical geometry.

The JASON computer code calculates the total 
surface area of the fuel and the outside surface of the 
fuel cylinder in square feet per axial foot of unit lattice 
cell. The moderator volume, fuel volume, and cell volume 
are calculated in cubic feet per axial foot of cell. The 
weight of the fuel and the volume and weight of the
moderator are given in pounds per axial foot of cell. The
ALTHAEA parameters that are calculated by JASON are listed
and defined in Appendix B for further reference.

2,4. ALTHAEA 
The workhorse code in the group is ALTHAEA, The 

burnup and depletion part of the reactor design were handled 
by this computer code, ALTHAEA accounts for all forms of 
nuclear destruction as well as for self-shielding and



cross-shielding of all the isotope.cross sections included 
in the calculations. ALTHAEA, uses a four energy group 
structure primarily because one can visualize a fast, a 
slowing down, an epithermal-resonance, and a thermal flux 
breakdown. Thus, one can reasonably estimate the adjustment 
required to fit the burnup data.

The Boltzmann equation is one of the fundamental 
relationships that describe a critically operating reactor. 
In the ALTHAEA burnup code it is assumed that the diffusion 
approximation will apply to a macroscopic description of the 
reactor core. The time dependence of the diffusion equation 
is approximated by assuming that the transient or short-term 
effects can be accounted for by means of their equilibrium 
concentrations and cross sections, depending on the specific 
power in each homogenized region of the core. The solution 
of the fluxes is then used to set the power level and to 
establish the spectral index by means of the relationship 
of the epithermal-to-thermal fluxes. The flux and spectral 
index are assumed to remain constant in each region for a 
finite period for the burnup calculation. The burnup 
calculation is carried out sequentially for each region of 
the core for the specified period, after which the diffusion 
calculation is repeated with the new concentrations, and in 
turn a burnup step is calculated, etc. During the burnup 
the epithermal flux is corrected to three groups- with self- 
shielding and shadow^shielding to obtain the proper



reaction rates in plutonium isotopes with, large low-lying, 
resonances and to properly account for the fast effect.

As will be shown the appropriate flux and cross 
section data may be obtained to describe the transmutation 
rates due to neutron flux. Transmutation rates due to 
alpha, beta, electron capture, or other neutron independent 
events are also included in the data to be processed. The 
total rate of change of the concentration of any isotope may 
be obtained as the sum over all isotopes of the transmuta
tion rates to isotope "i”' minus the destruction rate of 
isotope " i." The burnup equation which is solved is then

dY. .
a i r  = ^

where dY.̂  = time rate of change of the concentration of
the ith isotope

yV  = the concentration of the jth isotope in nuclei
per barn-centimeter where the value of j
ranges over all the fuel isotopes

X (j->i) = the probability that isotope j will decay to
form isotope i (per unit time)

d>\. = the Westcott flux (see Appendix A) w
a (j->-i) = the Westcott form of the probability of

forming the ith isotope from the jth isotope 
by a neutron event per unit of flux time 

Y^ = concentration of the ith isotope



10
x a(i^i) = the probability that isotope i will be

destroyed by decay , 
o (i+i) = the probability that isotope i will be 

destroyed by a neutron event.

The ALTHAEA code then uses the matrix form to 
simplify representations of transmutations, thus the above 
equation may be written as follows:

d
dt Yi

YListl

V11 V V1 List

Y. . ... V. .il i j Vi List

. . V. ...V, .

-1 rY ' 11

Y.

Y_ List

-2

V..0 ... 0
o11 .

V. . Y.11 1

0
o -

• * * * VList List yList

where

List = Nil

The decay constants and cross sections are stored in 
square arrays with the a (j,i) representing the transmutation
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cross section of isotope j to form isotope i. The diagonal 
of this array is a convenient place to store the total 
absorption cross section of isotope i. The rate of produc
tion of an isotope is found by summing the reactions 
across a row and subtracting the contribution due to the 
diagonal. The rate of change of the concentration of the 
isotope is then obtained as the rate of production minus the 
rate of destruction. Thus the rate is the sum of the row 
minus twice the diagonal.

