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1.1 Introduction 

CHAPTER 1 

INTRODUCTION 

Virtually all the commercial light water nuclear reactors in use 

in the United States today are fueled with uranium dioxide slightly. 

enriched in U-235. The uranium dioxide is in the form of pellets which 

are inserted into long, thin metal (usually zirconium alloy) tubes. The 

resulting assembly is called a fuel rod. Several of these fuel rods are 

then arranged in the form of a lattice to form a fuel assembly. (The 

Westinghouse 17 x 17 fuel assembly lattice has 264 fuel rods whereas the 

General Electric 8 x 8 fuel assembly lattice has 62 or 63 fuel rods 

[7].) These fuel assemblies are then loaded into a pressure vessel and 

arranged in a matrix to form a reactor core. The enrichment in U-235 

will vary from fuel assembly to fuel assembly and in some cases will 

vary from fuel rod to fuel rod within a fuel assembly. 

Usually once a year a commercial light water reactor is refueled. 

When a reactor is refueled not all the fuel assemblies are replaced. 

Only some of the fuel assemblies are replaced and the rest are shuffled 

around in the core along with the new assemblies which replaced the old. 

The pattern of fuel shuffling and the level of enrichment of the fresh 

fuel must be determined by the utility nuclear engineer. In making 

1 
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these determinations, the engineer must ensure that the refueled core 

will produce the rated power of the core, will cost as little as 

possible and will meet all the required safety parameters over its 

operating 1 ife. 

1.2 Methodology for Attacking Fuel Burnup Problem 

A nuclear engineer is assisted in the management of core fuel by a 

large number of fuel burnup or core depletion computer codes. Thes.e 

computer codes calculate the concentrations of various isotopes in the 

core at any time in the core life .. The more complex codes can calculate 

the isotopic distributions in two and three dimensions. The simpler 

codes will compute the isotopic concentrations for a one-dimensi6nal 

model or for a zero-dimensional model [7]. 

The existing core-depletion codes can be divided into two 

categories -- those developed and used by industry and those developed 

by universities and national laboratories. Several of the depletion 

codes developed and used by industry are included in the Leahs In-Core 

Fuel Management System and the Fuel Management System (FMS) developed by 

Scandpower [9]. Two of the simpler depletion codes developed by a 

university are the Pennsylvania State University codes MUGDET and MORAD 

[7]. 

Many of the codes developed by industry are not generally available 

to the public. However, in at least one case, a university made 
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arrangements for its nuclear engineering students to have indirect 

access to a utility 1 s computer codes and hardware as part of a nuclear 

engineefing course [3]. 

Most of the existing core depletion codes are based on equivalent 

diffusion theory parameters. The approach in determining equi-

valent diffusion theory parameters is to divide the neutron energy 

spectrum into several groups, e.g., thermal neutrons, epithermal 

neutrons and fast neutrons. Then equivalent cross sections are deter-

mined for each energy group dup l i ca ting the actual reaction rates • 

which occur within that energy group. The reaction rates in a reactor 

fuel assembly vary with position in the fuel assembly and the energy 

range being considered. At any given point in the fuel assembly and for 

any given isotope at that point, the cross sections of that isotope will 
. 

be a function of the energy of the neutrons impinging upon the isotope. 

Also, the number of neutrons of a specific energy which impinge 

upon the isotope will be a function of the neutron energy spectrum and 

the neutron flux at that point. Thus, to compute the reaction rates at 

a specific point for a specific isotope one must know how the isotopic 

cross sections vary with energy, the neutron energy spectrum and the 

neutron flux at that point. It is easy to see why the determination of 

equivalent cross sections for a reactor core is one of the most diffi-

cult reactor physics problems to solve. In spite of the difficulty in 

solving this problem, there are many computer codes, such as LEOPARD[?] 

and VIM [l], which calculate the equivalent cross sections of a core. 
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The calculation of equivalent cross sections is often accomplished 

with neutron transport theory [8]. In order to understand one of the 

·typical core depletion codes, it is necessary to understand relatively 

complex neutron transport calculations. For a senior or first year 

graduate nuclear engineerfng student, this is frequently beyond his 

abilities. For them, using a typical core depletion code can be some-

what like using a black box which generates numbers. If there was a 

readily available core depletion code based only on one-group diffusion 

theory, then a nuclear engineering student could use the code with~ 

complete understanding of what he was doing. However, since a depletion 

code based only on one-group diffusion theory would be too crude and 

inaccurate for most engineering purposes, there are none readily 

available. 

