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' NOMENCLATURE

Ii,j,k the amount (Kg) of'nuclides of species i, in the reactor of
region j, during the irradiation period k, at the beginning of
that irradiation period for 2 = 1, and the end of that year for
L= 2. ' ‘

Gj average neutron fluence in region j .

t thermal utilization factor

£ fast fission factor

P thermal neutron nonleakage probability

D resonance escape probability

ZS macroscopic cross section of reactor structure material

n ratio of the number of neutrons produced by fission to the
nunber of neutrons absorbed in the fuel.

POUR percentage of uranium recycled

POPR percentage of plutonium recvcled

L average number of fast neutrons produced per fission event
for huelides of species m : .

Uam microscopilic absorption cross section of species m

Gfm microscopic fission cross section of species m

Ucm micreoscopic capture cross section of species m

Subscript (m) for svmbols

0 240Pu

1 ZalPu

5 ZBSU

p 2 36,

8 238U

9 239Pu

Fission Products



1.0 INTRODUCTION

Nuclearrfuel management can be defined as the collection of principles
and practices required for the planning, refueling, and safe operations of
nuclear power plants while minimizing total plant and system energy costs
to the extent possible through the timely procurement of nuclear fuel and
related services (14).

Each utility must develop its own unique fuel management program because
of the characteristics, limitations and variations involved in each individual
design. However, parts of these programs can be studied generally and
independently of the total program.

Typical areas of fuel management studies can be summarized by the
following categories:

(1) fuel shuffling techniques

{(2) "cash flow" mechanisms

(3) optimization theories

Fuel shuffling.deals with various kinds of fuel loading methods such
as "batch" (15), "out-in" (15,20) and "rondelay" (15). |

In "batch" irradiation, the reactor is loaded uniformly with a complete
cofe at one time and this is irradiated without moving the fuel elements.
When the system ceases to be critical the whole core is discharged and reloaded.
This method leads to a smaller degree of hurnup than cther schemes.

In the "Qut-In" method, the fresh fuel is charged near the outher edge
and moved progressively toward the center from which it is discharged. In
this case considerably better burnup is attained than in batch irradiation.
Another advantage is that it leads to a fairly uniform power density distri-

bution in the radial direction. However, the "out-in" zome refueling patterns



can lead to undesirable flux shapes in large reactors, because the higher
average burnups cause large ryeactivity difference between the new and old
fuel in their respective zones. The situation can be mitigated by placing
the fresh fuel elements adiacent to older elements in a scatter patterm.
Such refueling methods are usually called "scatter-loading" or "rondelay"
schemes, They are similar to the "out-in" zone refueling scheme but they
are different because the "zones" sre distributed throughout the core and
are intimately mixed. Although "rondelay" can eliminate the problem of
undesirable flux shapes, there is no basis to assure that the optiuwum re-
loading pattern is obtained. Additionally, it makes computer calculations
much more difficult and complicated.

Cash flow studies take into consideration every activity involved in
the fuel cycle, estimate the overall cost of the electric power generation,
and determine the sensitivity of each individual step of the fuel cycle to
the total cost (16).

Optimization theories include, dynamic programming (17), direct search
method (18), linear and quadratic programming (19,20).

Studies have been made, either individually or for combinations of
these areas, since numerous variables and constraints are involved in fuel
‘management problems., General studies, considering the compatibility with
computing machines, are always simplified by making assumptions and
neglecting minor factors.

In this model, a relatively simple yet accur;te method was developed to
calculate the minimum amount of uranium required for six years of continuous
operation. The first six years were comnsidered to be the time period when the

reactor core composition is in non-equilibrium stage. After this period the



loading vequirement and the cowmposition of the spent fuel are relatively the
same for each year. Studies were concentrated on the effect of plutonium

and spent uranium recycling. The reason for this emphasis is that the
material characteristics and the technology involved in plutonium repro-
cegsing has been the subject of much effort recently. Yet, the relative worth
of plutonium and the effect of recycling from the nuclear point of view have
not been firmly fixed. Furthermore, the cest of re-enriching the discharged
uranium is not well established, i.e., the incremental cost for re-enriching
this uranium which will contaminate the cascades with neutron poiscn uranium
such as 236U has not been established. The results of this model can serve

as a basis for the cost analysis between different recycling methods.



2.0 BASIC CONCEPTS OF LINEAR PROGRAMMING

2.1. Introduction
Linear Programming (LP) deals with those problems in which all relations
among the variables are linear. This includes the objective function (0F),
that function which is to be maximized or minimized, and all model comstraints.
The general LP problem can be described as follows (4):
Given a set of m linear inequalities or equations in
n variables, find the non-negative values of these
variables which will satisfy every constraint and
maximize (or minimize) some linear function of the
variables,

Mathematically, this can be written as:

optimize (minimize or maximize)

OF = Cle + C2X2 + i CnXﬁ (2.1.1})
subject co:
X, + a,.X + +a X 20
B11% T Bty T T AN TP
o >

321X1 + a22X2 + ieene + aann = b2 (2:1.2)
a X, + + +a X 2b
a1y ¥ ks Forewes gmn < "n

where Xj >0, j=1,...,n are state variables,
bi’ cj, aij’ i=1,...,my 3 =1,...,01 are constant

coefficients.
2,2. LP Example
As an illustration of a simple LP problem consider a nuclear fuel

fabrication company who wants to begin fabrication of nuclear fuel. It ig

decided not to hire more than 20 workmen for this new plant. Assume there



are only two kinds of fabrication machines, namely model A and model B,:
available for producing fuel elements., Model A costs $15,000 each and model
Blcosts $8,000. Both machines need 2 workmen during operation. |

It is estimated each model A machine is capable of making $4,000 annual
net profit, and $3,000 for model B. The total budget for purchasing is
$122,000. The problem is how many model A machines as well as.model B
machines that this nuclear fuel fabrication company should buy to maximize
their profit.

To solve this problem, let KA and XB be the number of machines of
model A and B, respectively.

The objective function is

OF = AXA + 3XB R (2.2.1)

The constraint on purchasing is

15 %, +8 %, <122 . (2.2.2)

The constraint on workmen is

2%, +2X; <20 . | (2.2.3)

This simple problem can be solved by a graphical method:

Figure 2.2.a Graphical solution for sample problem.



Lquation (2.2.2) constrains the solution to.lie under line 1.

Equation (2.2.3) constrains the solution to lie under line 3.

Also, both XA and XB should be positive.

These constraints enclose the shaded area in Figure 2.2.a. This area
ig called the feasible region (4). All allowable solutions should be in the
feasible region.

Equation (2.2.1), the objective function, defines the slope of an
isoprofit line (4). When the isoprofit line moves away from the origin the
profit increases, Point C in Figure 2.2.a gives the optimal soluticn, and
the final position for the isoprofit line is line 2 in Figure 2.2.a. Hence,
the soiution ié

X, =6 ,

Xp =4
and the objective function
OF = 36 .
- For a problem which consists of more than 3 variables, the simplex and
revisea simplex methods (Q)IWEIE developed both of which require the set up
of an initial tableau and a standard iteration process to obtain the optimal

solution (4).

2,3. LP Computer Code Setup

The IBM-iPS-360 (7) which uses the revised simplex method (4) of,solving.
LP problems requires that users setup the input data and enter the constant
coefficients of each linear equation in a matrix form. The control program

statements take only the following few cards with each statement being a

builtin subprogram:



PROGRAM

INITIALZ

MOVE (XDATA '"MAME")
MOVE (XPBNAME 'PBFILLE')
CONVERT ('SUMMARY')
SETUP

MOVE (XOBJ '"ROW1000")
MOVE (XRHS 'LIMITS')
PRIMAL

SOLUTION

EXIT

PEND

A detailed description of these statements and input data formats can

be found in IBM-MPS-360 manual, H~20-0476-02 (7).



3.0 MODEL DEVELOPMENT

- 3.1. The Problem

Given a typical design of a base load power reactor, assume the reactor
has to be refueled once a year. During the refueling, one third of the core
will be discharged, and the irradiation scheme is assumed to be "out-in"
batch irradiation. The problem to be solved is to find a simple model that
can be used to calculate the minimum uranium requirement in each irradiation
period starting from the first clean core with different percentages of
plutonium and spent uranium recycled. The first step is to establish a

reference reactor.

3.2, The Reference Reactor

It is very difficult to dgvelop a model which can apply to all types
of reactors. The proposed Liquid Metal Fast Breeder Reactor {(LMFBR)
demonstration plant will not be in operation until mid 1980's. The High
Temperature Gas-Cooled Reactor (HTGR) is only now beginning a strong entry
to the market. Hence, most nuclear power plants in operation before 1985
wili be Light Water Reactors (LWR), either the Boiling Water Reactor (BWR)
or the Pressurized Water Reactor (PWR). In this model the PWR was chosen
as the reference reactor. The general characteristics of a large scale
power PWR can be summarized as follows (8,9):

(1) Cylindrical core, 11 ft in diameter and 12 ft in height,

(2) Three equivolume regions, concentricall} distributed,

(3) Average flux relation between the three regions (outer

to inner) is 1:1,225:1.264,

(4) Initial U02 inventory is 110 short tons,



{(5) 1Initdial fuel enrichment is 3.2% in the outer region, 2,7%
in the intermediate region, and 2.2% in the inner region,
{(6) Power output is 3250 Mw(th) (1100 Muve),
(7) Operating temperature is 575°F,
{8) Thermal neutron nonléakage probability (P) is 0.9912,
(%) Resonance escape probability (p) is 0.832,
(10) Thermal utilization facfor (f) is 0.91,
(11) Fast fission factor (g) is 1.0534,
(12) X > 1.114 a- Beginniﬁg of Life {(BOL) for each burn

eff

period, and Ke > 1.003 at End of Life (EOL) for each

££

burn period.