In order to calculate the proper flux traverses and 
reaction rates corrections must be applied to the dilute 
cross section. The dilute cross section is defined as the 
cross section of a single isolated atom exposed to the 
idealized Maxwellian and 1/E slowing-down neutron fluxes.
The desired flux is the cell averaged flux but the reaction 
rate is reduced by the disadvantage factor or the flux 
depression factor. When a burnup calculation is made, it 
is not sufficient to obtain only the initial thermal flux 
depression factor, but is is also necessary to obtain a fit 
of the thermal flux depression factor as a function of the 
fuel blackness since the blackness changes as the fuel 
concentration changes, and the composition is continually 
changing during the burnup cycle. The following equation 
is used to reproduce the flux depression factor originally 
computed by transport theory as a function of cell black
ness :



-FEXP Za(t>c/<P.£ = FCONST Z.a + e

where <j> . = the averaged cell flux
= the averaged fuel flux

Z a  =  the total thermal absorption cross section of
the fuel

and FCONST and FEXP are constants derived by experimental 
data or computed by the JASON code.

resonances of the fuel isotopes cause depressions in the 
flux, with spatial and energy dependence. The departure of

where I  =  resonance integral
Y = concentration of the isotope 
Z = effective height of the resonance 

SCA = FORTRAN acronym for the resonance shielding 
index calculated by

The epithermal group is the range in which

the flux from the assumed profile affects the absorption of 
a single isotope. A self-shielding formulation applied to 
the epithermal absorbers for single resonance is

Ieffective

1 -1
SCA = Z fuel + [q— '+ -py- —------

s s moderator (Vo 1, mod ./Vol. fue 1)]
■]

where 4V/S = effective fuel element diameter.
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To improve estimates of reactivity and'burrrap 

reaction rates it is necessary to make corrections for 
variations of epithermal flux per unit1 lethargy. The fast 
flux, from .2 MeV to 6 MeV, is usually more than double the 
average slowing down flux from the assumed constant flux, 
while the flux just above thermal energy is usually reduced 
by an amount comparable to the resonance escape probability. 
The code therefore acqepts the resonance integral data in 
three parts and forms a corrected sum for use in the burnup 
routine. The group limits are not built into the code, so 
the' selection must be made by the user as he prepares the 
cross section tape. Battelle Northwest Laboratories 
selected limits at 3.681 kT, 0.68256 eV, 0.2 MeV, and 6 MeV.

Correction of lower, (u kT to 0,68 eV) resonance 
integral is based on the fraction of the neutrons absorbed ' 
at higher energy and input parameters as follows:

SSUM = SUMR + SUMA' * p - SIGSUM * b

SUM = (SIGSUM + SNF + r * SSUM)/ RAYK2

P = 1,0 - SUMR * r/SUM .

where SUMR = the sum of the effective resonance integrals
above the group limit 

SUMA1 = the sum of the effective resonance integrals 
in the lower group 

p — the desired correction factor
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SIGSUM = the effective thermal group macroscopic 

absorption constant 
, b = flux shape factor (1.176246)

SNF = the non-fuel macroscopic cross section 
r = a spectral index 

RAYK2 = an input parameter, approximately .6 for 
most reactor designs.

ALTHAEA has no direct method for calculation of 
■reaction rates due to the fast flux. To. obtain the proper 
reaction rates, the resonance integrals for the fast energy 
group must be corrected by a factor obtained by experimental 
measurements or by calculation in a cell code, such as 
JASON.

Correction of the fast group contribution is based 
on the input fast effect for one isotope, usually U-238.
The correction factor required to produce the proper 
reaction rates for this isotope is applied to the resonance 
integrals for fission, absorption, and n-2n reactions for 
all isotopes.



