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1.0 INTRODUCTION

As the number of nuclear power plants increases, nuclear fuel management
considerations take on greater urgency. The dollar magnitude of fuel in the
nuclear picture was illustrated by Benedict (1): A 1000 Mwe pressurized
water reactor (PWR) or boiling water reacter (BWR), over 30 years at 65 per
cent capacity will spend 303 million dollars on fuel. This illustrates the
importance of the optimization of fuel usage; an error of one per cent could
lead to a loss of 3.03 million dollars for the electric utility.

Several techniques have been used for fuel optimization but most deal
with the maximization of fuel burnup. Two such techniques appear in works by
Fagan (2) and Tabak (3). These techniques are not best suited to a utility
because the utility must schedule refueling shut down times according to their
seasonal load curve and other system capacity. Hence, the utility must refuel
during a proper refueling window. This is a predicted time of the year,
usually in the spring or fall, when power demands are low enough that the
utility can shut down a reactor to refuel and still maintain necessary power
requirements with the operation of other generating units of the system. Thus,
scheduling of refueling times is a very important consideration.

It is the purpose of this work to develop a reactor model to obtain
the most economical use of nuclear fuel for the utility over a period of
five refueling periods. The reactor was assumed to be a base load reactor,
operating at a steady power, and refueling was assumed to take place once
a year during the predicted refueling window. A linear programming model was

developed to fulfill this objective.



2.0 CONCEPTS OF LINEAR PROGRAMMING

2.1 Definition of Linear Programming

Linear programming (LP) deals with those problems in which all relations
among the variables are linear., This includes the objective function (OF),
that function which is to be maximized or minimized, and all problem constraints.
LP is a technique which can be used to optimize the OF, which must be a linear
function of a parameter such as cost, profit, or products produced. The
constraints developed for the model must be linear combinations of such things
as the amount of time, money, man power, or raw materials available.

"The general linear programming problem can be described as follows:
Given a set of m linear inequalities or equatioms in r variables, we wish to
find non-negative values of these variables which will satisfy the constraints
and maximize or minimize some linear function of the variables (4)."

Mathematically this can be written as, given

A Xy F By ¥s F o ow o F

11%1 7 242% x {g=2ky , i=1,...,m, (2.1.1)

e L =
where bi and aij’ i=l,...,m and j=l,...,r, are known constants. The optimal

values of xj will satisfy Eq. (2.1.1) with

X, 20, 3= 1., (2.1.2)

and maximize or minimize a linear objective function,

Z= c¥y G P C X, s (2.1.3)

where cj, j=l,...,r, are known constants.



2.2 Linear Programming Example

As an illustration of a simple LP problem‘consider a fuel fabricator who
produces a type A and B fuel element. The company has three shops X, ¥, Z in
which the fuel elements are produced. Figure 2.2.1 shows: 1) the hours
required in each shop per unit of each element; 2) the total available shop
time per month; 3) the profit on the sale of one unit of any one of the
elements. The company wishes to know the optimum production schedule for
maximizing profit when the contribution to profit is 2000 dollars for a
type A fuel element and 1000 dollars for a type B fuel element.

The OF selected in this problem is profit:

Z= ZOOOxl + 1000x2 s (2.2.1)

where Xy is the number of type A elements produced and X, is the number of

type B elements produced.

This OF is subject to the following constraints:

2x, + 3x, < 600 , (2.2.2)
1x, + %—9' x, < 500 , (2.2.3)
3xl + X, < 600 (2.2.4)

Since we cannot produce negative quantities, 1.e., to have a feasible solution
to Eqs. (2.2.2 - 2.2.4), the following are additional implicit restrictions of

the model:

X1 Xy 2 0. (2.2.5)

In tableau form (4) the model is given as in Figure 2.2.2,
The constraints and OF (dotted line) are shown in Fig. 2.2.3. The shaded
area is the feasibility polygon, i.e., convex space, which contains any point

which will satisfy the constraints of Eqs. (2.2.2 - 2.2.5). Because the OF



has a constant slope, it is maximized by passing through the extreme point

D, x = 171.43 and X, = 85.71. The optimal value of the OF at this point

is Z = $428,571, i.e.,
Z = ($2000) (171.43) + ($1000) (85.71) = $428,571 . (2.2.6)

This example shows the geometrical interpretation of a simple linear
programming problem and that the set of feasible solutions described by
Eqs. (2.2.2 - 2.2,5) formed a convex region. It was also shown that at least
one extreme point of the convex region was optimal. When a problem involves
more than three dimensions the solution becomes hard to visualize and nearly
impossible to show graphically. The number of basic feasible solutions (BFS),
extreme points, can soon become large (but finite) and the problem of
examining these BFS's for the optimal solution may take an inordinate amount
of time, Thus the simplex and revised simplex methods of finding the optimal
solution were developed (2). The procedure used in each of these is a series
of systematic steps from one initial BFS to other BFS's and finally, in a
finite number of steps, to an optimal BFS, if one exists. The optimal BFS
is found in such a way that the value of the OF at each step, for a maximization

problem, is greater than the preceding step.
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Total hours
Fuel Elements available
Shop A B per  month
% 3 3 600
v 1 10/3 500
. 2 1 600
pBEEe | *2000 [ 1000 1

Figure 2.2.,1. The data for the example.

%

Vectors
in
_basis

Figure 2.2.2., The initial tableau for the example.
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A (0, 0)
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300 +
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\
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\
\g
g 4 " 4
0 100 200 300 400 500

o

Figure 2.2.3 Graphical Solution to Example Problem.



3.0 MODEL DEVELOPMENT

3.1 The Reactor

Because of the limited supply of uranium much research is being done on
fast breeder and plutonium recycle reactors. Due to difficult technical problems
the fast breeder reactor does not seem to be an economically feasible reactor
until at least 1985, But, the plutonium recycle reactor should be ready for the
utility industry by 1975,

Because of this, a plutonium recycle reactor was chosen for this work.

The effects of plutonium recycle were studied to determine its advantages or

disadvantages to U-235 minimization during refueling.



3.2 Nuclide Production and/or Burnup

The reactor was assumed to be loaded initially with only U-235 and U-238.
During operation of the reactor the production of the following nuclides was
considered; U-236, Pu-238, Pu-239, Pu~-240, Pu-241, Np-237, and fission products.
The following assumptions were used in the development of a computer burnup code:
1) One homogeneous region, 2) a known neutron fluence for each operation period,
3) one neutron energy group (thermal), 4) no U-238 fission, 5) mnegligible
decay of nuclides, and 6) batch irradiation.

With the above assumptions, nuclide concentrations during continuous
irradiation can be expressed by a set of first order, linear, ordinary differential
equations with constant coefficients. The independent variable in these
equations is neutron fluence, @, i.e.,

t.-
e = f d(t')de’ . (3.2.1)
o
Ekt) is the average neutron flux at which the reactor operates over the irradiation
period.