1.3 Scope of Problem 

The objective of this thesis is to fill this gap. That is, the 

intention of this thesis is to develop a computer code based only on a 

one-group diffusion theory and utilizing simple thermal cross sections 

(adjusted for t~e temperature of the reactor), which will deplete a core 

in one dimension and show (in one dimension) how the shape and magnitude 

of the flux change over core life. Although some accuracy will have to 

be sacrificed due to using thermal cross sections and only one energy 

group, the intention is to have sufficient accuracy for a student to 
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still gain insight and understanding in how a core depletes and how the 

flux is coupled to the core isotopic concentrations. 



2.1 Introduction 

CHAPTER 2 

MATHEMATICAL MODEL USED 

The model used to determine the fuel burn up is based upon a typical · 

pressurized ~ater reactor with three concentric regions of different 

fuel enrichment as s~own in Figure 2.1. One-group diffusion theory is 

used. Only the radial dimension in a cylindrical coordinate system is 

considered. The reactor is assumed to be critical and to be at a 

constant power, temperature and pressure. The fuel is uranium dioxide 

pe 11 ets enriched in uranium 235. The. density of the fuel pe 11 ets is 

assumed to be 92.5% of the theoretical density. The lumped burnable 

poison is in the form of clad rods which are inserted into the fuel 

assemblies. 

Geometrically, the model core is assumed to be very tall so that 

the flux will be essentially constant in the vertical direction. The 

flux is assumed not to vary azimuthally and thus becomes a 

function of the radial dimension only. 

After the isotopic concentrations are computed, the flux is 

determined by applying the constraints of constant core power and core 

criticality. The flux is assumed to be constant for a short period of 

time (24 hours or less) and the isotopic concentrations at the end of 

6 
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Region 3 

Region 2 

Region 1 

FIGURE 2.1 

CONSTANT PROPERTY REGIONS OF THE REACTOR CORE 

(NOT TO SCALE) 
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the perio~ of constant flux are compared. The new isotopic concentra-

tions are then used to calculate a new flux and this process is repeated 

until the end of core life at 466 days. 466 days was chosen because the 

sample core used later on to test the model has a core life of 466 days. 

Because a reactor core is. composed of rectangular fuel assemblies, 

the regions of the core do not have smoothly curved borders. Assigning 

radii to these regions is therefore somewhat misleading without a 

diagram. To correct this difficulty, equivalent radii are calculated. 

This is done by first determining the area of each region by multiplying 

the number of fuel assemblies in each region times the area of a fuel 

assembly. Once the area of each region is calculated, the equivalent 

radii are determined as shown below. The first radius Rl is calculated 

using the relation 

Rl = (AREA OF REGION 1)~ 
n 

and the end of the second zone is 

R2 = (AREA OF REGION 1 + AREA OF REGION 2)~ 
n 

and finally the core radius is 

R3 = (TOTAL AREA OF CORE)~. 
n 

(2.1.1) 

(2.1.2) 

(2.1.3) 
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Each of the three regions of fuel enrichment are homogenized and 

treated as separdte and distinct elements. This homogenization process 

is begun by first computing the volume fractions of all the basic core· 

materials in each region. Then the isotopic concentrations and macro-

scopic cross sections are calculated for each region from the volume 

fractions and material densities. 

2.2 Parameterization of the Flux 

The flux is approximated by the equation 

~(r,t) = Ao(t) cos B1 r + Al(t) sin B2 r (2.2.1) 

where r is the distance from the core center, t is time, and Ao and Al are 

time varying coefficients to be determined. The arguments contain the 

parameters 

and 

B - T[ 
2 - R3 

This flux approximation (Eq. 2.2.1) was chosen because it constrains the 

flux to go to zero at R3 and because it is capable of generating a wide 

range of flux shapes including a flux which is flat over the inner half of 

the core. 
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2.3 Neutron Diffusion Calculations 

In order to determine the parameters Ao and Al, the core is 

constrained to be critical and to have a constant thermal power output. 

The core multiplication factor is the neutron production rate divided 

by the neutron destruction rate or 

fv 1Ml~dV + fv 2M2~dV + fv 3M3~dV 
K = f v1Ll~dV + f v2L2~dV + fv3L3~dV (2.°3.1) 

where nv111 designates that the integral is over the first region of the 

core, nv211 designates that the integral is over the second region of 

the core, 11v311 designates that the i ritegra l is over the third region 

the core, nK'' is the effective multiplication factor of the core. 

The neutron destruction operators are defined by 

Ll = - V·DV + Nll (cral) + N21 (cra2) + N31 (cra3) 

+ Pll (cra4) + P21 (cra5) + P31 (cra6) + P41 (cra7) 

+ 011 (cra8) + BORl (cra9) + STRUCT (1), 

L2 = - V·DV + N12 (cral) + N22 (cra2) + N32 (cra3) 

+ Pl2 (cra4) + P22 (cra5) + P32 (cra6) + P42 (cra7) 

+ 012 (cra8) + BOR2 (cra9) + STRUCT (2) 

of 
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L3 = - V;DV + Nl3 (aal) + N23 (aa2) + N33 (aa3) 

+ Pl3 (aa4) + P23 (aa5) + P33 (aa6) + P43 (aa7) 

+ 013 (aa8} + BOR3 (aa9) + STRUCT (3). 