CHAPTER 3

METHOD OF CALCULATION

The first step taken was to choose the reactor core 
parameters for the reference design reactor. A known 
reactor was chosen in order that structural and thermal- 
hydraulic calculations could be eliminated. The System-80 
Steam Supply System by Combustion Engineering was chosen 
on the basis of the amount of information available on it. 
This included the Preliminary Safety Analysis Report 
(SYSTEM-8 0 PSAR) (Combustion Engineering, 1975] on the 
System-80. A summary of the core parameters can be seen 
in Table 3.1.

Once the work had been done on the computer codes 
and they had been brought to a working status on the CYBER 
175, the Battelle benchmark problem was tested and the input 
for the programs was prepared. The maximum number of 
isotope cross sections on the Battelle cross section tape, 
twenty-six, were input into PREP. There was no significant 
difference in the computer run time for the maximum number 
of isotopes and a fewer number on the CDC CYBER 175, thus a 
little more detail could be carried through the calcula
tions . These twenty-six isotopes consisted of nineteen 
heavy fuel isotopes (group 1), four fission product isotopes.

15
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Table 3.1. Summary of Reactor Characteristics

Core Power, Mwt 3800
Nominal Electrical Output, Mwe 1300
Fuel Assemblies 241
Fuel Rods Per Assembly 236
Control Rod Channels Per Assembly 4
Instrumentation Channels Per Assembly 1
Active Fuel Length (in) 150
Specific Power (w/cm^) 94.9
Average Linear Heat•Rate (kw/ft) . 5.34
Operating Parameters:

Primary System Pressure, psia 2250
Reactor Coolant Average Temperature (°F) 592
Nominal Fuel Temperature (°F) 1500

Fuel Assemblies (Dimensions at 68°F):
Fuel Rod Array 16x16
Assembly Pitch (in) 8.18
Fuel Cell Pitch (in) 0.5063
Fuel Pellet Diameter (in) 0.325
Zr Clad Thickness (in) 0.025
Gap Thickness (in) 0.00350
Water Channel Between Assemblies

(half width) (in) 0.0394
CEA/Instrumentation Channel Zr Guide Tube:

ID/OD (in) 0.901/0.972
Coolant to Fuel Pellet Volume Ratio

Fuel Cell Ratio 1.714
Assembly Ratio 2.041

Fuel Loadings:
Full U02 Core (TeM) 102.78
Full Th02 Core (TeM) 93.50
Fuel Stack Density (gm/cm )

U02 Fuel 10.054
Th02 Fuel 9.173
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with moderate cross sections as calculated by ALTHAEA 
('group 2) , and three fission product isotopes with high, 
cross sections (group 3) (see Table 3.2), Thus the data 
library was formed for input to JASON and ALTHAEA.

Table 3.2. Isotopes Used in Calculations

Group 1 Group 2 Group 3
U-233 Pu-242 Poison Xe-135
U-235 Np-237 FPAa . Sm—149

Pu-239 Am—2 41 FPBa Sm-151
Pu-241 Am-242 FPC3
Th-232 Am-243
U-238 Cm—242 -

Pu-240 Cm-243
U-234 Cm-244
Pa-233 Pu—238
U-236

^FORTRAN acronym for fission product concentrations 
of moderate cross sections as calculated by ALTHAEA.

For the lattice cell code JASON the three enrichment 
zones of the reactor were divided into five subregions each, 
eight subregions for the moderator, and one for the 
containment vessel. This was to give a more uniform and
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smoother flux shape, giving a more accurate burnup through
out the reactor and reducing the effect of the boundaries 
between the enrichment regions, A typical fuel pin and
assembly (see Figures 3,1 to 3,4) were then chosen for each

/ ' - subregion with a mock fuel pin for the moderator and
pressure vessel subregions. The density of each cell was
then calculated for each subregion. The density and the
weight per cent of.each isotope and the physical dimensions
were input into the cell code JASON, . Thus the flux shape
and physics parameters were calculated for input into the

. burnup code ALTHAEA.
For ALTHAEA the temperature parameters, the number

of nodal points, and mesh spacing had to be specified along
with the reactivity search parameters and the time step
increment with a maximum time limit on the calculation.
The infinite reactivity search point was chosen as
1,00 + 0,001 with a time period of twenty days and a
maximum time of calculatiofmof one year, •

With all the input ready, physics and burnup
calculations were made for the lifetime of the reactor
with three batches each year, The fuel was shuffled each
year so that an individual batch was in the reactor for
three years. Input charge data and reload data were
obtained from Hanford Engineering Development Laboratory
(1977), The individual coolant channels, control rod
assemblies, and instrumented fuel pins, in the fuel
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Cuuuû dTjlM], 
1.500 DIA. 