The concentration of U-235, IS’ during irradiation is

e -1 g (3.2.2)

The solution to Eq. (3.2.2) is

T o (3.2.%)

where

Kll = exp(ﬂuaSG). (3.2.4)

The concentration of U-238, 18’ 1s expressed by

dI8 ~

_de = —IBUaa’ (3.2.5)



which integrates to

Ig = KyqTg, (3.2.6)

where

Kyq = exp(-0_g0). _ o 2 7%

For build up of U-236, 16’ the differential equation is

d16
TR 15605 - 160a6' (3.2.8)

The solution to Eq. (3.2.8) is

_ o o
T, = R T Byl (3.2.9)
where
Uc5

K21 = -7;—(B - C), (3.2.10)
K,, = C, (3.2.11L)
A = - 9,50 (3.2.12)
B = exp(—ca50), (3.2.13)
C = exp(—caée). (3.2.14)

The production of Pu~239 was assumed to come from two reactions, the thermal
absorption of neutrons in U-238 and U~-235., The differential equation for pro-
duction of Pu-239 from thermal absorption in U-238 is

Ty ‘
—_— =10 .+ sPl(l - p)(Iscrasn5 T ng) = F o

do 8 a8 98 a9 98 {3:2:15)

i
The first term of Eq. (3.2.15) is the thermal absorption of a neutron in U-238
to form U=-239 which then decays by two betas to form Pu-239. The second term
represents the resonance absorption of fast neutrons produced by U-235 and

Pu-239 fission. The last term is the removal of Pu-239 due to thermal absorption.



The solution to Eq. (3.2.15) is

_ o o o
Log = Kypls T Kyqlg + Kyplogs

where

C5
K =D_(E"‘B)s

41
K,5 = CB(1 - E),
Ry By
E = exp(C90),

D = GaS + C9,

C5 = eP;(1 - PINgT, 55

g = -cca/cg,

c9 ePl(l - p)ngca9 = 0.9
Before considering the production of Pu-239 from thermal

Np-237 and Pu—~238 must be considered. The concentration

be found from

dr
N7
e - %6t T enyiN7’
The solution to this is
- 0 o] 0
Iny = Rgyls T Bgoly * Kyplyys
where
- 9e6%c5[p - ¥ LE- d|
91 A L G H ‘J’
g
- [
Kgo =G (C - F),
Kg; = F,

Fo= exP(“ch7)’

10

(3.2.16)

(3.2.17)
(3.2.18)
(3.2.19)

(3.2.20)

(8. 2.010%
(3.2.22)
(3.2.23)
(3.2.24)

absorption in U-235,

of Np-237, s can

Iy

(3.2.25)

(3.2.26)

(3.2.27)

(3.2.28)

(3.2.29)

{3.2.30)



G = UCN7 = g5

H = GcN? = Ogp9

Then for Pu-238, IPS’ the differential equation is

ITpg _

36 - “en7'wy T Yeps’ps’
which integrates to

o [s] Q o] s]
Lpg = Kgyls ¥ Kgole + KoLy * Koglpgs

where

K. = 9eN7%¢6%5 |B - J o e OeN7%c6%c5 £ L (F = J
81 A LG MH NA H G )

e
l

_ %6 |e -3 F-3],
82 H M N

Kg7 = 'ﬁﬁl (8 = d)s
Kgg = I»

J = exp(=0_;40),
E F 9cpg8 ~ a5’
Moo= %P8 T Yap?
L 9epg T N7

For Pu-239 produced from thermal fission in U-235, I9

is

d195

3 - “cpglps = %aglgs:
which has the solution:

0

95 ~ Ky01%5

x 10787 T X08Tes

o (8]
T BTy TE * Kigolgse

11

(3.2.31)

(3.2.32)

(3.2.33)

(3.2.34)

(3.2.35)

(3.2.36)

(3.2.37)

(3.2.38)

(3.2.39)

(3.2.40)

(3.2.41)

(3.2.42)

5 the differential equation

(3.2.43)

(3.2.44)
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where
@ =°aP8°cN7“c6°c5rB-0_c-0+F—0_F-0_J-0+J-0
101 A |_ QLG RMH SNH SNG PLE TMH
_J=-0_J- o-l (3.2.45)
TNH TNGJ
_ C-0 F-0,J-0 J- 0]
K102 = UcPSGcN?'OcGl: RME ~ SNE | TN T | (3.2 .48}
0 o0
_ _cP8 cN?[F - 0 J - d]
Kl07 = N L 5 T J, (3.2.47)
‘o cPS
KlOS = ——(J -~ 0) (3.2.48)
L—" (3.2.49)
0 = exp(-o_,B), (3.2.50)
Q = Ua9 - UaS’ (3.2.51)
R = 0.9 = Oaps (3.2.52)
S = 0,9 " O.y7? (3.2.53)
i 4 = 0,9 = 9.pg* (3.2,.54)
The remaining plutonium isotopes are Pu-240 and Pu-241. For the build up
of Pu-240, IO’ the differential equation to solve is
dI0
e I9cc9 - IOGaO' (3.2.55)
The solution to Eq. (3.2.56) after substituting 198 195 for I9 is
I =K. IO+K . .I°+K (Ig+15)+1{ (3.2.56)

0 5175 5378 54 55 O’
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where
¢ %9 |E-v B-V (3.2.57)
51 D W X
B 1-Vv,V-E|, (3.2.58)
Ks3 = CSch[ s tTw }
a0
%9 (3.2.59)
Ko = B -9
K55 =V, (3.2.60)
vV = exp(-caoe), (3.2.61)
W =09 + daO’ (3.2.62)
X = 0.5 = 9.0 (3.2.63)
The concentration of Pu-241, Il’ is formed from
dIl
T i IOUCO - Ilcal' (3.2.64)
After substituting for IO’ the solution is given as
I, =K 10 + K 10 + K, (12, + g HE. 0 B (3.2.65)
1 6175 6378 64 9g * 6570 66 l’ tee
where
. °co°c9 CS(E P c0”c905v[;_+ 1
61 DX(AA) =  (BB)Z Lw
_ Fgiat 1 1, (3.2.66)
( ) W(BB) X(BB)J
1 = Y=  VYm3i _ H= £] (3.2.67)
K.,=0c .a C8 + - ?
63 c0 " c9 [% 190 W(BB) caO(BB) WZ J
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. E-Y V-%
Koo = 900 | wz ~ W(Em) |® (3.2.68)

a

Kes = ?ﬁgT(V -1, (3.2.69)
K66 =Y, (3.2.70)
Y = exp(—cale), (3.2.71)
Z = (09 + Gal’ (3.2.72)
AA = 91 = 9a50 (3.2.73)
BB = 01 " %0 (3.2.74)