3.3. Refueling

Generally, for a PWR, at each refueling time one-~third of the core
will be replaced. To reduce the fuel cost, low enriched uranivm is recom—
mendad for fabricating new fuel elements. For a base load reactor each
refueling will be expected tc last about one year to eighteen months. Since
the reactor has to be shut down to do the refueling, it is most realistic and
econowical to do the refueling during those few weeks when the power demand
is the lowest. Therefore, in this model, the refueling is assumed to take
place once a year during the predetermined refueling window selected by
consideration of the seasonal load curve. Furthermore, during refueling,
the fuel elements in the inner region are assumed to be discharged to the
fuel reprocessing plant. Those of the intermediate region will be moved
into the inner region and the outer region fuel elements are moved into
the intermediate region. Finally, new fuel elements will be loaded into

the outer region.
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In the fuel reprocessing plant, uranium and plutonium will be separated
from the fission products. In this model the uranium from the spent fuel

235

' contains approximately 0.8% fissionable material U, 0.4% neutron poison

236U, and 98.8% fertile material 238U. The plutoniuﬁ from the spent fuel

contains approximately 607 239Pu, 30% 440

Pu, and 107 24lPu. It is conceivable
that this uranium and plutonium has the poténtial for recycling. Of course,
additional "clean" uranium has to be added to assure the burnup and reactivity
requirements. The model allows for different percentages of recycling for
both uranium and plutonium, while minimizing the total amount of additional
235U required for six years. The enrichment for this additional uranium was

fixed at 3.27%7. Figure 3.3.a is the general schematic drawing which illus-

trates the material flow scheme from the first year to the sixth year.

3.4. Model Constraints

Linear Programming requires that all the constraint equations be
written as a linear combination of the state variables, In this model
the state variables, Ii,j,k’ are defined to be the amount of_material of
species 1 in the reactor of region j during the irradiation period k at
the beginning of life (BOL) for £ = 1 and at the end of life (EOL) for

4 = 2, Table 3.4.1 describes the indices i, j, k and .



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



11

jueld UOTITOTIQRI Tong = - 910y 38Ty = | mnEuRIg :ammﬂu:.ANSOﬂuﬂvv4 =

JueTq Bupsssooadoy Tong = b 281015 = § SuypeoT [ETITUI = :

*1B94 YIXTS 23 03 Arak ISATI 9Y) WoAF uWHIE MOTI [BTIDIBU ByJ

& B A a 4 AMHHHIIIHIIMWI“%HI : ﬁlIMWIMmWHHHHHM H

‘e L' 2an81a




Table 3.4.1 The descriptions of indices i, j, k
and £ for defining state variables.

Corresponding
Corresponding Correspouding - Irradiation
i  Material Name i Region k Period
1 235U 1 Outer . 1 lst year
236 :
2 U - 2 Iﬁtermedléte 2 Sl
3 233U 3 Inner
3 3rd year
4 239Pu
Corresponding p \
5 240Pu 2 = i 4 4th year
24 Beginning
6 lPu 1 of Life 5 5th year
Fission . ) ' i
7 Produtts 2 End of Life 6 6th year

There are 185 constraint equations formulated in this wodel. These
equations are grouped into the following seven categories:

(1) initial load comstraint,

(2) burnup constraint,

(3) enrichment constraint,

(4) fabrication constraint,

{5) energy release constraint,

(6) volume comstraint,

(7) reactivity constraint,

3.4.1. Initial Load Constraint
It was estimated (8) that for a typical large scaled PWR power station
the inditial U02 inventory is 110 short toms, and the initial fuel enrichment

is 3.2% for outer regions, 2.7% for intermediate region, and 2.2% for inner
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. . e . 235, 238 .
vegion., Based on thzse data, the initial U and U content in each
region can be calculated and formulated into six equations:

2
For ocuter region 350 content

1 _ 110 1 Kg 238
L1 =5 (shorr rons) % Gesasens Gighy tgn) % 0032 X e 953
= 932.27 Kg (3.4.1)
Similar equations for 238U and for other regions can.be formulated.

The calculated values are presented in Table 3.4.2,

Table 3.4.2 Initial load in each region.

Outer Intermediate Inner
235 y
U 932,27 (Kg) 786.60 (Kg) 640.94 (Kg)
4385 28201.0 (Kg) 28347.0 (Kg) 28492.0  (Kg)

3.4.2. Burnup Constraint

During irradiation, production or consumption of the various nuclides
present in the reactor are modeled by a series of differential equations which
are commonly called burnup equations, To simplify the model only seven of the
most important nuclides were chosen. The derivation of the burnup equations
is based on the following assumptions:

(1) one homogeneous region,

(2) a known neutron fluence for each irradiation period,

(3) .one neutron energy group (thermal),

(4) negligible decay of fission product nuclides,

(5) batch irradiation.
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The only independent variable in the differential equation is the

fluence, 6j, which is defined as

t

B, = J $,.(c') de' (3.4.2)

3 g i
where $j(t') is the averaged neutron flux in region j.

The derivation of the burnup equations based upon these assumptions can

be found in reference (6). For convenience the equations derived are listed

as follows:

For 235U:
2 _ 1 N
Iljk = allj Iljk (3.4.3)
where allj = exp(—ca5 X ej)
For 23611:
2 1, 1
I2jk = 321j Iljk + dzzj Iij (3.4.4)
where a22j = exp(~aa6 X Bj)
2915 = %5115 T 32230/ (06 = 9y5)
For 238U:
2 1 '
where a33j = exp(-cra8 X ej)
For 239Pu:
2 1 1 1
Togle ™ 2414 Tige ¥ 233 Tasn ¥ 2443 Tagx (3:4-8)
define Cl =e P{1 - p) ngcag - 0.9

[
H]

2 e Pl -p) 59,5

(9]
|

g = =9,8/Cy

C4 = UaS * C1



ang -

240

For Pu:

5jk

define

and

For 241Pu:

2

define

8441

413

[1Y]

513

534

o 1
Togk = 2615 Tigx t

Cq

433

54§

515

= exp(Cl X Bj)
—C3(a44j - 1)
= Cylay,y = a3/,

1 1 1 T
Tigre F B53y Igp by Fagn ¥ 8g5 Loy
2 GaS B UaO
- UaO ® C1
= exp(*dao X Bj)

9.9 @445 = 2554)/Cg
g (a... 1)
c9 7554
= —C + a.,.
3[ 920 5431
C g
2 cH
C las4y T T (B1qy T @554)]
4 5
a Il + a Il + I -+
633 "33k © %643 43k~ %655 “5ik T %663
= Gal + C1
= %1 T %5
= Ual - 0aO
= CG b'd C7
= C5 X C8
1 . 1
c. T oo

15

(3.4.7)

1

61k (3.4.8)



and aﬁﬂj =

For figsion preoducts:

T« 1
L5k = 3715 Tigx * 2v34

define 013 =

16

g
_Eg(a % )
Cy 9555 ~ %66]
%a0 %9 Ay -8y,
cm 443 66j C, 65]
(a,.. - 1) a,...
_03[cc9( 66; + 0653} + 364.]
al a0 d
%20 %9 B2 @ua1 7 %617 . P11y ~ 2610, %9 G2 G2 s
c L B F C 1= C
4 10 11 4
1 1 | 1 1
T3 * 2745 Tt 2755 Tsqc * %765 Yok t %773 Trsx
(3.4.9)
2.0 x C3
Chg 805 X Oy
C14 i UaO
2,0 x C2
G5 * Tgp X Gy
Cl? X GaO
1.0
2.0 ¢
fl(l - a66')
al J
Cq a1 S
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20 o g
f9 ab c9 £1 "¢9 3
a?Aj G (a44 - 1A + » ) + % Cg (as5j 1
o] a
al ec8,1 1
= +t0) & d..
C6 07 C9 767
G (a,,. - 1) G
14, a4y ) 15
2735 = %3013 Op9 ¥ 5 o, Cu3 et )
C o]
T a0
e d Lo 1) - =22eg . - 1}]
C9 9.0 C6 55j Ga1 66€j
C
+ i - ) (aggy ~ 1
al aD "al 10 J
. (a4 1)[0 - ClS]
715 ¢, ¢, 16 °f9 T
(8174 = 1) Ci4 99 S8
* = e P Sl e
a5 6 11 4
R Ci2 Cla£(355j D (ages - 1)] . C1g{ageq - 1)[ 1
g g 90 ' Bt S %a1 10

The following temperature corrections, using Westcott factors (3), on

all cross sections were made in all calculationms.