TOP VIEW

11SPACES AT 14 -19/64- 157 -17/64

03C:G:ooocG:3:c: WV VS'Vv'TV

150"ACTIVEFUELLENGTH

2-9/16
0C0033Q0Q3D2Q233I

irrm

8.110 _
SQ' T 2.025

BOnOM VIEW

3.812

JL
0.891A1

SLOWER END FITTING
Figure 3.3. Fuel Rod Assembly



22

REACTOR
VESSEL 
182.25" IDCORE

EQUIVALENT 
DIAMETER, 
143" /

CORE
SHROUD

CORE SUPPORT 
BARREL 
157" ID
162.25" OD

Figure 3.4. Reactor Core



23
assemblies, were only considered in the calculation of the 
density of the subregions and not on an individual basis.



CHAPTER 4 

RESULTS

PREP produces a binary cross section library for 
JASON and ALTHAEA with resonance parameters for fission and 
absorption for various neutron temperatures. This library, 
read into JASON, yielded the physics parameters and flux 
shape needed for ALTHAEA. It was found that the infinite 
multiplication factor for the. standard PWR core initially 
was 1.12 6 and for the high enriched thorium' PWR it was 1.142 
(Figures 4.1 and 4,2). Both are super critical as would be 
expected. . JASON also gave the constants in the flux 
depression equation as well as the cross section for 
scattering, removal, absorption, transport, and fission 
for each subregion and transferred these to ALTHAEA.

It was important to discover if the thorium reactor 
is of a feasible design to be worthy of more detailed 
studies. The major isotope results are shown in Tables 4.1 
and 4.2. The production of fissile isotopes varies greatly 
in the two cases and is very important in the consideration 
of thorium in a PWR. In the standard low-enriched case 
the only fissile production is the plutonium isotopes. In 
the thorium high-enriched PWR case the production of U-233 
is extremely important as a source of fuel. It was hoped

24
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Table 4.1. Fuel Inventory Data— Standard PWR

Generation
la 2 3 4b

Fuel charge data (kg) :
U-233 0 0 0 0
U-235 1951 1547 • 1563 156 8
U-236 0 88 88 76
U-238 87099 88973 84720 84778
Pu-239 0 264 261 260
Pu-240 0 24 26 20
Pu-241 0 10 14 8
Pa-233 0 0 0 0
Th-232 0 0 0 0
Fuel discharge data (kg):
U-233 0 0 0 . 0
U-235 244 285 , 267 240
U-236 30 66 77 62
U-238 28016 27841 27875 28002
Pu-239 112 190 213 186
Pu-240. 11 25 32 26
Pu-241 4 1.6 22 14
Pa-233 0 0 0 0
Th-232 0 0 0 0

aInitial core, no reload batches.
^Average of equilibrium cycles.
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Table 4.2. Fuel Inventory Data-— Thorium PWR

Generation
la 2 3 4b

Fuel charge data (kg):
U-233 0 210 262 261
U-235 3359 3098 3372 3221

- U-236 0. 140 196 186
U-238 13434 14749 16779 16049

Pu—239 Q 110 146 130
Pu-240 Q 12 16 14
Pu-241 0 7 15 13
Pa-233 0 35 52 50
Th-232 66025 64974 62645 63620
Fuel discharge data (kg):
U-233 123 190 218 213
U-235 817 631 661 669
U-236 73 . 115 167 165
U-238 4492 4529 5602 5518