Finally, the concentration for fission products, I7, is found by solving

dl
d—e—' = 2(I5Gf5 + Ig()’fg + Ilﬂfl). (3.2.75)
Upon substituting for 19, the solution is
I, =%k, 1% + K,.I° + K, (1%, + ) +K I + K (3.2.76)
7 = Bty F Roagdy Ry llyg ¥ 755p T Fagt 1' xhn
where
e o205@ -1 %m%0%of | 28 - 1|%89®  £1%0%9®
71 C9D £f9 Wz Ua5 D f5 DX (AA)
-
 261%0%0% v -1 v - 1] | 261%0%® ¢ - D[ g
oaOD(BB) L W X | 91D [yz X(AA)

1 1
~ W(BB) ~ X(BB{]’ (3.2.77)
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o (o} (0] [0 g g (0]
- f1 c0 c9 £9 £1 c0 c;I
Kyg ™ 208 [Bgg ¥ © - 268(E - D|5g™ * ~couz
a0 al
5 ZcflchUCQCB,Y 1L 1,1 1
. - - =
9.1 LfaOGal WZ  W(BBR) caO(BB)
20.,0 g .C8 -
£1°c0 9 1 1
+ (V- )| - =, (3.2.78)
UaO(BB) 9.0 W
e =M1+UCOGC9+2UHGCOUC9 V-1 +Y—-1_ Y—]_-l,
74 c9 WZ W 0,0(BB) ~ 0,7 Ual(BB{}
(3.2.79)
2000y -1 v -]
Ky = (BB) g _— ’ (3.2.80)
al a0 J
20
Kyq = (1 = V). ‘ (3.2.81)
76 g
al

The general form of the U-235 burnup for a fuel eycle of N irradiation

periods is

I.. =K

15 = ¥als - 15 * Uss i=1,2, ... N, {3:2:82)

where Ui5 is the amount of U-235 added to the reactor at the end of irradiation

period i, I( is the initial loading of irradiation period i, and Ii5

i=-1)5

is the dinitial amount of U-235 in the (i + 1) irradiation period, UN5 is

zero because no U-235 will be added at the end of the last irradiation period.
The concentration of U~235 as a function of fluence is shown in Fig. 3.2.1.
U-235 and U~238 are the only nuclides considered which decrease during the
irradiation period as shown in Fig. 3.2.1., The other nuclides build up during

the irradiation period. The bulld up equation for U-236 is

I U i=1, 2, ... N, £3.2.83)

i6 - %2101 - 15 T Kool - 136 T Uiee
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where Ui is the amount of U-~236 removed at the end of fuel cycle i, and UN6

6
is zero. The concentration of U-236 as a function of fluence is shown in
Fig. 3.2.2. TFor this model N was chosen as 5 years. Only the initial and
final concentration of the nuclide during each irradiation period is of

interest to this model.
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Figure 3.2.1 The burnup of U~235 during N irradiation

Neutron Fluence

periods.

Figure 3.2.2 The builldup of U-236 during N irradiation

Neutron Fluence

periods.
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3.3 Model Constraints

The nuclides are not entirely free to increase or decrease during the
irradiation periods. Certain constraints must be satisfied and in order to
satisfy them some of the nuclides must be added or removed at the end of each
irradiation period. One such constraint, the multiplication factor constraint,
must be equal to or greater than some minimum value at the beginning and end of

each irradiation periocd. The multiplication factor, keff’ is

keff = Pk /= P(nepf) , (3.3.1)
keff = PKln . (3.3.2)
where
K, =epf , (3.3.3)
P = non-leakage probability.

Equation (3.3.2) can be written as

10
E a Vel ol
Kegr Gy P HE

e PK, 10
;:GaiIi + L

? (3.3.4)

where % is the macroscopic cross section representing all the materials

present in the reactor except those mentioned in Sectiomn 3.2.

Equation (3.3.4) can be rearranged to the form

Zratss F Papleg ¥ 2iatig T By (Tuag * Tage) * Bialap ¥ 2Ty ¥ Fpglagy *
2yetope T Prrter 2 Zigp » (3.3.5)
where
211 T V5%5 " Ng%a5 »
212 = TN a6
%13 7 N as ,
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= nooag 3
0 a0 ?
- ngo,q s (3.3.6)

No%N7 °

No%apg ?

minimum value of n at the beginning of each irradiation period.

The corresponding equation for the end of each irradiation period is

Zyp (@

where

i5

294 Tig5 + Uigs)

_U)+

i5

Zyg(Tipg *

V595

97 f9

Zgg(lig T Ujg) T 29q(Tyg = Usgd + 25, (Tigg + Ujgg) +

+ U, )+

tu 29(IiN7 iN7

t 2y + lggd T8

(Tig ¥ Usg) ¥ Z56l14,

+ 2 (1. +1U (3.3.7)

Uspd * Bgyllyy ¥ Uggd 2 Bygq s
a5 ?

N¢%6 *

Ng9,8 »

"£%9 *

= N0 0 (3.3.8)
rlfcal 2

N£Yan7

Nevarg 2

Ng937 »
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= z
2210 Ng % »
nf = minimum value of n at the end of each irradiation period.

The next constraint which must be satisfied is the fuel enrichment
constraint. In most cases considered there will be a maximum enrichment
constraint and in one specific case there will be a minimum enrichment constraint
added. For the maximum enrichment constraint,

I

i5 <
T 1 EnmaX 5 (3.3.9)
i5 i8

which reduces to the form

ZyqTig t 24015820, (3.3.10)

where
Z4p = 1 Plpay (3.3.11)
2427 7 Plpax - (3.3.12)

For the minimum enrichment constraint the equation is

Zg1tis T 2golig 20 » (3.3.13)

where
Byp ok = Blg, 4 (3.3.14)
z82 - B Enmin ) (3.3.15)

Another constraint to the model is the volume constraint. The volume of
the nuclides in the core cannot exceed the volume of the core, which was assumed
to be approximately the wvolume of the fuel at the initial loading. The wvolume
constraint 1s then written as

I. + I, + . -+ .
Ze1lis T Z62Ti6 T Ze3lis T ZesLigg t Ligs) t ZgsTig t Zgelin T Zeoliny t

Zeglipg ¥ 267117 2V » (3.3.16)

where Zﬁj is the volume coefficient, in units of liter/kgm-atom, of the
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corresponding nuclides, and V is the assumed volume of the core in liters.

The final restrictions on the model will be those which control the amount
of certain nuclides which will be added to or removed from the reactor during
refueling.

Since it is desired to minimize the amount of U-235 added to the reactor
the objective function will be |

min Z = 155 + U15 + U25 + U35 + U45 . (3.3.17)
This has a dual purpose: Not only does it minimize the amount of U-235 added
during the refueling periods but also it obtains the best burnup of the fuel

in the reactor by minimizing the amount of U-235 left after all the irradiation

periods.