Table 3.4.3 Cross section temperature corrections.

Cross Cross

Section 20°C (Kb) 575°F (IXb) *Section  20°C (Kb) 575°F (Kb)
o5 0.694 0.412 Ofs 0.582 0.3414
.6 0.0067 0.0048 g 0.738 0.6772
9.8 0.00237 0.00173 Te1 0.950 0.773
g 1.025 1.028 9.5 0.102 0.0706



Table 3.4.3 (Cont'd)

18

Cross Cross
Section 20°C (Kb) 575°F (Kb) Section 20°C (Kb) 575°F (Kb)
g 0.250 0.1772 o 0,287 0.3508
a0 _ c9
o1 1.222 1.121 9.1 0,372 0.348
.UaFP 0.025 0,025

3.4.3. Enrichment Constraint

The enrichments of the first clean core were defined by the initial load

constraints. Additional "clean" uranium is required to fabricate the fuel

elements for the subsequent years.

For practical purposes without losing

any significance, the enrichment of this additional uranium was fixed at

3.2%. Thus, the following equations were formulated

1
0.968 Li12
0.968 Uy

where U., and U x fepresent the amount of

1k 3

- 0,032

- 0,032 U

0 , k= 3,4,5,6 (3.4.10)

235 238

U and i)

added to the fabrication plant before kth year,

respectively.

3.4.4, Fabrication Constraint

Fabrication constraint equations are used to describe the composition

of the nuclides in the new fuel elements from the fuel fabriaction plant.

POUR and POPR are defined to be the percentage of uranium and plutonium

recycled, respectively:
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1 2

T -POUR X 15, =-U, , =0 for 1i=1,2,3 _
ilk+2 i3k ik42 k =1,2,3,4 (3.4.11)
Iilk_'_z - POPR x I?Bk =0 for 1= 4,5,6

- k =1,2,3,4 (3.4.12)

In this model, POUR and POPR were varied from 0Z to 100% to determine
their effect on the minimization of the total additional uranium required

for the six irradiation periods. -

3.4.5. Energy Release Constraint

The decay of fission product nuclides is neglected in the derivation
of the burnup equations for fission products. Therefore, the equation
derived will be used to calculate the amount of fission product nuclides
accumulated in each region at the end of each irradiation period. Every
fission event will deliver about 200 MeV of recoverable energy and produce
twe fission product nuclides: therefore, there exists a preportional
relationship between the energy release and the amount of fission'products
produced in each irradiation period.

The reactor is assumed to operate at full power (0.9 load factor) for
24 hours a day and 350 days a year. The production of fission product
nuclides corresponding to the total energy released was calculated_to be

1056.3 Kg. Therefore

J

3
:

2 1
. (I7jk - I?jk) > 1056.3 for each k . (3.4.13)

3.4.6. Volume Constraint

The total volume that can be occupied by the fuel pellets is estimated

3
(8,9) to be 480 ft~. The maximum density of PuO, and U0, is 11.46 g/cc and

2

10.96 g/cc, respectively (5). Thus, the volume constraints were formulated:
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3 3 y 3 6
(238 + 32) 10 1 (239 + 32) 10 1 480 4
75 - *Toeel L. Lud Yoo *Tnael )l Iind <75 % 20832 x 10
&=l i=4
(3.4.14)
which can be simplified as:
2 4 & 4
0.9124[121 Ll * 0.8?26[124 ;5] < 40,000 . (3.4.15)

3.4.7. Reactivity Constraint

Two reactivity or multiplication factor constraints for each year were
formulated in this model. One for the beginning of the year and the other
for the end of the year. The later one has to be satisfied to assure

eriticality throughout the irradiation period.

The multiplication factor, keff’ is (5)
keff =PR. s
= P pefn ,
where P = thermal neutron nonleakage probability,
k = dnfinite multiplication factor,

P = resonance escape probability,
e = fast fission factor,
f = thermal uﬁilization factor,
n = the number of neutrons produced per neutron
absorbed in the fuel.
To simplify the model P, p, ¢, f were assumed to be constant (5)

throughout the irradiation processes. The only factor assumed to change was n.

3 7
k Z Z v, O I%'k
o oeff _g=1d=1 ® 7 P k (3.4.16)
pef 3 7 : or every Kk, b,
Yoy o, I, 4%
j=1 1=1 ai “ijk s
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where ZS is the total macroscopic cross section of all the
materials present in the reactor except those mentioned
in Section 3.3.2.
In this model, the minimum value for keff at the end of each year was
assumed to be 1.003. Therefore, if ES is assumed to be constant, equation
(3.4.16) can be used to calculate ES. The minimum value of keff at the
beginning of the year can be calculated using the initial load data and

equation (3.4.16). The value found was 1.114.

3.5. The Objective Functien

Fuel mansgement consists of the methods and procedures to optimize the
utilization of the available fuel (1.0). It can be either "in-core'" fuel
optimization or minimization of the total amount of fuel required throughout

plant life. This model deals with the latter one. Therefore, the objective

: -
function of this model was selected to be Lhe total amount of “JSU,
excluding the initial load, required for six years.
¢ ; T |
Objective Function = 1112 T U5 + Uy * U + Ui (3.5.1)

Since the enrichment of the uranium for this reference reactor was fixed
“at 3.2% as indicated in Section 3.4.3, this objective function, if divided by
the enrichment, is essentially equivalent to the total amount of additional

uranium required for six years.

3.6. Model Formulation and Analysis
There are 173 variables considered in this model which include 159 as
2
the nuclide concentrations, Ii 3,k and 6 fluence values (one for each year).
2.

U U and U as

13° U142 Upse Upgs Uggs Ugys Ugs 36

defined in Section 3.4.3. The number of equations is also 173 and that

The other 8 variables are U
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includes 126 burnﬁp equations (7 for each region, 21 for each year), 6 for
the initial load, 24 for refueling (fabrication consﬁraint), 5 for enrichmenc,
6 for energy release, and another 6 for the end of life (EOL)} reactivity
constraint. The number of inequalities considered are 12 that includes 6
volume constraints and 6 beginning of life (BOL) reactivity constraints.
Theoretically, this problem can be solved ekactly because the number of
variables is equal to the number of equations. However, the bﬁrnup con-
straints contain cross product terms and other complicated expressions of
fluence and nuclide concentrations which make it very difficult to solve.

If those six fluence values are known quantities, the problem can be
greatly simplified, since all the expressions becowe a set of first order
linear equations. Based on this, the following method was develcped.

The first step is to use the initial load conditions and the energy
release requirement to estimate the fluence for the first year, which is
around 1.20 n/Kb, i.e., 1.2 x 1021 n/cmz. Next, arbitrarily chose 5 numbers
in the neighborhood of 1.20 to represent the fluence for the subsequent
years, e.g., 1.0628, 0.9832, 0.9465, 0.9803, 0,9796. The number of variables
now become 166. Exclude the 6 EQL reactivity equations from the system to
make the number of variables equal to the number of equations, then, use
the IBM mathematical programming system (MPS-360) (7) which is the linear
programming code developed by IBM for solving first order linear equations
to solve the problem. The solutions obtained are then used to calculate the
EOL reactivities for each year using the equations described in Section 3.4.7.
In the case of 0% plutonium recycle and 10% uranium recycle, the EOL reactivity
values obtained were 1.003, 1.0013, 0.9972, 0.9933, and 1.0065. Up to this
stage, it is understandable thgt the set of fluence values 1.20, 1.0628,

0.9832, 0.9465, 0.9803, 0.9796, will generate a set of reactivity values like



1.003, 1.003, 1.6013, 0.9972, 0.9933, 1.0065.

1.003
1.003 |
1.0013]
0.9972
0.9933
1.0065

= [4]

[A] represent the unknown six by 8ix m
the behavior of the system. The desir

fluence values that will make the EOL
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In matrix representations;

1.20
1.0628
0.9832
0.8465(
0.9303|
0.9796]

(3.6.1)

atrix that, in principle, describes
ed situation is to find the set of

reactivity values always at the

minimum value, 1,003. Theoretically, the minimum Keff should be exaetly equal
to one, However, some excess reactivity is always required to compensate for
the effect caused by structure defects, the variation of mode¥ratot propefiies,

boron shim concentration, as well as the reactor eénErol mechanism. Thetrefore,

£f in this model was chio

known then the desired fluence values,

the ninimum Ke

{4} = (A1

r.

11.003

sen €6 be 1.003. If mab¥ix [A] is
veétor {d}, sheuld be

1
|

1,003
5003
- 003 (3.6.2)

1.003

This is called the least squareés

matical proof of this can be found in
(1,20

1.0628
0.9832¢
0.9465
0.9303
10.9796)

Define

(1.003 )
1,003
J1.0013
0.9972(
0,9933
| 1.0065]

therefore, {01} =3

solution 6f the 8ystem. Thé mathe=

refarence (11).