Pu-239 55 76 105 98
Pu-240 6 11 17 15
Pu-241 5 14 16 20
Pa-233 20 38 55 54
Th-232 22211 22256 21054 21160

^Initial core, no reload batches, 
bAverage of equilibrium cycles.
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that enough Û -233 could he produced to fuel a standard PWR
with almost entirely U~233 and a small amount of Û -235
make-up fuel. This.was not the case. The Hanford 
Engineering and Development Laboratory (1977) report showed 
that approximately 1440 kg of U-235 as needed in the
reload batch. During equilibrium only 213 kg of U-233 are
removed from each batch after three years of burnup. Thus 
not enough U-233 is produced to refuel a reactor but, if 
the U-233 and U-235 are both reprocessed, assuming a 5.0% 
loss in the reprocessing process, then there is enough 
uranium to make up 58.0% of a reload batch. It then might 
be economically possible to make an economical converter out 
of the thorium PWR and convert Th-2 32 to U-233 for make-up 
fuel in a standard PWR.

The per cent of fissions by the individual isotopes 
are listed in Tables 4.3 through 4.8 for the equilibrium 
batches. The fission of U-233 during burnup becomes 
increasingly larger as the residence time of the batch 
increases. Thus, even though there is a loss of neutrons 
from the absorption by Th-2 32, this is partially offset by 
the production of fissionable U-233. This process of 
formation can be seen in Figure 4.3 and can be compared with 
a standard PWR, Figure 4.4. The higher effective cross 
section of Th-232 also means that there is a higher initial 
enrichment requirement. An interesting point is that, 
although the loss of neutrons to capture by the fission
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Table 4,3. Standard PWR Neutron Balance— 1 Year

Fuel Reactor Fuel
initial Average Final

Fission neutrons formed ('%). :
From U-233 0.0 0. 0 0.0
From U-235 93.7 78.7 64.9
From Pu-239 0.0 14.6 27.1
From Pu-241 0.0 0.3 1.0
From fast effect 6.3 6,4. 7.0
Neutrons absorbed in fissile isotopes to cause fission (%) :
In U-233 0.0 0.0 0.0
In U-235 100.0 86.3 73.3
In Pu-239 0.0 13.5 25.8
In Pu-241 0.0 0.2 0.9
Non-fissile capture (%):
Fertile capture

In Th-232 0.0 0.0 0.0
In U-234 0.0 0.0 0.0
In U-238 100.0 97.7 94.4
In Pu-240 0.0 2.3 5.6

Non-fertile capture
In U-236 0.0 89.8 84.9

. In Pu-242 0.0 0,0 1.6
In special products 0.0 10.2 13.5
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Table 4.4. Standard PWR Neutron Balance--2 Year

Fuel
Initial

Reactor
Average

Fuel
Final

Fission neutrons formed (.%) :
From U-233 
From 0-235 
From Pu-239 
From Pu-241 
From fast effect
Neutrons absorbed in fissile

0.0 0.0
62.4 56.0
29.4 . 34.6 
1.6 2.6 ■ 
6.6 6.8

isotopes to cause fission

0.0
48.7
40.1
4.1
7.1

(.%) s
In U-233 0.0 0.0 0.0
In 0-235 70.5 64.1 56.7
In Pu-239 • 28.1 23.5 39.5
In Pu-241 1.4 2.4 3.8
Non-fissile. capture (%) :
Fertile capture

In Th-232 0.0 0.0 . 0.0
In 0-234 0.0 0.0 0.0
In 0-238 93.6 91.5 89.3
In Pu-240 6.4 8.5 10.7

Non-fertile capture
In 0-236 84.9 75. 6 65.9
In Pu-242 1.6 19.4 8.5
In special products 3.5 5. 0 25.6
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Table 4,5. Standard P^R Neutron Balance-^3 Year