3.4 Model Formulation
The burnup equations and constraint equations must be rewritten for each
irradiation period. A typical set of equations for any irradiation period

will be similar to those for the first irradiation period:

Riilgs “Hag * Ups ™ 0 s
Ko1tos * Ragloe ~ T16 ~ Vs = 0 »

Ky3lpg = L1g T U3g = 05

8
Ka1Tos * K43tos * X44lo9g = T198 = Urgg = 0 »
10105 * ®102%06 * X109%095 * Kr07Ton7 T Kr08Tors T Ligs T Urgs = 0 >
X51T05 * Ks3log * Ks4loog * Ks4logs * Ksslgg = T1g = U0 = 0 »
Ke1T05 * X630 = Xeatoos T XeaTogs * KesToo T Keelor ~ Tz ~ Y11 = 0 >
X91T05 * Xo2To6 * Ko7lon7 = Tiwy ~ Uiny = 0 - (3:4:1)
Re1Tos * Xgalos + Xa7lon7 * ¥sglors = Tipg = Vips = 0 -
Saitos * Fastos T Ruloos * Xaaloos T Feston Y Seter " Ty~ Tyt 0 e

+
Z11F15 * Z12T16 T Z1sTis t Zoati9s Y Z1aligs T ZisTig o Zietin T ety Tt
Z1801ps * Z17%17 2 2110 0

U )+ +

25115 = Uyg tUg)

Zog(T1g ¥ Upg) + 299 (Iyg = Upg) + 2, (T190 + Upgg)

)+ 225(110 + Ulo) ¥ 226(111 + Ull) * Zanl

(

) +

+
Z94T195 * Upgs 29 T1n7 * Viny

Zog(1pg + Uppg) + 2y (115 + Upp) 2 Zypg s
Fartes ¥ Sottg &0 o
A + +
61715 * Ze2Tie * %6318 T Zesti9s T ZesTios T Zeslio t Zeelin t ZeoTiny T

Zegtpg ™t Ter7 2V o

22
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Other equations can be added to constrain the model further. For example,
to make sure that all the U-236 is removed after the first irradiation period

the equation Il6 = 0 1s added. It can be observed then from Eq. (3.4.1) that

U (3.4.2)

16 - %a1%os * Ka2t0e2
where U16’ the amount of U-236 removed at the end of the first irradiation
period, is equal to the amount of U-236 produced during the first irradiation

period. To make sure that no U=-236 is removed at the end of the irradiation

period add the equation

U16 = 0, (3.4.3)

Similar equations can be added to restrict the addition or removal of other
nuclides. All of the equations can be put into the mini-matrix form of
Fig. 3.4.1. The complete matrix is shown on page 13 of the MPS Computer

Program listing in Appendix B.
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4,0 RESULTS OF MODEL ANALYSIS

4.1 Evaluation of Constants

The reactor was assumed to operate at 1000 Mwe with an average flux of

5(1013) neutrons/cmzsec. The irradiation period was chosen as 360 days,
therefore, from Eq. (3.2.1), 6 is 1.5552 neutrons/kb. With that value of
9 and the data given in Table 4.1.1 the constants in the burnup equations
were easily calculated and are given in Table 4.1.2.

The constants represented in Eqs. (3.3.5 - 3.3.8) were calculated after

ngs nf, % were defined. The minimum values of keff at the beginning and

end of each irradiation period were chosen arbitrarily, but in agreement with
Tabak (3), as 1.08 and 1.0001, respectively. P was assumed to be 0.80 and

Kl was assumed to be 0.85 (5). Therefore, from Eq. (3.3.4) N, and ng were

calculated to be 1.58824 and 1.4707, respectively. Eg was calculated from

data given for a similar reactor (6) and was found to be .25148 cm_l. The

calculated constants are listed in Table 4.1.3.
The reactor was initially loaded with 10.6383 kg -atoms of U-235 and
297.89916 kg -atoms of U=238, which corresponds to an initial enrichment of

3.448%. For the enrichment constraints in Section 3.3, Enmax was chosen as

3.5% and Enm was chosen as 3.0%. Therefore from Egqs. (3.3.9 - 3.3.15),

in

Z,. = .965, Z2,, = - .035, Z

42 = .97, and Z = .- .03,

41 81 82

The constants for the volume constraints were calculated and are listed
in Table 4.1.4. VFor the initial loading the volume of the fuel was calculated
to be 3873.35 liters. Hence, the maximum volume of the fuel was fixed at

V = 3900 liters.



Table 4.1,1 Cross Section Data

Nuclide Sakb) | Se(kb)” e by ¥ w ¥ n%l
U-235 .6780 .0980 .580 2.47  1.97
U-236 ,0055 .0055
U-238 .00273 .00273

Pu-238 . 5400 .5400

Pu-239 1.0130 .2710 742 2.905 1.81

Pu-240 .2800 . 2800

Pu-241 1.3640 .3640 1.000 3.06

Np-237 .1690 .1690

fission .0319

product

t Data taken from the Chart of the Nuclides, USAEC, May 1970.

* Data taken from revised Chapter 3 of reference 6.



Table 4,1.2 Burnup Equation Constants

Constant Value Constant Value Constant Value
Kll .34839 Kl08 .25673 K92 00749
K21 .09371 K51 .05026 K97 .70887
K22 .99148 K53 . 00059 K81 .00003
K33 «599576 K54 .22178 K82 .00079
K4l .19893 K55 64697 K87 .15355
K43 .00284 K61 .00537 K88 43179
K44 .42152 K63 . 00006 K?l 1.44436
(101 .00001 K64 .03117 K73 .00330
K102 .00017 K65 .13615 K74 1.7714]
K104 .20692 K66 .11988 K75 .31801
KlO? 04684 K91 . 00043 K76 1.29050

27



Table 4.1.3 Multiplication Factor Constraint Constants

Constant Value Constant Value
le .35578 221 43544
212 - .00874 222 - .00809
Z)4 - 00434 223 - .00402
Zl4 .54663 224 66566
215 - 44471 225 - .41181
216 .89365 Z26 1.05392
Zl9 - .26841 229 - .24855
218 - .85765 Zyg - .79420
217 -  .05066 227 - .04692
z .39941 Z .36986

110 210




Table 4.1.4

Volume Constraint Constants

29

Constant Value Constant Value
1/kegm—atom 1/kgm-atom
261 12,401 266 12.147
262 12.454 269 12.474
263 12.559 268 11.996
264 12.046 267 1.7187
Z 12.097 v 3900.00

65
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4.2 Refueling Schemes

Twelve refueling schemes were considered. Two such schemes included no
plutonium recycle, one with no minimum enrichment constraint and the other
with a minimum enrichment of 37%. The other ten schemes considered different
degrees of plutonium recycle varying from 10% to 100% by increments of 10% with
no minimum enrichment constraint. The nuclide flow diagram of Fig. 4.2.1 shows
the general flow of the nuclides from one irradiation period to the next for
a fuel cycle of five irradiation periods. The amount of plutonium removed
from the system depends on the percent of plutonium recycle. When plutonium
recycle is considered, each isotope of plutonium is recycled at the same
percent. This is due to their identical chemical and similar physical
properties which constrains their separation. All of the U-236 is recycled
because it cannot be easily separated from U-235 due to their identical
chemical properties.,