= {I]} {(3.6.3)
= {ol} (3.6.4)
[A] {1.} (3.645)

1
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Repeat the procedure described above six times, each time with a different

set of fluence wvalues to obtain six sets of corresponding Keff values. Hence;

[A] {1, M1, {1 HI, HIHI M = [{0;Ho,Ho HO, HO MO (3.6.6)

Let
[1] = [{1, {1, HIHI, HI HIH] (3.6.7)
and [0] = [{ol}{oz}{o3}{04'}{05}{06}] (3.6.8)
then [A]l[1] = [0] (3.6.9)
At [a] = o1zt (3.6.10)
(a1t = (10017t (3.6.11)

Substitute this expression into equation (3.6.2)

[1.003
1.003
: o -1 /1.003
{a} = (111017 {17503 (3.6.12)
1.003
1. 003

Thus, a satisfactory set of fluence values can be obtained, and the optimum
solution was obtained by using these fluence values as the input to MPS-360
program,

A computer program was developed, based on given values of fluences,
. PQUR, and PCPR, to calculate all the coefficients and prepare a data set
on disc for MPS~360. The control cards was written so that once the data
set is prepared the MPS-360 ﬁill begin execution and print out the results.
The program is called the LP code. This code is listed in appendix B.l.
The equation and inequalities defined in this LP program are described in
Appendix A.1 and A.2,

Another program was developed to perform the matrix inversion and

calculate the vector {d}. This program is listed in Appendix B.2.
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4.0 RESULTS AND CONCLUSIONS

4,1, Fluence Variations
The fluence values obtained for each scheme using the method indicated

in Section 3.5 are tabulated in Table 4.1.1 and plotted in Fig. 4.1l.a.

Table 4.1.1 The fluence values obtained for each schéme.

fOUR POPR 1st vear 2nd year 3rd year 4th year 5th year 6th year
0z 0% 1.20 1.062846  0.986174 0.952301 0.990521  0,996727
0% 25% 1.20 1.062846  0.983271  0.946476  0.980342 0.979628
0% 50% 1.20 1.062846  0.98042Z3  0.940834 0.970320 0.963262
0% 75% 1.20 1.062846 0.977629  0.935375 0.960457 0.947625
0Z  100% 1,20 1.062846 0.974891 0.930100 0.950751  0.932715
10% 0Z 1.20 1.062845  0.982496  0,943897 0.975233  0.980072
107  100Z 71.20 6.571213 0.921690  0.935463 0.916060

1.062846

For each scheme the fluence decreased sharply in the first four years
and then gradually oscillated to an equilibrium value. The reason for this
fluence decrease is as follows: The reactor started with a clean core.
During the first irradiation period there will be some neutron poison buildup
(fission products). Part of these poisons will be carried over to the second
year. In order to keep the reactor in a critical condition until the end of
the second year, more fissionable material must be loaded into the reactor
at the beginning of the second year than was loaded in the first year to

counter-balance the effect of the fission products. The energy release in

each irradiation period is proportional to the total macroscopic fission



crcss section, calculated from the material compositions, as well as the
fluence of that year. Therefore, if the relative content of fissionable
material is increased, going from first year to the second year, the fluence
should be decreased to maintain a constant energy release in both years.
Eventually, when the core composition reaches an equilibrium condition, the
fluence should also reach an equilibrium value.

The effect of recycle plutonium is equivalent to an increase of the
enrichment of the additiomal uranium which is added to the fabrication plant
in the prior year. However, the quality of plutonium, as will be indicated
in Section 4.2, became poorer when meore plutonium was recycled. As a result,
compared with 0% Pu recycle, there will be a further increase of fissionable
materials in the reactor as more Pu is recycled. Therefore, the fluence
decreased further.

Figure 4.1.b describes the averaged fluence decrease versus the
percentage of Pu recycled. Since the fluence for first two years are the
same for each scheme, the average value was calculated using the fluence
data of the last four years.

The effect of recycle uranium from the spent fuel will result in a
decrease of the enrichment of the additional uranium added to the fabricatidn
plant. Therefere, more uranium will be required to satisfy the reactivity
constraint. The solution to the model becomes infeasible if the percentage
of spent uranium recycled is more than 10% because the volume constraint was
violated, Higher percentage of uranium recycling can be achieved by raising
the enrichment of the additional "clean" uranium which is to be blended
together with the spent uranium in the fabrication plant. This will provide
more fissionable material to satisfy the reactivity constraint without

violating the volume cousiraint.
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4,2, Variations of Nuclei Concentrations

The optimal solution of the stéte variables (nuclei concentrations)
was obtained using the fluence values indicated in Section 4.1. The results
are plotted in Figs. 4.2.a through 4.2.f.

Figure 4.2.g is a plot of the ratio of the amount of fissionable
plutonium to the total amount of plutonium in the reactor versus time.
The quality of plutonium, which can be represented by this ratio, decreased
when Pdfi.inéreééed. This is due to the éccumulation of the non-fisgionable
240Pu caused by repeated irradiation of the plutonium atoms. However, it
will be mentioned in Section 4.3 that no matter what the plutonium quality
is, the worth of 239Pu atom is going to be primarily independent of the
percentage of plutonium recycled. These results indicate that, if the
price of plutonium is to be related to tha price of uranium in the future,
the price of 239Pu atoms is going to be essentially independent of the
plutonium quality. This is not the case for uranium where the worth of

235

U atoms increases with the enrichment of uranium.

4.3. Solutions for the Objective Function
The objective function of this model is defined to be the total amount

of 235U required for six years, excluding the imitial load. Table 4.3.1
lists the minimized values for the objective function for each scheme.

Also included in the table is the total amount of 239Pu in the storage
after six years operation. AU represents the amo;nt of 235U saved going
from 0% Pu recycle to that particular scheme. That is, APu is replacing

AU in each scheme. Hence, AU/APu was caleulated for each scheme which

235

gives the relative worth of the 3 U atom corresponding to one 239Pu atom,

Figure 4.3.b is a plot of AU/APu versus POPR. AU/APu is essentially
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independent of the percentage of Pu recycled. This ratio is important in
relating the value of plutonium to the cost of uranium., The value of 235U
is a fixed and known quantity for 3.2% enriched uranium, while the value

of plutonium has not been firmly established. Since the result of this
model shows that this ratio, AU/APu, is essentially constant no matter what
the percentage of Pu recycle is, the price of 239Pu can be determined by
this ratic. However, the ratio may have a different value for different

reacters, but the fact, that this ratio will be independent of the

percentage of Pu recycle should still be true for different reactors.

Table 4.3.1 Results of objective function.

Total Total 23%py
POUR POPR Z?QSiEizzzied (EU :2oi:§e e %%E
(Ke) e) (Ke) i
0% 0% 5766.204 - 883,998 - _—
0% 25% 5619.817 146.387 660,664 223,334 0.6555
0% 50% 5471.513 294,691 443,420 440,578 0.6689
0% 75% 5321.207 444,997 218.714 665.284 0.6689
0% 100% 5168.866 597.338 0.0 883.998 0.6757
102 0% 5680.488 s 896.371 - -

10% 100% 5087.193 593.195 0.0 896.371 0.6618
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5.0 DISCUSSION

This model provides a good starting point for the cost analysis of
various options that the utilities wmay have dealing with fuel management.
Theoretically, mixing more highly enriched uranium with lower enrichments
means devaluation of 235U atoms (12). Therefore, it might bhe disadvantageous
to recycle spent uranium without recycling plutonium as well (13), not only
because it will devaiuate the "clean" additional uranium, but also because
the spent uranium contains neutron poisons, such as, 236U which tend to
further increase the uranium requirement. The solution then exceeds the
volume constraint..-However, the value of 235U in the spent fuel may be
worth less than the "clean" uranium with the same enrichment bacause of
the presence of neutron poiseons (236U). Therefore, it might still be
feasible to mix more highly enriched (greater than 3.2%) urznium or
plutonium with the spent uranium to produce an equivaleﬁt guality £0
3.27% enriched uranium and recycle the mixture.. One should perform the
cost analysis on both options to determine which is economically more
feasible.

The ratio AU/APu provides a reasonably good criterion for a utility
to estimate the worth of their own plutonium production. By comparing the
estimated worth with the current Pu market price, they could make the
decision whether they should save the plutonium for their own purpose or
sell it to the open market.

In summary, the results obtained indicate that this model is a realistic
representation of a large scale power reactor refueling scheme. The whole

methodology is applicable to other types of reactors. The model can be made

more complex and accurate by using a better burnup code.
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APPENDIX A.1

Name of the Constraint Equations and the Corresponding Row Number

in the Computer Program

Abbreviations:

*

+

Bn.

Re.

En.

I.L.

E.R.

Vol.

Fab.

BOL

ECL

]

Fixed Bounded Constraint
Loosely Bounded Constraint
Burnup Constraint
Reactivity Constraint
Enrichment Constraint
Initial Load Constraint
Energy Release Constraint
Volume Constraint
Fabrication Constraint
Beginning of Life

End of Life

C.R.

M.R.

I.R.

F.FP.

OF

Outer Region

Intermediate Region

Inner Region

240Pu

241Pu

Fission Product

Objective Function

"Clean Uranium" added to the outer region of the 2nd core.