Fuel Reactor Fuel
Initial Average Final

Fission neutrons formed (_%) i
From U-233 0.0 0.0 0.0
From U-235 54.3 49.8 44.5
From Pu-239 36,0 39.4 42.9
From Pu-241 3.0 4.0 5.3
From fast effect 6.7 6.8 7.3
Neutrons absorbed in fissile isotopes to cause fission (%) :
In U-233 0.0 0.0 0.0
In U-235 62.4 57.8 52.3
In Pu-239 34.9 38.5 42.6
In Pu-241 2.7 3.7 5.1
Non-fissile capture (.%).:
Fertile capture

In Th-232 0.0 0.0 0.0
In U-234 0.0 0.0 0.0

' In U-238 90. 8 89.4 87.9
In Pu-240 9.2 10.6 12.1

Non—fertile capture
In U-235 65. 9 57.9 51.1
In Pu-242 8.5 14.1 14.9
In special products. 25.6 28.0 34. 0
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Table 4.6. Thorium PWR Neutron Balance— 1 Year

Fuel Reactor Fuel
Initial Average Final

Fission neutrons formed C%):

From U-233 0.0 8.3 17.2
From U-235 98.1 82.2 66.7
From Pu-239 0.0 7.4 12.8
From Pu-241 0.0 0.4 1.2
From fast effect 1.9 2.0 2.1
Neutrons absorbed in fissile isotopes to cause fission (%):
In U-233 0.0 8.1 17.6
In U-235 100.0 85.1 70.0
In Pu-239 0.0 6.5 11.4
In Pu-241 0.0 0.3 1.0
Non-fissile capture (%): 
Fertile capture

In Th-232 67.4 65.5 63.3
In U-234 0.0 0.3 0.7
In U-238 32.6 32.2 31.6
In Pu-240 0.0 2.0 4.4

Non-fertile capture
In U-236 0.0 90.4 83.7
In Pu-242 0.0 0.9 1.8
In special products 0.0 9.7 14.5



Table 4.7. Thorium PWR Neutron Balance— 2 Year
34

Fuel Reactor Fuel
Initial Average Final

Fission neutrons: formed (.%) :
From U—233 9.6 14.0 19.7
From U-235 78. 0 69.1 59.2
From Pu-239 9.3 13.0 16.1
From Pu-241 0.6 1.3 2.3
From fast effect 2.5 • 2.6 2.7
Neutrons absorbed in fissile isotopes to cause fission (%) :
In U-233 9.7 14.3 2 0.4
In U-235 81,5 73.0 63.1
In Pu-239 8.3 11.5 14.4
In Pu-241 0.5 1.2 2.1
Non-fissile capture (%) :
Fertile capture

In Th-232 60.5 58.6 57.0
In U-234 0.2 0.6 1.0
In U-238 36.9 36.1 35.3
In Pu-240 2.4 4.7 6.7

Non-fertile capture
In U-236 83.7 79.3 . 75.8
In Pu-242 1.8 2.7 4. 0
In special products 14.5 18.0 20 .2
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Table 4,8. Thorirrai PWR Neutron Balance^-3 Year

Fuel Reactor Fuel
Initial Average Final

Fission neutrons formed (.%) :
From U-233 19.3 22.3 26.4
From U-235 59. 7 53.7 46.6
From Pu-239 16.3 18.0 19.6
From Pu-241 2.3 3.4 4.7
From fast effect 2.4 2.6 2.7
Neutrons absorbed in fissile isotopes to cause fission (.%) :
In U-233 20.0 23.2 27.8
In U-235 • 63.5 57.6 50.4
In Pu-239 14.5 16.3 17.8
In Pu-241 2.0 2.9 4.0
Non-fissile capture (%]:
Fertile capture .

In Th-232 57.2 56,2 55.3
In U-234 . 1.0 1.4 1.8
In U-238 35.0 34.5 34.1
In Pu-24 0 6.8 7.9 8.9

Non-fertile capture
In U-236 75.8 70,8 63.7
In Pu—242 4,0 5.9 7.7
In special products 20.2 23,3 28.6
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Figure 4.4. Isotopic Depletion in Thorium Core
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products depends on fuel burnup, the neutron energy 
spectrum, and the power density, the thorium PWR tends to 
have a slight advantage over the standard uranium PWR in 
that the total fission product yields of Xe-135, S'm’-149, 
and Sm-151 from U-233 and U-235 are less than those from 
Pu-239 and Pu-241.