As shown in Fig. 4.2.1, all of the Np-237 and fission products are
removed after each irradiation period, which emphasizes the assumption of
complete reprocessing of the reactor core after each irradiation period.
This assumption also considers that the reprocessing and refueling is completed
in an amount of time which is insignificant when compared to the year operating
time. Another assumption made is that U-235 can be added to the reactor in

a pure form, i.e., 100% enriched uranium.
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4,3 Graphical Results

The IBM-MPS/360 which uses the revised simplex method of solving LP
problems was used to obtain the solutions for the cases considered.
Figures 4.3.,1 through 4.3.24 are plots of the results obtained for the
12 refueling cases considered,

Figures 4.3.1, 4.3.2, and 4.3.3 are plots of the kgm-atoms of U-235
versus the time of operation of the reactor for the three different cases of
0%, 50%, and 1007 Pu recycle. Figures 4.3.4 through 4.3.11 are plots of the
amount of the eight other nuclides versus the years of reactor operation
for the case of 50% Pu recycle. Plots of the total amount of plutonium
produced in and removed from the reactor versus the time of reactor operation
for the cases of 0%, 50%, and 100% Pu recycle are shown in Figs. 4.3.12 through
4.3.14. These values were found by summing the contributions from each
plutonium isotope at each refueling time. Figures 4.3.15, 4.3.16 and
4,3,17 are plots of the amounts of fissionable plutonium versus the time of
reactor operation for the case of 0%, 50%, and 100% Pu recycle.

Figure 4,3.18 is a plot of the objective functiom, i.e., the total
U-235 requirements, versus the percent of Pu recycled. The amount of U-235
added to the reactor during the fuel cycle, which is found by subtracting
the amount of U-235 left at the end of the fuel cycle from the value of the
objective function, versus the percent of Pu recycle is shown in Fig, 4.3.19,
Figure 4.3.20 shows the total amount of plutonium recycled and the amount of
fissionable plutonium recycled versus the percent of Pu recycle., Figure 4.3.21
shows only the fissionable plutonium recycled and the individual contributions
of Pu-239 and Pu-241 to this curve. Figures 4.3.22 and 4.3.23 each show the
ratio of the change in the U-235 inventory to the change in the total and

fissionable plutonium inventory. The change in inventories plotted in



Fig.
Fig.
case
Fig.

fuel

4,3,22 was found by using the 0% Pu recycle case as the reference.
4.3.23 the change was found by using the previous percent Pu recycle
as the reference to the case being considered. The final figure,
4,3.24, shows the amount of fission product pairs removed during the

cycle for the different Pu recycle cases considered.

In
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Figure 4.3.1 The amount of U-235 in the reactor during the fuel
cycle vs the number of irradiation periods for the 0% Pu recycle

case.
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'Fi'gure 4.3.2 The amount of U-235 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case.
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Figure 4.3.3 The

‘amount of U~235 in the reactor during the

fuel cycle vs the number of irradiation periods for the 100%

Pu recycle case.
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Figure 4.3.4 The amount of U-236 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case.
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Figure 4.3.5 The amount of U-238 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case.
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Figure 4.3.6 The amount of Pu-239 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case.
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Figure 4.3.7 The amount of Pu-240 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case. '
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Figure 4.3.8 The amount of Pu-241 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case.
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Figure 4.3.9 The amount of Pu~238 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recycle case.
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Figure 4.3.10 The amount of Np-237 in the reactor during the
fuel cycle vs the number of irradiation periods for the 50%
Pu recyele case.



Kg-atoms of fission product pairs

20.

18,

16.

14,

12.

10.

L

/
0.0 éé— (i, JZ

0 1 2
Years

Figure 4.3.11 The amount of fission product pairs in the

reactor during the fuel cycle vs the number of irradiation

periods for the 50% Pu recycle case.
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Figure 4.3.13 The total amount of plutonium in the reactor
during the fuel cycle wvs the number of irradiation periods
for the 50%Z Pu recycle case.
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Figure 4.3.14 The total amount of plutonium in the reactor
during the fuel cycle vs the number of irradiation periods
for the 100% Pu recycle case.
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Figure 4.3.15 The amount of fissionable plutonium in the
reactor during the fuel cycle vs the number of irradiation
periods for the 0% Pu recycle case.
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Figure 4.3.16 The amount of fissionable plutonium in the
reactor during fuel cycle vs the number of irradiation
periods for the 50% Pu recycle case.
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Figure 4.3.18 The valus of the objective function vs the
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Figure 4.3.19 The amount of U-235 added to the reactor
during the fuel cycle vs the percent of Pu recycled.

52



Kg-atoms of plutonium

20.0

18.0

16.0

14.0

12.0

10.0

8.0

6.0

4.0

2.0

0.0

total plutonium

fissionable plutonium

o

i [ 1 ] b 1
L T 1 T ¥ T

0 10 20 30 40 50 60 70 80 90
Percent Pu recycled

Figure 4.3.20 The amount of plutonium added to the reactor
during the fuel cycle vs the percent fo Pu recycled.
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Figure 4.3,21 The amount of fissionable plutonium added to
the reactor during the fuel cycle vs the percent of Pu recycled.
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4,4 Conclusions

As shown in Figs. 4.3.1, 4.3.2, and 4.3.3 the amount of U-235 in the
reactor at the start of the second, third, fourth, and fifth irradiatiom
periods is approximately half of the initial loading of U-235. An excess of
reactivity is mandatory in the initial loading of a reactor to compensate for
build up of fission products and temperature increases, which accounts for the
large initial loading of U=235. Also, a result of the assumption of the
complete reprocessing of the fuel after each irradiation period is that all
fission product palrs are removed. Thus, the amount of U-235 added to the
reactor during refueling will be less than the amount of U-235 required when
only a fraction of the core is processed. This is particularly evident for
refueling at the end of irradiation period ome.

The nuclides U-236, Pu-239, Pu-240, Pu-241, and the fission product pairs
are dependent on U-235, as shown in Section 3.2, and show a marked increase in
production during the first irradiation period. This increase is attributed
to the large value of U-235 during that irradiation period. U-238 which is
independent of U-235 is used at a constant rate as shown in Fig. 4.3.5. It is
also noted that no U-238 is added to the reactor, which is allowed because
there is no constraint of minimum enrichment for uranium added.

Figures 4.3.12 through 4.3.17 show the build up of plutonium in the
reactor for different percent Pu recycle cases. These figures illustrate the
decrease in the removal of plutonium and the increase in the build up of
plutonium as the percent Pu recycle increases.