From lst year to 3rd year.
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Name of

Row

Name of

Numbe r Constraint RERETE Number Constraint AbEts
1000 OF 1020 Bn. (lst yr. M.R, P-1) *
1001  En. (CU-2) * 1021 Bn. (lst yr. M.R. F.P.) *
1002 I.L. (0.R. U-5) * 1022 Bn. (1lst yr. T.R. U-5) %
1003 1I.L. (0.R. U-8) * 1023 Bn. (1st yr. I.R. U-6) *
1004 I.L. (M,R. U-5) * 1024 Bn. (Ist yr. L.R. U-8) *
1005 I.L. (M.R. U-8) * 1025 Bn. (1st yr. L.R. P=9) *
1006 I,L. (I.R. U-5) * 1026 Bn. {1st yr. L.R. P-0) *

1007 I.L. (I.R. U-8) * 1027 Bo. (Ist yr. I.R. P-1)  *
1008 Bn. (1st yr. O0.R. U-3) * 1028 Bn. (1st yr. L.R. F.P.) *
1009 Bn. (1st yr. O.R. U-6) % 1029 E.R. (lst yr.) +
1010 Bn. (1st yr. O.R. U-8) * 1030 Vol. (lst yr.) +
1011  Bn. (st yr. O.R. P-9)  *# 1031 BOL Re. (lst yr.) +
1012 Bn. (1st yr. 0.R. P=0) * 1032 EQOL Re. (1lst yr.) +
1013 Bn. (Ist yr. O.R. P-1) * 1033 Bn. (2nd yr. O.R. U-5) *
1014 Bn. (1st yr. O.R. F.P.) * 1034 Bn. (2nd yr. O0.R. U-6) *
1015 Bn. (lst yr. M.R. U=5) * 1035 Bn. (2nd yr. O.R. U-8) *
1016 Bn. (lst yr. M.R. U-6) * 1036 Bn. (2nd yr. 0.R. P-9) *
1017 Bn. {(lst yr. M.R. U-8) * 1037 Bn. (2nd yr. O.R, P-0) ®
1018 En. (1st yr. M.R. P-9) * 1038 Bn. (2nd yr. O0.R. P-1) *
1012 Bn. (lst yr. M.R. P-0) * 1039 Bn. (2nd yr. O.R. F.P.) *
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Nu§§2r Cogziiazﬁt Statis Nuing Cogzﬁjazit Skatus
1040 Bn. (2nd yr. M.R. U=5) * 1060 En. (CU-3) *
1041  Bn, (2nd yr. M.R. U-6) ® 1061 E.R. (2nd yr.) *
1042  Bn. (2nd yr. M.R. U-8)  * 1062 Vol. (2nd yr.) +
1043  Bn. (2nd yr. M.R. P-9)  * 1063 BOL Re. (2nd yr.) &
1044 Bn. (2nd yr. M.R. P-0) * 1064 EOL Re. (2nd yr.) +
1045 Bn..(an vr. M.R, P-1) * 1065 Bn. (3rd yr. O0.R. U=5) *
1046  Bn. (2nd vr. M.R. F,B.) * 1066 .Ba. (3rd yr. O.R. U-6) *
1047 Bn. (2nd yr. I.R. U=5) * 1067 Bn. (3rd yr. O.R. U-8) *
1048 Bn. (2nd yr. I.R. U-6) * 1068 Bn. (3rd yr, O.RE. P-9) *
1049 Bo. (2ad yr. I.R. U-8) * 1069 Bn. (3rd yr. 0.R. P-0) *
1050 Bn. (2nd yr. I.R. P-9) * 1070 Bn. (3rd yr. 0.R. P-1) *
1051 Bn. (2nd vr. I.R. P-0) * 1071 Bao. (3rd vr. 0.R. T.P.) *
1052 Bn. (2nd yr. I.R. P-1) * 1072 Bun. (3rd yr. M.R. U=5) *
1053 Bn. (2nd yr. I.R. F.P.) * 1073  Bn. (3rd yr. M.R. U-6)  *
1054  Fab. (1-3, U-5) * 1074 Bn. (3rd yr. M.R. U-8)  *
1055 Fab. (1-3, U-6) * 1075 Bn. (3rd yr. M.R. P-9) %
1056 Fab, (1-3, U-8) * 1076 Bn. (3rd yr. M.R. P=0) *
1057 Fab. (1-3, P-9) * 1077 Bn. (3rd yr. M.R. P-1) *
1058 Fab. (1-3, P-0) * 1078 Bau. (3rd vyr. M.R. F.P.) *
1059 Fab., (1-3, P-1) * 1079 Bn. (3rd yr. I.R. U-3) *
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Row Name of SEEEUE Row Name of Status
Number Constraint Number . Constraint

1080 Bn. (3rd yr. I.R. U-6) * 1100 Bn. (4th yr. O.R. P-9) *
1081 Bn. (3rd yr. L.R. U-8) % 1101  Bn. (4th yr. O0.R. P-0) %
1082 Bn., (3rd yr. I.R. P-9) % 1102 Bn. (4th yr. O0.R. P-1) *
1083 Bn. (3rd yr. I.R. P-0) * 1103 Bn. (4th yr. O.R. F.P.) *
1084 Bn. {(3rd yr. I.R. P-1) & 1184 Bn. (4th yr. M.R. U-5) *
1085 Bn. (3rd yr. I.R. F.B.) * 1105 Bn. (4th yr. M.R. U-6) *
1086 Fab. (2-4, U-5) * 1106 Bn. (4th yr. M.R. U-8) *
1087 Fab. (2-4, U-6) * 1107 Bn. (4th yr. M.R. P-9) *
1088 Fab. (2-4, U-8) * 1108 Bn. (4th yr. M,R. P-0) *
1089 Fab. (2-4, P-9) * 1109 Bn. (4th yr. M.R. P-1) *
1090 Fab. (2-4, P-0) * 1110  Bn. (4th yr. M.R. F.P.) *
1091 Fab. (2-4, P-1) 1111  Bn. (4th yr. I.R. U-5) *
1092 En. (CU-4) * 1112 Bn. (4th yr. I.R. U-6) *
1093 E.R. (3rd yr.) * 1113  Bn. (4th yr. I.R. U-8) *
1094 Vol. (3rd yr.) + 1114 Bn. (4th yr. I.R. P-9) *
11095  BOL Re. (3rd yr.) + 1115 Ba. (4th yr. I.R. P-0) %
1096 EOL Re. (3rd yr.) i 1116 Bn. (4th yr. I.R. P-1)  *
1097 Bn. (4th yr. 0.R. U-5) * 1117 Bn. (4th yr. I.R. F.P.) *
1098 Bn. (4th yr. 0.R. U-6) * 1118 Fab. (3-5, U-3) *
1099  Bn. (4th yr. 0.R. U-8) * 1119 Fab. (3-5, U-6) *
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Row Name of SEatus Row Name ?f SEAEE
Number Constraint Number Constraint
1120 ¥ab. (3-5, U-8) * 1140  Bn. (5th yr. M.R. P-0) *
1121  Fab. (3-5, P-9) * 1141 Bn. (5th yr. M.R. P=1) *
1122 Fab. (3-5, P-0) * 1142 Bn. (5th yr. M.R. F.P.) *
1123 Fab. (3-5, 2-1) * 1143 Bn. (5th yr. I.R. U=5) %
1124  En. (CU-5) % 1144 Bn. (5th yr. L.R. U-6) *
1125 E.R. (4th yr.) * 1145  Bn. (5th yr. I.R. U~8) e
1126  Vol. (4th yr.) + 1146  Bn. (5th yr. I.R. P=9)  #
1127 BOL Re., (4th yr.) + 1147 Bn. (5th yr. I.R. P-0) ®
1128 EQL Re. (4th yr.) + 1148 Ban. (5th yr. I.R. P~1) *
1129 Bn. (5th vr. 0O.R. U-5) % 1149 Bn. (5th yr. I.R. F.P.) *
1130 Bn. (5th yr. 0.R. U=8) * 1150 Fab. (4-6, U=5) *
1131  Bn. (5th yr. O.R. U-8) * 1151 Fab. (4-6, U-6) *
1132  Bn. (5th yr. O0.R. P=9) * 1152  Fab. (4-6), U-8) *
1133 Bn. (5th yr. 0.R. P=-0) * 1153 Fab., (4-6, P-5) *
1134 Bn. (5th yr. 0.R. P-1) * 1154 Fab. (4-6, P-0) *
1135 Bn. (5th yr. O.R, F,P.) * 1155 Fab. (4-6, P-1) *
1136  Bn. (5th yr. M.R. U~5) * 1156 En. (CU-6) *
1137 Bn. (5th yr. M.R. U~6) * 1157 E.R. (5th yr.) *
1138  Bn, (5th yr. M.R. U-8) * 1158 Vol. (5th yr.) +
1139 Bn., (5th yr. M.R., P-9) * 1159 BOL Re. (5th yr.) +

s w
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Row Name of Status Row Name cof Status
Number Constraint - Number Constraint
1160 EOL Re. (5th yr.) + 1173  Bn. (6th yr. M.R. P-1) *
1161 Bn. (6th yr. O.R, U-5)  * 1174 Bn. (6th yr. M.R. F.P,) *
1162 Bn, (6th yr. 0.R. U-6) * 1175 Bn. (6th yr. I.R. U-5) *
1163 Bn. (6th yr. O.R. U-8) * 1176  Bn, (6th yr. I.R. U-6) *
1164 Bn. (6th yr. 0.R. P-9) * 1177 Bn. (6th yr. L.R. U-8) *
1165 Bn, (6th yr. 0.R. P-0) % 1178 Bn. (6th yr. I.R. P-9) *
1166 Bn. (6th yr. 0.R. P-1) * 1179 Bn. (6th yr. I.R. P-0) *
1167 Bn. (6th yr. 0.R. F.P.) * 1180 Bn. (6th yr. I.R. P-1) *
1168 Bn. (6th yr. M.R. U=5) % 1181 Bn. (6th yr. I.R. F.P.) *
1169 Bn. (6th yr. M.R. U-6) ® 1182 E.R. (6th yr.) *
1170 Bn. (6th yr. M.R. U-8) ® 1183 Vol., (6th yr.) +
1171  Bn. (6th yr. M.R. P-9)  * 1184  BOL Re. (6th yr.) -
1172  Bn, (6th yr. M.R. P-0) * 1185 FEOL Re. (6th yr.) +
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APPENDIX A.2