In comparing the ALTHAEA results with the results 
of the HEDL report it was found that for the standard PWR 
the discharge mass of U-235 was on the order of 20 kg higher 
in ALTHAEA and approximately 100 kg low for U-238. This 
difference can help account for the difference in the 
discharge of Pu-239 which is approximately 40 kg higher in 
ALTHAEA than in the HEDL report.

In the case of the thorium PWR once again the 
discharge of U-235 was high and the discharge of U-238 was 
low in the ALTHAEA calculations as compared to the HEDL 
report. It was also found that the production of U-233 was 
lower by approximately 80 kg.

These differences in the mass of the discharge can 
be attributed to a number of variables including the cross 
sections used, the different methods of calculation used in 
both the lattice cell code and the burnup code, and differ
ences in the basic procedure of calculation including the 
choice of the time step and reactivity search parameters.



CHAPTER 5

CONCLUSIONS AND SUGGESTIONS

Though it was not possible to show the probability 
of a thorium PWR being used as a light water breeder- it was 
shown that, there is the possibility of making the thorium 
PWR into an economical converter, converting Th-232 into 
U-233. A more detailed study must be done in order to show 
that this is a practical concept. This could involve some 
or all of the following ideas: a better set of cross 
sections generated for the particular reactor selected, a 
different reactor core with various pitch to diameter 
ratios, changing the enrichment in U^235 with varying 
amounts of thorium (possibly a 93% enriched case), and a 
change in the moderator to possibly D2O so that the reactor- 
spectrum would change.

Due to the higher enrichment necessary and the 
production of U-2 33 in the thorium PWR it may be possible 
to get a higher burnup longer lifetime cycle, for example 
an eighteen month cycle. This would increase the production 
of U-233. The reduction in the number of reload batches 
would reduce the total fissile inventory necessary during 
the reactor lifetime and thus increase the chances of making 
a light water breeder out of the thorium PWR.
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Another possibility has come from the Canadian 

nuclear industry. Because of the neutron economy inherent 
in CANDU reactors, thorium cycles have been proposed by 
Lewis (1971). He has suggested a continuous feed bidirec
tional loading of thorium-uranium fuels into a CANDU 
reactor. The preliminary results (Lewis, 1979) seem 
promising and should be pursued further.



APPENDIX A

GROSS SECTIONS

The cross sections in this thesis were supplied by 
Battelle Northwest Laboratory and based on work by Westcott 
(.1960) . The computer code ALTHAEA uses the effective cross 
section defined in terms of the density distribution 
function per unit velocity, n (v), which defines the neutron 
spectrum as follows:

oo/ n (v) a (y) v dv
' S  =  ° -    ..............

v / n (v) dv 
' ° °

where is 2200 m/sec* The neutron assumed has thev form

4n oo 2 v2 "(v/vT)2 rvTn (v) = —  (, [1 - r / (v /v ). Adv] — j e + — A)
/if o vT v

where n is the total neutron density
is the modal velocity of the Maxwellian distribu
tion of temperature in degrees Kelvin.
(VT - VQ - (T/T0) if T0 is 273.16°K)

A is the assumed cutoff factor 
and r is epithermal index defined by Westcott (I960).
Note that for r = 0 the spectrum is pure Maxwellian.

41 '
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Four alternative forms of the cutoff function are 

assumed in the present cross section compilation; these 
give rise to alternative s factors indicated by si, 2, 3, 4 
(see also Figure A.11.

Using the neutron spectrum we obtain simply
/

6 = °2200 (g + rs)

using the g- and s-factors. Note that for a 1/v cross 
section g = 1  and s =0; many elements follow this law in 
the thermal region so that g = 1 and only s need be calcu- 
lated.