From Fig. 4.3.18 it can be observed that the value of the objective
function, i.e., the U-235 requireﬁents, decreases from 10.78938 kg-atoms
for 0% Pu recycle to 8.12989 .kg-atoms for 100% Pu recycle. The amount of

U-235 being added to the ‘feaetor during the fuel cycle also. decreases from
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8.84609 kg-atoms for 0% Pu recycle to 6.40865 kg-atoms for 100% Pu recycle.
A 3% minimum enrichment contraint for 0% Pu recycle yields a value for the
objective function of 20.05444 kg-atoms and a value of 16.89862 kg-atoms
for the amount of U-235 added; almost double the values given for no minimum
enrichment constraint. The minimum enrichment of 3% is evidently much
larger than is needed to maintain the reactor operation under the assumptions
used for this reactor model.

As illustrated in Fig, 4.3.20 the amount of plutonium added to the
reactor during the fuel cycle increases from 0 kg-atoms for 0% Pu recycle
to 19.51697 kg-atoms for 100% FPu recycle, while the amount of fissionable
plutonium added to the reactor increases from 0 kg-atoms for 0% Pu recyle
to 12.94503 kg-atoms for 100% Pu recycle. (All of this plutonium is
produced by the reactor.) Figure 4.3.21 shows the individual contributions
of Pu-239 and Pu-241 to the fissionable plutonium curve. For 100% Pu recycle
there are 1.12469 kg-atoms of Pu-241 and 11.82034 Kk8-atoms of Pu-239 of
which 11.81882 ’kg~atoms are produced from thermal absorption in U-238 and
.00152 kg-atoms are produced from thermal absorption in U-235. In every
case considered, the majority of fissionable plutonium produced was Pu-239,

More than 99.9% of this Pu-239 was produced from thermal absorption in U-238.
Pu-239 increases in a non linear fashion because of the 1098’ i.e., the

amount of Pu-239 resulting from thermal absorption in U-238 in the previous

irradiation period, term in Eq. 3.2.16. 1098 will vary depending on the

percent of Pu recycle. The other plutonium isotopes considered have a similar
dependency on the value of the isotope in the previous period. The constraints
of the model allow for plutonium to be used as a fissile material, thus

reducing the demand for U~235. Therefore, the amount of plutonium increases
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non-linearly. Hence, the amount of U-235 decreases non-linearly. A plot of
the ratio of change in the U-235 inventory to the change in the plutonium
inventory versus the percent of Pu recycled amplifies these non-linearities,
Figures 4.3.22 and 4.3.23 illustrate these results. In Fig, 4.3.22 the ratio
decreases from .29536 Ekg-atom U-235/ kg-atom fissionable plutonium for

10% Pu recycle to .18829 kg-atom U-235/*kg-atom fissionable plutonium for
100% Pu recycle. Also in Fig. 4,3.22, when the total amount of plutonium is
considered, the ratio decreases from .23615 kg-atom U-235/ kg-atom plutonium
for 10% Pu recycle to .12489 kg-atom U-235/ kg-atom plutonium for 100% Pu
recycle., In Fig. 4.3.23 the curves have a greater rate of decrease: from
.29536 kg-atom U-235/ kg-atom fissionable plutonium to ,10408 kg—atom
U-235/ kg-atom fissionable plutonium and from .23615 kg-atom U-235/ kg-atom
plutonium to .06057 kg-atom U-235/ kg-atom plutonium for 10% and 100% Pu
recycle, respectively. The negative slope of these curves is attributed to
the fact that the U-235 inventory decreases while the plutonium inventory
increases, as shown in Figs. 4.3.19 and 4.3.20. The increasing negative slope
of the change Iin the required U-235 ratioed to the change in plutonium used
shown in Fig. 4.3.23 and is explained as follows. The rate of decrease in the
U-235 inventory is greater as the percent of Pu recycle increases. Also, the
rate of Increase in the plutonium inventory is greater as the percent of Pu
recycle increases.

This ratio is important in relating the value of plutonium to the coszt
of U=235. The value of U-235 is a fixed and.kﬁown quantity, while the value
of plutonium has not been filrmly established. Figures 4.3.22 and 4.3.23
illustrate the result that the value of plutonium is a function of the
percent of Pu recycle considered. Voila: Its value decreases as the percent

of Pu recycle increases.
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In summary, the results presented above indicate that this model is a
fair representation of a power reactor refueling scheme. It can be made more
complex and accurate by reevaluating the éssumptions and adding more constraints.
This model is quite versatile in the manner in which many different studies
can be made of the same reactor. For example, by changing the objective
function, it is possible to maximize the amount of plutonium removed, or to
maximize the plutonium removed while minimizing the U-235 requirements. Thus,
the model's versatility and availability make it an attractive addition to the

already existing refueling codes.
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5.0 SUGGESTIONS FOR FURTHER STUDY

Further study could be completed on this model by comparing different
refueling schemes, such as Qomparing a four thirds or five fourths core
refueling scheme with an unspecified fractiomal core refueling philosophy (7).
Another study could be to divide the core into three or more zones, thus a
flux profile could be simulated in the reactor. This model could be combined
with a fuel element shuffling technigue in such a manner as to resemble the
actual refueling process (8). Another study may be to compare the results
of the burnup code used in this work to more complex codes such as FEVER (2).

Other studies may be completed by including a fuel enrichment constraint
" for the addition of uranium to the reactor, or by considering the reactivity

holddown requirements for a plutonium recycle reactor (1).
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APPENDIX A

A.1 Nuclide Burnup Code

This code was written so that the constants for the burnup and production
equations listed in Section 3.2 could be calculated using the assumptions stated
in Section 3.2. The code is similar to one written by Hawk (7), with the
exception that this code includes the nuclides Np-237, Pu-238, and Pu-239
produced from thermal absorption in U-235. The input data are included in the
code and comprize the initial amounts of each nuclide, the absorption, fission,
and capture cross sections for each nuclide, and e, Pl, Ps Ngs Ngs 8.

The code is written far the IBM 360 Model 50 computer and requires

approximately .23 seconds execution time.
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¥0S= 1C.6383

Y0&= 00
Y0B= 297.5375
Y9= «CO
¥Y0495= C,0C
¥Y00=  L00
YCl= L00
¥Y¢7= .CO
YOouT= C.0
YOor8= 0.0
ANUS=2.47

ANUB=2,.50
ANUG=2,505
ANUL=3,060
SIGS= 25148
SAS= 678
SAab= ,{05%5
SA8= LCO0Z73

SAG= 1.013
S540= 0280
SAal= 1,364
S4F= L0319
SAP8= ,540
SANT= ,169
SF5= %80
SF8= LCOD
Skd= o742
SFil= 1.0

5C%= .0498
SC8= (0273

SCI= 271
S5C0= .280
SCHNT7= 169
SCe6= ,C0%5

SCPE= L, 540

EPS = 1@0584

Pl = L9742

P o= ,758

ETAS = 1497

ETA9 = 1.81

T= 1.%552

R1I=EXP(-SA5%T}
RZ1=5SC5/{SA6-SASIR[EXP(~SASET}—-EXP{-SA6%*T))
R22=EXP(~5A6%T)