Name of the State Variable and the Corresponding Column Humber

in the Computer Code

It is indicated in Section 3.3 that the state variables; Ii,j,k’ are
defined to be the amount of nuclides of species i in the reactor of region
j during the irradiation period k at the beginning of that irradiation period
for ¥ = 1 and at the end of that year for & = 2, The description of the
indices, i, j, k is given in Table 3.3.1.

235

By the way it is defined, I would represent the amount of U

2
1,1,1
in the outer region at the end of the first year, and Ii 2.9 would be the
LA
2 ; . .

amount of 35U in the intermediate region at the beginning of the second
year. However, the refueling scheme for this model was chosen to be the
12 and Il refer to th
1,1,1 1,2,2 <

same quantity. In the computer code, only one name is assigned to this

"OQut-In" batch irradiation. Therefore,

quantity, both names are listed in the following table.

Abbreviations:

A = Column number defined in the computer code
B = Corresponding name defined in Section 3.4
C = Other name corresponding to the same quantity



A B c
1001 Iill -
1002 Iy, -
1003 1%21 -
006 T, -
1005 1131 —
1006 I3, -
1007 13, -
1008 13, -
4aa3 Iill Iizz
1610 I211 I522
o1 13, 1,
1012 Ifll Iy
1013 1, Lsss
01 Ig),
1015 12 7.,
1016 12, Iy
017 12, I74
1018 12, I35,
019 1, I,
1020 13, Iss)

A B c
1021 I221 Ié32
K I321 I%zz
1023 IiBl s,
1024 L. -
1025 1§31 —
1026 1231 -
1027 1. -
1028 1, @ —
1029 1331 -
1030 U, -
1031 1, -
1032 1, -
1033 1., -
L
SUECTNS s
1036 1213 -
1037 U, o
1038 Iilz Ii23
433 I%12 I523

Loso I§12 Iéza

114

A B C
1041 Iilz 1123
1042 1o,  Tp,,
W8 Ty T
106 12, 1.
1045 T, T,
1046 T, I,
T I S
1068 I, I,
1049 12, Ii.

1050 I2,,  Tga,
105, G I
1052, -
1053 1, -
105 1, -
1055 I, -
105 12, -
1057 1., -
1058 1§32 —
1059 b, -
1060 1 -




A B c
1061 I, —

062 17, -

1063 T, -

1066 I, -

1065 1214 -

1066 U, o

1067 I, I,
1068 I, Lo
. I§13 Iéza
inzn I513 I11;24
1073 I§13 Iéza
072 I, Tgy,
1073 I§13 I%24
R P
1075 13, 1234
1076 13, Lo
077 Ty Iy,
s I§23 Iéaa
14 I223 1234
1450 I?zs 1%34

A B c
1081 L, -
1082 I, -
1083 I, -
1086 L., -
1085 1., o --
1086 1233 e
1087 I, -
1088 U, -
1089 Iy, -
1090 15, -
1091 1215 -
1092 1, -
1093 1;15 —
1094 Tp. -
1095 U, e
Lbae 1514 Ty
1097 Tygy Ly
1008 Ty T
1099 T, T
100 15, s

A B C
101 1L, iy
1102 I§14 I%25
W0E T, Tk
104 I, I;35
1105 I§24 I%35
1106 I, I
T I§24 I§35
1108 I, T
109 13, Ii
u 1, -
1 L, -
2 1, -
ms 1, -
114 1, 0 -
1115 1234 e
1116 1§34 -
m7  u, —
1118 1, -
1119 1216 e
1120 1+ o

Lavg

52



A B C
1121 1116 -
1122 1%16 —-
1123 1216 -
m24 -
W28 B Ly
126 I3, Iy,
1127 IilS I%ze
e Iy Iy,
I T T
nw L. Iy,
— I?lS 1%26
a2 | 1Dy I
kg Iézs I%36
LI I Iy
U35 Lo Ty

A B c
1136 1?25 L§36
1137 1225 Iésa
1138 1?25 B
1139 1§35 s
1140 1335 e
EVS IS AN
142 1L, -
u4 . -
1164 L. -
1145 I? 35 -
4 1, -
47 1, -
148 15, -
L
uso .. -

A B C
ust 1, —
1152 12, -
1153 1., -
1154 12 e

226
155 12, -
1156 I, @ —
157 15, -
1158 I, -
nuss 1, -
1160 13, -
1161 12 —

236
162 13, -
ues I, -
164 1o, -
1165 I, -
1166 12 .

1716

33



ILLEGIBLE

DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
COPY AVAILABLE
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DIMENSION RE{B)+RBIBIVIT) UlB)
COMMAON /Z1/CYl,C2+C3,C4,05,(56+C7,08,C9,C10
COMMON /f22/SA5,5A46,5A8,545,5A0,5A1
COMMON JZ3/MMaA[ T7+47+3}4+81063,29)
COMMON /25/7/S5AF4SF545F3,5F1,5(5,5C%,5C1
COMMDN /74/C11,C012,C13,C0144C15,016,C17,L18
DATA W1,W24POURLPOPR/1,.20s140628464CalslaD/
DATA W3gWheWB )Wt/ Ce9T7121340e92169,0935463,0.916060/
DATA P3Pl EPS,ET5/0.832+0.9912,1.0584+92.0423/
DATA PPl EPS,ET5/C.832,049512,41.C58442.(423/
DATA ANS yANG AN 4EF/ 2447929059 3.L6+0.91/
DATA ENAENBLETI4S5A5/0.968¢—0.032:18107,26C.03/
DATA V1eV2sV39Va V54, VEIVT/AR0,9124,423%0,8726443000.0/
10 FORMATI{TS,'COLY 3 14:T15,'RONICO0Y,T26,
1'0.1U000E C1? 9 T4 0, ROW 3 144T51,'G,10CGO0E OLY) .
11 FORMATI(TS,%COLYy 144715, "ROW*y14,T254,E12a.5)
12 FORMAT{'RHS")
13 FORMAT(TS,"LIMITSYyT15,'ROWY 14,725,
1E1265¢T40, " ROWY 3 [4,T5CsE1265)
14 FORMATI(TS5,'COL1007%yT15, "ROW100OCY,T264?0410CCCE 0O17)
20 FORMAT{YNAME? ,T15,*YFC*)
21 FORMAT({'ROWS®)
22 FORMAT{®" N ROW1000")}
23 FORMAT(* E ROW',.14)
24 FORMAT(® G ROWY,14)
25 FORMAT{*EMDATA')
26 FORMAT{*COLUMNS?®)
27 FORMAT(* L ROW',.I4)
uilr=wl
Ut2i=w2
Ul3)=w3
Ut4)=Wws
Ui{s)=ws
utél=ue
villi=Vvi
Vizl=v2
vi3)=v3
vi4)=Va
Vi5)=V5
vi6)=Vp
vi7i=v7
SA5=0.412
SA6=0,0048
SA8=0.,00173
SA9=1,028
SA0=0,1772
SAl=1,121
SAF=0,025
SF5=3,3414
SFS=0.6T772
SF1=0,773
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SC5=0.37Ch

SC9=0.3508

SC1=0C.348
ETB=1.114/{PXEPS%D]XEF)
ETE=1.003/(P*EPS=P1*EF)
RE(1)=ANS®SF5-ETE*SAS
RB(1)=ANS®SF5-FTR*SAS
RE{2)=—-ETE*SAS
RB{Z)=-FTR%SAH
RE(3)=—ETE*SAS
RB{3)=—ETR*SAS8
RE{4)=ANG*SFO9-ETE*SAG
RB{4)=ANS®SFO9-ETRBR*SAQ
RE(5)=-ETE*SAD
AB{5)=-ETR%SAD
RE[H)=AN1=SF1-ETE*SA1]
RB{6)=AN1I=SF1-ETB*SA1l
RE{7)=—ETE*SAF
RB{T)=—ETB*SAF