The value of r for a reactor spectrum is related to 
Ea/CC^g) for a homogeneous model and varies with position 
within a heterogeneous reactor; its value may be deduced 
experimentally.

In assuming that the thermal part of the spectrum 
is Maxwellian the applicability of the cross section 
compilation is limited to well moderated reactors. The 
neutron temperature, T, may exceed the moderator tempera
ture, Tm., by an amount roughly proportional to r but when 
T/T^, or Ea/(^ZS) become too large the value of the effec
tive cross section given in equation 3 is only approximate 
and equation 1 should be evaluated for the actual reactor 
spectrum.

Recent measurements and analysis of calculated 
reactor spectra have suggested that it is a better
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3.5 kT

4.95 kT

0.26 4.95 kT

0.26 4.75 kT
1 + (E/C16.4 kT))

epithermal flux per unit interval of In E
flux (nv) in the Maxwellian component

_ neutron density in Maxwellian component
total neutron density

Figure A.I. Values of WestCott A-Function
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approximation to assume an excess over the Maxwellian region 
that rises just above the cutoff region to 20-40% above the 
1/E -law value expected,

It was considered desirable to continue giving 
Values of the epithermal spectrum without the 20-40% 
Maxwellian "bump" to indicate whether the existence of the 
"bump" affects any particular s-value. S-values have been 
calculated for 3.5 kT and 4.95 kT centered monotonic cutoff 
functions. Starting from the measured D-function two forms 
have been constructed corresponding to two physical assump
tions; that the rise in E4>(E) centered at 0.5 eV is due to 
Cl); molecular effects or (2) temperature. For more 
detailed information see'Westcott (I960).'



APPENDIX B

PERFIS:

FCONST:

FEXP:

IE:

PWI: 
SPEC: 
SNF:

F:
SCAs

BMtJLT: 

E:

ALTHAEA INPUT PARAMETERS CALCULATED BY JASON

The volume expressed as an atom fraction of the 
total nuclei averaged fissile nuclide content of 
the fuel regions of the cell.
The coefficient of the linear term in the flux 
depression equation.
The coefficient of the exponential term in the flux 
depression equation.
The sequence of the isotope on which epsilon is 
based.
Initial flux guess.
The initial spectral index.
The total non-fuel macroscopic absorption cross 
section of the cell divided by the fuel volume. 
Thermal utilization of fuel and target regions.
The epithermal effective macroscopic potential 
scattering for the narrow resonance infinite 
absorber correction to resonance integrals.
The average reactivity at which the calculation 
will be ended. •
Epsilon as calculated for the cell based on the 
fast effect of the isotope specified as IE above.
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TOT:

TEM:

TEMP:

DENS: 

IDENT:

M/F:

SSI:

SS2:

XISS:

VR:

46
The total nuclei per cubic centimeter of fuel and 
target averaged over the entire cell.
The physical temperature of the non-fuels, volume . 
averaged over all non-fuel regions and expressed 
in degrees Centigrade.
The average temperature of the fuel regions 
averaged over all fuel regions in the cell 
expressed in degrees Centigrade.
The density of the fuel averaged over all the fuel 
regions and expressed in degrees Centigrade.
The identification number used in JASON to be 
passed to ALTHAEA.
The moderator-to-fuel volume ratio as determined 
from the cell.
The macroscopic transport cross section for the 
epithermal region determined from a volume weighted 
average, including all regions of the cell.
The macroscopic transport cross section for the 
thermal group as determined from a flux and volume 
weighted averaged over all regions of the cell.
The macroscopic Xl-sigma scatter for the 
epithermal group determined from the volume 
weighted average over all regions of the cell.
The volume fraction of the cell that contains fuel 
and/or target material.
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BUCK: The transverse buckling calculated either from the

height and volume input or from the height and 
volume calculated from the reactor power and heat 
transfer rate.

PWMX: The maximum watts per cubic centimeter of fuel
allowed, as determined from the heat transfer rate 
and heat transfer surface area.

The isotope concentrations are in nuclei per barn centimeter
for each specified isotope transferred to ALTHAEA.
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