R33=1,C

C9 = CPS*PL*(1.0-PI*SAQXETAY

L5 = EPS*P1%#(1.0-P)*SAS*ETAS

€91 = C9 - SA9
Ra4l={CS5/(SASHCILIVH(EXPLCIL#TI~EXP{-SAS5%T))
R44=FXP(CYLET)

CH=-5CH/COL

R4D=CEX(1O~EXPI{CILET))

A={CYL+5A0)

B=(SAS+CTL)

C=(5465-5A0)
R5L=(C*SCY/LAXDBI I LEXPICOLET I =EXP(-SAUSTI I+ (C9%SCa/ (%))
TH(EXP(~SASHT)I=TXP{=SAQ%Y ) )

ROA=SCOR (I XP{COIHTI-CXP{~SA0*T}) /A

Ro4u=f XE(~SA0%T)
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R50=C8%SC 9% (1 0-EXP{=SAO0%T) ) /SAQ+CB*SCOX(EXP(=-SAO*TI=EXP(CIL%T))/A
D=(SA1-5A0)

E={C9145A1)

F={SA1-5A5)

Re1=SCCESLORCSH(EXP(CILETY /(EXAXBI+EXP(=SASRT) /{F*C*B})
1-(SCO%SCOXCHEEXP(~SAO*T )/ (D#2) )% (1.0/A+1.0/C)-{SCO*SCI*C5
2HEEXP [-SALRTI/B) ¥ {10/ {EXA) 410/ (FHC)=-1.0/(D%A)~-10/(D%*C})

R64=SCC*SCYREXP(CIL#T)/LEXAY-SCO*SCI*EXP (=SAQ%T) /(D*A)
1-{SCO*SCO%XEXP(-SAL*T)}/A)*{1.C/E=-1.0/N)

R6S={SCO/DY*(EXP(~SAQET ) =-EAP(-5A1%T))

ROG=EXP{~SAL*T)

ROED=SCOXCHESCIR( 1. 0~EXP(-SAL1#T) ) /(SAL*SAQ)-SCO*CBXSCIX(EXP(CIL*T)
1-EXP{-SAL¥TY I/ (AYE) +SCO*CB¥*SCOX(EXP (~SAO¥T)=~EXP(~SAL¥T)) %[ L. U/ (A%
201-1.C/{5A0%D))

RT1=2.C*¥0S*{EXP(C91%T)=1.0)/(COL*B)*(SFI+SF1I*SCO*SCI/(LE*A))
1+ (2« CH{EXP(~SASXT I —1,0)/SASI¥{SFO*C5/B~SF5-SF1*5C0O0*SCG*LCH
2/{F*CHR) )+ { 2. 0%SFL#SCO*SCIO*LEX(EXP(-SAO*T)=1,0)/(SA0*D*3) ) *{1,0
3/C+1eC/AY# {2, 0%SFLECH%ASCOXSCSH(EXP{=SAL*T)=1.0)/(5A1%8))

L% (] DO/ IAXEY 410/ (E#2C) )= (20#SFL1*SCOFSCY*CSX(EXP(=-SAL1*T)~-1.0)/
S{SAL*BX¥DI) % (1.0/A+1.0/C)

RT4=( 2., 0%SFO%{EXPICY1*¥T)~1.0)/C91 )% (1. 0+SCOXSCY/{A%E))
142.0%SF1ESCO%XSCO¥{EXP(~-SAO%T)-1.0)/(SAO*D*A)+( 2. 0%SF1*SCO*SCI*
2IEXP{~SAI%®T)I-1.01/(SAL*A))*(1.0/E-1.0/01)

R75=2.C*SF1%SCO*(EXP{~SAL%T)~1,0)/{SAL*D)-2.0%5F1*5C0*
1(EXP{-SAD%T)-1.0)/{SAC*D)

R76=-2,0%STF1x{EXP(~SAL*T)-1.C)/S5Al

BE=(EXP{-5A0%T)=1.0)

CC=(EXP{-SA1%T)=1.0)

R7I0=20%CB* (STO+S5FL1*SCOXSC/ (SAOXSAL) ) *T=2.0%CB*{EXP(CIL*TI~-1.0)
1% ({SFY/CO1+SF1%SCO*SCO/{CIL*AE) 4 (2, 0%SF1%SCOXSCIO*CR/(SAU%D))
Z#{1e0/SAD~1o0/A) =B+ 2, 0%SFLI#CB*¥SCO¥SCI/SALI* (1 C/(SAL®SAD)
31,0/ (A*E) VACCH {2 0%SFL1%SCO*SCI*CB/ (SAL*¥D) ) *¥{1,0/A-1.0/S5A01%CL

DD=EXP{-SAS%*T)-EXP{-SCNT*T)

EF=EXP{~SCNTH*T)I=EXP{—SA6*T)

G=SCN7-5A5

Q=SChNT-SAb

Y=SA6-5A5

RY91=5CE*SCS*(DD/G+EE/Q)/{SA6-SA5)

RY2=SCe*{-EE)/Q :

RIZ=EXE(~SCNT%T)

FF=EXP(~-SASXT)~EXP({~-SCPB*T)

GO=EXP(~SAL*T)I-FEXP(~SCPB*T)

CC=EXF(~SCNTHT)-EXP(~SCPB*T)

R=SCPE-SAS

$=5CPE-5A6

U=SCPB-SCNY

REL=SCNT#SCOESCH*FF/ (RE¥GHV ) =SCNTESCO6XSCS*GG/ { Sx()*V)
1+#SCATRSCARSESECQE(10/G-10/C)/LUHV)
RE2=SCNTHSCHE(GG/S-CC/UN/E

RE3=SCNT*QQ/U

R84=EXP(-SCPB%T)

RR=EXF(-SAS%¥T)I-FXP(-SA9%T)

SS=EXPI~SAGET)=EXP{~SA9%*T)

LU=FEXEI-SCNT*T)I-CEXP{-SAYRT)

VV=EXF(-SCPBAT) -EXP{~SA94T)

W=SAS-SAY

I=SAE~SNQ

hiw=SCNT-SAY

17=S5CFe=5A9 _

R1IOL=SCPa*ESONTRSCOESCHRISS/ 1 2¥S*Q¥Y ) =RE/ (WHRIG%V )
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L+SCPAFSCHNTHSCOHESCH%UUF (L. 0/G-1, 070/ {HWwHUAY ) +SOCNTHESCPRBASCOH4S(H Y
ZUVELL O/ TRFGI=1 o0/ (SHQI+1 0/ (UXQ) =1, 07(UXG)IZ(22%V)
R1I02=SCP8#=SLNTRSCH={UU/ WY }=-S5/ (225} /Q+SCPEXSCNT*SCOx{ 1,0 /5~
L1078y (27%0)