MM=9

RBIB)=ETR%SAS
RE{B)}=E£TE%SAS
RE(8)}=3TQ.0
Cl=EPSxPp1x{],0-P)AETS:SA9-5A9
C2=EPS=P1=x{1.0~-P}*ET5%5A5
C3=—5A8/C1

C4=5A0+C1

C5=SA5-54A0

C6=SA5+C1

CT=SAl1+C1

CB=5A1-5A5

C9=SA1-5A)

Clo=C4=*C7

C11=C5%C8

Cl12=2,.0%C3
Cl3=C1l2*SF1%5C9
Cl4=C13%SAQ
Cl5=2.0=%C2
Cle=C15*SF1*5C9
Cl7=Cl6=%SAD
ClB8=({1.G/C5+1.0/C4%)
WRITE(MY,20)
WRITE(¥M,211}
WRITE(M¥,22)

00 30 1=1001,1028
WRITE({MM,23)1

I=1029

WRITEI{MM,24)1

I1=1030

WRITE(MM,2T7)1

56



31

33

32

99

101

102

103

104

1GC6

107

37

DO 31 I=1021,1032
WRITEI(MM,24) 1
11=1033

12=1061

DO 32 X=1,5

DO 33 I=11,12
WRITE(MM,23)1
I=12+1
WRITE(MM,2T7) 1
I=12+2
WRITE(MM,24])1
I=12+43
WRITE{(MM,24)1
I11=12+4

12=11+28
IF‘K.GE.4’12=11*21
CONT INUE
WRITE(MM,26])

DO 99 I=1,7

DB 99 J=1|7

D3 99 K=1.3

AlT v JeKI=DG

DO 101 I1=1.63

DO 1D1 4=1+29
BllsJ)=0.0
Blls7)=ENA
B{1l,8)=ENBR

DO 102 I=1.+5%
BllI+1l,T1}1=0.01

DO 103 I=3,28
BllIsI+1}=-1.0

DO 104 K=1,3
B{31,2%K=1)1=RB{]1)
B{3]1,2%K)=RB{3}
BIK+53,K+22)=PNUR
B{K+56,K+25)=P0GPR
BI29,K*x7+8)=1.0
1v=1

TU=U(1Y)

CALL BURNUP{IY,TU)
DO 106 K=1,3

DO 106 1=1,.,7
BIK=TH+I s K*xZ2=11=A(I,+1,K]}
RIKETH] JKEx2)=A(1 434K)
1y=2

TU=U(lY)

CALL BURNUPLIY,TU)
ng ic7 1=1,7
BI32¢1:7)=A{041y1)
B{32+1,8)=A(1+3,1)



DO 128 1=1,7
B{32,I+81=RE(I)
B{32,I+15)=RE{T)
B{32,1422)=RE{ 1)
B{63,1+48)=RRBI(1)
R{a3,I+15)=RR{]}
D0 110 K=2,3
00 110 J=1.1

110 BIK*:T4+25+4¢[ 4KxT—6+J)=A{1s.dsK}

108 CONTINUE
B{30,1)=V(1)
B{30,2)=Vv{3)
Bl{&s2,71=V(1)
Bl62,8)=VI(3)
B{63,7)=RB{1)
B{63,8)=RB{3)
Bi{sl,15)=—1.0
BL61,22)==140
11=1000
J1=10C0
12=31
J2=6
J3=1
CALL WTOUT(I1,J1412+d25J3)
WRITE(MM;14)
12=63
J2=29
J3=7
CALL WTOUT(11,J1+12442,43)
IR3=1054 -
JCOL=1030
WRITE(MM,10)JCCL,IR3
TR4=IR3+6
WRITE{MM,11)JCCL,IR4,ENA
DO 201 1=1,63
DO 201 J4=1,29

201 BIlI,J1=0.0
DO 232 1=1,21

202 B{I,I+7}=-1.0
DO 203 [=1.6
B{I+21,1)==-1.0
B{o2,I)=Vvil}

203 B(63,1)=PBI(I)
DO 204 1=1,17
B{32,1+7)=RE{I}
B(32,1+#14)=RE{I)
BI32,I+21)=RE(T)

© BlE3,I+T7I=RE(I)

204 Bleld,1+14)=R3(1)

8124'?)=100



205

212

210

214
213

215

216

Bl(6ly14)=—1.0
B{ol,21)=-1,0
B{28B,7)=ENB

po 205 1=1,3
B(I+53,1+21}=POUR
B{I+56,1+24)}=P0OPR
B(29,1*7+71=1.0
I11=1032

J1=1030

12=63

J2=28

J3=1

DO 210 IY¥=3,6
TU=U1Y) )

CALL RURNUPI(IY,TU)
D0 212 I=1,7

DO 212 J=l,1

Bt I“‘BZ,J )'—*A!Iv‘}gl]
BIT439,J+71=A(1,J,52])
Bll+4643+14)=A(1+J+3}
IF{IY.GE.61GO TO 210
CALL WTOUTI{I1lsJ1,+12,Jd24+43)
IR3=11+54

IR4=IR3+6

I11=11+32

Jl=J1+29

JCoL=J1
WRITF(MM410}JCCL,IR3
WRITE(MM,11)}JCOL TR ENA
CONTINUE

DO 213 I=1,3
BlI+53,1+4211)=0.0

DO 214 J=1,21
B{I+53,J)=B(1+60,+4)
CONTINUE

I1=1128

J1=1117

12=56

Jz2=28

J3=]

CALL WTOUT(I1l,J1+12,42,43)
00 215 I=2,4%
Bl22,7%1)=1.23

N0 21¢& 1=8+23
BU25,1¥=R{32+1)
I1=11&0C

J1=1138

12=25%

J2=28

J3=8



218

300

CALL WTOUT(I1l,J1,12,J2,33)

WRITE(MM,12)

XEN=0,022

DO 218 IR1=1D02,1C0642

TR2=1R1+1
RVI={XEN*10%.265/(0.1102%3,0))1*(238.0/270.0}
RYV2=((1e"—XEN)}*109.265/(2.1102%3.0))*(23840/27C40)
WRITE(MM,13)IR14RV14IR24RV2 ;
XEN=XEN-3.005

IR1=1029

RV1=2112.50

IR2=1030

RVZ=VI(T)

RV3=RBI[ 8]

RV4=RE(8)

DO 3C4 I=1,46

WRITE{MM,13)IR1,RV1,IR2,RV2

IR1=1TR1+2

IR2=1R2+2

WRITE(MM,13)IR14RV3,1IR2,RV4

IA=30

IFl1.GE.5)[A=23

IR1I=IR1+IA

IR2=TR2+IA

WRITE{(MM,25)

sSToP

END

60
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SUBROUT INE BURNUPLIY«TU)

DIMENSION T1(3) :

COMMDON /Zl/Cl|CZcCEpC‘feCSvCﬁvC?vCB!Cg'ClO

COMMON /22/SA5,546,5A8,5A9,5A0, SA1l

COMMON /JZ23/MMA(T+T7931,+8(63,29)

COMMON /Z24/C11,012,C13,C14,(15,C16,C17,C18

COMMON /ZI5/SAF,SF5,5F9,SF1,5C5,5C%,5C1

TL1)=TU :

TL2)=1.225%T(1})

T(3)=1.264%T(1)

DO 40 K=1v3

Alls1,K)=EXP{-SAS*T{K})

Al2+2¢X)=EXP{-SAns*T{K)})

Al3¢43,KI=EXP{~SAB=T(K})

Al4e44KY=EXP( C1%TI(K]})

A{5454K)=EXP{~SAC*T{K))

AlB:6+KI=EXP{-SA1%T(K))

A{_?'?gi(]=1.0

D1=A{5,5,K}=1.0

D2=A{8,6,Ki-1,0

D3=A{4444Ki=1.10
Al241+K)=S5C5x{A{1slsK)=-AL12:,24K}}/{S5A6~5A5])
Al4+3,K)1=-C32D3 _

Al4, 1K )=C2%[A{4+4,K)=A{1l:1:sK))/CE
A{S5444K)=SCO%{A{444+X)=A{5,5:K})1/C4
Al5¢34K1==C3%{SCS¥DL/SAG+A(5,:4,K))

AlS41 ,K¥=C2*(A{544,K)+5CO%{A[1,1.K}-A15+5,K))/L5)}/Ch
Bl6454K)=SA0R{A{5,5+4K)—-A{6464K)}/CY

Alby 4K )=SACHSCOX{A{494,K)=AL6464K))/
1C10~-SCS*A{H6+54K)/C4
Bloy3¢K)=—C(3%2{SCOR{D2/SAL+A{6,5,K)/SAQ)+A156,44.:K})
A{Hy 14K )=SACRSCO#C2%{{ Al G4 K)=A{bLs6+K) ) /CLOH+
T{A(L1e1sKI—A(S464KIV/C11)/CE-5CO%C2*%A{5,5,K)*C18/CE
Al 746K )==2.0%SF1*N2/85A1
AlT7454K)1=2.0%SF1*SA0*(D2/S5A1-D1/5A0)/C9

Al T4 oK) =2 0%SFI%N3% {1, 0+SA0*SCI/C13)/C1+2.0*SF 1%
15CO%¥D1/1CO%C4)~A{ ToE4K)*SAD*SCO*{1.L/C7-1.,0/C9)/C4
A{T o3, K)=TUK)F(L12%SF93C13/5A1)-D3%{L12=5F9+
1C14/C10)/C1+C13*{1.0/SAC—-1.0/C4*{D1-D2%SA0/
25A1)/7CO+D2%C14*{ 1, 0/1SAL%SAQ)-1.C/C10) 75Al
A(T751+%)=D3%(C15%5F9+L17/C10)/(C1xCHI+

1Al ,14K)=1laJ)={C15%SFI/C6-5F5%2,0~
2C1771C11=C8))/SAS+CITxC18%[D1/SAd-

3N2/SALY/ (CO=CSI+CLIT*N25(1.0/C10+1.0/
4C11)/(S5A1=C6)
40 CONTINUE

AlT,7Ty1)=0.0

RETURN

END



SUBROUTINE WTOUT{T1,41,12,42+43)
COMMNN 73/ MM A{T74742),B(632,2%)
15 FORMATI{TS ' COLY 4 14,T15,'R0W"* 14,725,
1F12,.5,T40, *RIWT 3 49 T504E12a51)
16 FORMATITS'COLY 3 144T15,'ROW 9 144T25,E12.5)
DO 50 J=J3,J42
JC=Jd+J1
1=1
51 TF(B(I+J).EQ.N.0)}G0 TO 53
IR1=1+I11
RV1=BI(1,4)
52 IFIT.GEL.I2)G60 TD 54
I=1+1
IF 1B{I+J])eEQeGe0)GO TO 52
IR2=1+I1
Rv2=B{1,J)
WRITEIMM,15)3C+IR1L4RV1I,IRZ4RV2
53 IFl]l.GELI2)G0 TO 50
I=1+1
GO TO 51
54 WRITE(MM,16)JCsIR1,RV]
50 CONTINUE
RETURN
END
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MPS—PTF4

0001
0002
0065
C0&6
0067

CONTROL PROGRAM COMPILER - MPS/360 VZ2-M1O

0068

0069
0070
.0071
0072
0073
0074
0075
0076

Svl
sve

PROGRAM

INITIALZ

MOVE{ XDATA,'YFC')
MOVE(XPRNAME, * PRFILE®)
CONVERT (' SUMMARY?® )
SETUP
MOVE(XNBJ,y *RCW1000")
MOVE{XRHSy *LIMITS")
PRIMAL

SOLUTION

EXIT

DC{0.0)

DC{C.0])

PEND
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MPS—-PTF4 EXECUTOR . MPS /360 VZ2-M10

SOLUTION {OPTIMAL)

TIME = 3447 MINS. ITERATION NUMBER = 174
soa NAME, 40 e0os ACTIVITYeus DEFINED AS
FUNCTIONAL 5087.18277 ROW1C0D0

RESTRAINTS LIMITS
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APPENDIX B.Z

The Fluence Optimization Code Listing
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1 IMPLICIT RFAL*R (A-H,0-1)
2 DIMENSTON X{545) s Y{545)sR(543) s YY{545)sP{5)+XX(5,5}),0(5)
3 100 FORMAT{T10,*CHECK MATRIX INVERSION')
4 1IC1 FORMAT{T1%245F15.9)
5 102 FORMAT(T13,"WECTOR NEED TO FEED IN')
6 133 FORMAT(L13X,5F13.3}
T 104 FORMAT{T1u, "INPUT MATRIX')
8 105 FORMAT({TIO,'OUTPUT MATRIXY)
9 106 FORMAT{TIDN'VECTDOR DESTIRED AT DUTPUTT)
10 107 FORMAT(T1O,."INVERTED MATRIX?')
11 158 FORMATI({TID,,"VECTZR OBTAINED AT QUTPUT®')
12 109 FORMATI1HL,// /777717771 17)
13 KM=1
14 C0O=401,55217
15 WRITF{6,109)
16 NO 2 1=1,5
17 9 READ{S54103)XU1sT ) oX{2,T)oX{351) 4X{4,1)+X(5,1)
18 CALL MATINV(X,XX)
19 DO 11 TM=1,KM
20 DO 10 'I=1,5
21 13 READISy103IY U191 ) s YU 290) s ¥ {341, Y {4:1):Y (5, I]
22 WRITE(6,104)
23 DD 12 1=1,5
24 12 WRITELA» 121 IXIT 41 ) o X I o219 X{T 431, X{194)9X(1,5)
25 WRITEF{64155)
26 DO 13 I=1,5 ]
27 13 WRITE(6, 10107 (T4 )Y (Te2)eY(T143)4Y({104),YI(I,5)
28 CALL MATINVIY,YY)
29 WRITE(6,137)
20 DO 14 I=1,.5
‘31 14 WRITELG,101)1YY (T w1l e YY{Io2) s YYLT43)3YY{T44),¥Y(I,45)
32 Do 29 I=1,5
33 DO 20 J=1,5
34 R{1+J3=2.D0
35 PN 21 K=1,5
36 21 RUT4J1=R(I4J)+YITIKIFYY{K,J)
37 20 CONTINUE
38 WRITE(A,130)
39 nn 22 1=1,5
43 22 WRITE(64121IRITs1)ar{T47) 4R (I s3)sRIT44)4R{1,5)



41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
672
63
64
65
66
67
68
69
70
71
72

73
74
75
7¢
77
78
79
80

25
24

27

26

30

29

32
31

11

18

DO 24 I=145

DO 24 J=1,5

R{I,J)=9.D0

NN 25 K=115

RISy JI=RIT4JI+X{T o KIAXYY[K,J)
CONTINUE

NN 26 1=1,5

P{I}=0.D0 .

DO 27 J=1+5

PII)=P{TI)+R(T4.J)
P(IN=P(])*C0D

WRITE(6,122)
WRITE(6,101)P(1),P{2),P(3),P{4)},P(5)
pn 29 I=1,5

‘DO 29 J=1,5

R{I,J)=CaDO

DD 30 K=1,5
RITsJI1=RIT,J)1+Y{T,KIRXX{KyJ)
CONTINUE

.D0 31 I=145

QUI=C.ND

DO 32 J=1,5
QUT)1=0(1)+R{T4J)Vx%P(J])
CONTINUFE

WRITE{b6412¢6)
WRITE(64121)C0,C0,CO.C0,C0
WRITE (5,128
WRITE(6,1211Q11),0(2),0(3),2(4},Q(5)
CONTINUE

WRITE{&,109)

SToP

END

SUBROUTINE MATINV (A, ATNV)

IMPLICIT REAL*B8(A=H,0=2),INTEGER{I-N)
DIMENSINN A(5:5)sATHNV(545),D(5,10)
N=5 .

N2=N%?

PO 10 I=1,N

0o 10 J=11N

D(IsJ)=A(1,J)
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81
82
83
84
85
856
87
88
89
99
91
92
93
94
95
96
97
a8
99
100
101
102
163
105
195
1056
107
108
109
116
111
112
133

21
290
54

3

3
39

61

50
21

52

55

53

$ENTRY

N 20 I=1,HN

DO 21 J=1,N
DIT,N+J)=0,0
D{TsN+1)=1.0

PO 30 J=1.N

DIVv=DUJd,Jd)
IFIDIV.EQeTCIGT TA 50
S=1,0/D1V

DD 31 K=J4,.N2
DUJK)=D{JyK)=S

DO 30 I=1,N
IF(1.EQ.J)G0O TO 30
DIJ==N(1,J]

NGO 32 K=J,N2
D{I+€)=D{I,K)+DIJ*D{JeK)
CONTINUE

DO 61 I'—'lvN

DO 61 J=1,N

Ji=N+]
ATNVIIZJI=ND01,441)

GO TO 53

M=J

M=r+]

IF{M.GT,NIGD TO 53
IFIDIM,J)aNEDDI5B0 TO 52
GO TO 51 )
DO 55 L=Jd,N2
DUM=D({J,L}
D{J,L)=D([M,L)

DIY,L =DM

GO 70O 54

RETURN

END
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ARSTRACT

A model was developed to simulate a large scale power PWR fuel cycle
of six, consecutive, one year irradiation periods.

The reference reactor was assumed to have a three concentrical
equivolume region core with the refueling scheme being an "Out-In" batch
irradiation. Linear programming was used to minimize the total amount of
additional "clean uranium" required for the six irradiation periods. A
technique was developed to obtain the fluence for each year so that the
optimal soclution would satisfy both the energy release and the reactivity
constraints.

A fuel burnup code was used which, by use of a given known fluence
value, would correlate the beginning of life and end of life nuclide
concentrations for the seven species: 235U, 236U, 238U, 239Pu, 24OPu,
241Pu, and fission products.

The effect of recycling plutonium and spent uranium was studied which
revealed that the value of 23gPu is essentially independent of the percentage
of Pu fecycled. However, the quality of plutdnium decreases when the

percentage of Pu reéycled increases.