R1IO3=SCPHaxSCH T (VWA ZE-ULU/ W) /U

RIO&4==-SCRERVY /7]

RIOBS=EXP{=-SATRT)

Y5=R11%Y05

Yoo 212Y054R22%Y06

YB=RAE3:Y0E

Y 3=R41EYOS+R 445 Y09+ R4 CY 08

YOLAPICIEYOS +R1C2EVOE+RICAXYONTH+RICL4EYOPB+RIOSXY (95
YO=sRLH1IFYNS+RS4EYOGHREH%XYOO+REO*YDB
Y1=RELEYOS+RE4EYOITROEGFYOQU+REGHYOL+R60=YDE
YNT=RSIRYOL+RQ2ZEYOLHRYIXYONT
¥YPO=RELXYCS+RBZEYOE+RBIXYONTHRB4%Y(PSE

Y I=RT132YOS4PT4xY09+RTHHYOO+RTEHEEXYDL+RTOFYOB

SI=ANUDRSFSEY S+ ANUBHSFEEYB4+ANUIFSFSGFR(YS+YIL ) +ANULRSEL*YL
S2=SAB%YD+SAOEYO+SABEYE+SAGR{YI+YUSL J+SA0FYC+SALI®YI+SAF®YT
14+ SANTRYNTHSAPB*YPS

FR=S1/052+51I6S)

WRITEF{6,20) R11,R21LsRZ2+R33,RELR44,R4LCIR5L4RE43RE5,RE04REL ¢ BEG
1RG5, REE 4RO ZRTI ¢ RTL4sRTS3RTEZRTO 3T 3 FK
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20 FORMATIIXg4E15 B9/ 1X94015%83/1X34E15.8,/1X34E1589/1X14EL5.8,

21

1/1X,3E1%.8)

WRITElIG6,21) R9I14R92+R93,RE81,RB2,RBI,RE4,RI0L,R102,R102,R104,R1D5
FORMATUIX g 4FLDe By /1l Xe4EL058,3/1X4E15.,E8)

STOR

END

$ENTRY

Os3483926CFE CO
0.13892650E 00
C=2217794CE CO
Ca3117C63CE-01
Ca14443610E 01
0.38007590E-07
Ce42914150F~073
0., 78T7T6L8T9CE-03
Cs1665674CE-03

0.93714.730E-01
0.42151620£ 00
D.646506960FE 00
0.13¢€14940E 0O
0. 17714070 01
0155519908 01
D, 7T4EB3840E~02
0153548508 QO
0.46836150E~01

Ce99148.80E (O
0.2843C070E-C2
0.58927T040GE~C3
0.11987660E CO
031800720 CO
0.1608907CE C1
Ce T6BETABUE CO
0443179340 €O
0256725008 CO

0..CCCCCCOE 01
0.502€4770E-01
0.53725830E-07
0.5857762CE~-C4
0.12505C2CE C1

D.33E£30750E-04
Deb524256CE-C5
0.2069215CE CO
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APPENDIX B

B.1 MPS Computer Program

This program uses the revised simplex method to solve LP problems. The
following two pages (9,10), obtained from Dr. Said Ashour (11) in his Linear
Programming course during the spring semester 1971, describe the control
cards on page 1 of the printout, The input data include. a list of the rows,
columns, and RHS (right hand side) of the matrix in Fig. 3.4.1, and are printed
in the format shown on pages 5~12 of the printout. This printout is for the

50% Pu recycle case,.
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Short Notes On MPS Computer Program

PROGRAM. PROGRAM is a mandatory statement at the beginning of each
program.

INITIAL Z. INITIAL Z is used to establish initial settings for toler-
ance, frequencies and demands. This is a system macro.

TITLE ('EXAMPLE'). This statement is for giving a suitable name to

the problem.

MOVE (XDATA, 'EXAMPLE') and MOVE (XPBNAME, 'PBFILE'). The first

statement moves input data set name EXAMPLE into the cell XDATA, and the
second moves the problem file name, PBFILE, into the cell XPBNAME.

CONVERT. This routine 1s the master of the convert procedure, which
is used to convert external input data into a binary model and transfers
this to PBFILE.

SETUP ('MAX'). This routine is the master of the setup procedure,

which set up the problem name in XPBNAME by

1. Searching for the problem

2. Opening the matrix, etd, and scratch files

3. Making the storage allocation

4, Building the work matrix

5. Setting the logical basils and structural bounded variables at

upper bound

6. Building the inverse of the logical basis
For minimization 'MAX' should be changed to 'MIN'.

BCDOUT. This converts the specified binary problem into the external
input data format. The output may be listed and/or punched out and is in
the order of the input data sections, ROWS, COLUMNS, RHSS, RANGES, AND

BOUNDS. The NAME and ENDATA cards may also be produced.



MOVE (XOBJ, 'PROFIT') and MOVE (XRHS, 'LIMITS'). These statements

are for identifying the objective function and the right hand side limits.
For minimizing 'PROFIT' becomes 'COST'. Objective function and right hand
slde have to be named because a program can work with many objective
functions and limits,

PICTURE. PICTURE procedure produces a '"picture" of the current work
matrix in condensed format., 45 rows and up to 55 columns for an output
page are given., The pages are numbered using matrix notation for ease of
identification. The output of PICTURE gives a quick visual check to see
whether the structure of the matrix is correct and whether any coefficients
are missing,

The range on the problem right hand side, and bounds on variables are
indicated if they exist.

PRIMAL. PRIMAL optimizes the current problem using a composite primal
algorithm, It can work with a composite objective function and/or a
composite right hand side. It can work with a composite restraint row if
neither the objective function nor the right hand side is composite.

SOLUTION. The output of a summary of the solution corresponding to
the current basis. This output may be either printed or filed depending
on a parameter in the procedure card.

EXIT. EXIT is a procedure linked to by the executor before return
to the operating system. It is mainly used to close data sets and print
the time of executor job step.

PEND. This is equivalent to END statement in FORTRAN PROGRAM.
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ABSTRACT

A linear programming reactor refueling model was developed to minimize
the U-235 requirements of a power reactor. The model consisted of a fuel
cycle of five, one year, irradiation periods.

A fuel burnup code was used which made the following assumptions: 1) one
homogeneous region, 2) known neutron fluence for each period, 3) one neutron
energy group (thermal), 4) no U-238 fission, and 5) batch irradiation. The
burnup equations were linearized for the model by using only nuclide
concentrations at the end points of each irradiation peried.

The constraints of the model include a maximum and minimum enrichment
constraint, a multiplication factor constraint, a volume constraint, and
nuclide refueling and removal constraints.

Several different refueling cases with varying degrees of Pu recycle
were studied. The effect of the percent of Pu recycle on the burnup and
buildup of the nuclides in the reactor was alsc studied. This study revealed

that the value of plutonium decreases as the percent of Pu recycled increases.