The neutron production operators are defined by 

Ml= 01 (Nll) afl + 02 (N21) af2, 

M2 = 01 (Nl2) afl + 02 (N22) af2 

and 

M3 = 01 (N13) afl + 02 (N2j) af2. 

The symbols used in the above equations and in some of .the equations 

·which follow are explained in Table 2-1. (The vertical leakage term is 

not included in equation 2.3.l beca~se it is small compared to the other 

terms.) 

Since the height of the core can be factored out of all the 

integrals in equation 2.3.l, it cancels out and the numerator of 

equation 2.3.1 can be written as 



Symbol Unit 

D cm 

Nli atoms/cm3 

N2i atoms/cm3 

N3i atoms/cm3 

Pli atoms/cm3 

P2i atoms/cm3 

P3i atoms/cm3 

P4i atoms/cm3 

Oli atoms/cm3 

BORl atoms/cm3 

BOR2 atoms/cm3 

BOR3 atoms/cm3 

STRUCT(l) cm-1 

STRUCT(2) cm- 1 

STRUCT(3) cm- 1 

AX sec- 1 

APm sec- 1 
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TABLE 2-1 

NOMENCLATURE 

Meaning 

The diffusion coefficient of the core 

U-235 concentration in regicin 11 i 11 

Pu-239 concentration in region 11 i 11 

U-238 concentration in region 11 i 11 

Xe-135 concentration in region 11 i 11 

I-135 concentration in region 11 i 11 

Sm-149 concentration in region 11 i 11 

Pm-149 concentration in region 11 i 11 

Lumped bu.rnable poison isotope 
concentration in region 11 i 11 

The soluble boron concentration in region 1 

The soluble boron concentration in region 2 

The soluble boron concentr~tion in region 3 

Total macroscopic cross section of the 
materials in region 1 which are assumed to 
be unaffected by the flux 

Total macroscopic cross section of the 
materials in region 2 which are assumed to 
be unaffected by the flux 

Total macroscopic cross section of the 
materials in region 3 which are assumed to 
be unaffected by the flux 

Decay constant of Xe-135 

Decay constant of Pm-149 



Symbol 

yPml 

yPm2 

yll 

yl2 

yXl 

yX2 

oal 

oa2 

aa3 

oa4 

oa5 

oa6 

aa7 

ofl 

of2 

oa8 

13 

TABLE 2~1 (Con 1 t) 

Unit Meaning 

sec- 1 Decay constant of l;...135 

atoms/fission Yield of Pm-149 atoms per U-235 fission 

atoms/fission Yield of Pm-149 atoms per Pu-239 fission 

atoms/fission Yield of l-135 atoms per U-235 fission 

atoms/fission Yield of 1~135 atoms per Pu-239 fission 

atoms/fission Yield of Xe-135 atoms per U-235 fission • 

atoms/fission Yield of Xe-135 atoms per Pu-239 fission 

cm2 Microscopic absorption cross section of 
U-235 

cm2 Microscopic absorption cross section of 
Pu-239 

. 
cm2 Microscopic absorption cross section of 

U-238 

cm2 Microscopic absorption cross section of 
Xe-135 

cm2 Microscopic absorption cross section nf 
l-135 

cm2 Microscopic absorption cross section of 
Sm-149 

cm2 Microscopic absorption cross section of 
Pm"".149 

cm2 Microscopic fission cross section of 
U-235 

cm2 Microscopic fissinn cross section of 
Pu-239 

cm2 Microscopic absorption cross section of th~ 
lu~ped burnable poison isotope 
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TABLE 2-1 (Con 1 t) 

Symbol Unit Meaning 

aa9 cm2 Microscopic absorption cross section of the 
soluble boron 

cp neutrons Neutron flux cm2-sec 
Ao dimensionless First coefficient of the flux approximation 

Al dimensionless Second coefficient of the flux approximation 

01 neutrons Neutrons emitted fission of U-235 fission per 

02 neutrons Neutrons emitted fission of Pu-239 fission per 



Rl 
2n f 

0 

15 

R2 R3 
Ml~rdr + 2n f M2~rdr + 2n f M3~rdr. 

Rl R2 

Substituting the flux approximation from equation 2.2.1 into the above 

expression the numerator of equation 2.3.1 becomes 

Rl 
2n f 

0 

R2 R3 
Ml~rdr + 2n f M2~rdr + 2n f 

Rl R2 

Rl = 2n Ml f (Aocos8 1 r + Alsin82 r) rdr 
0 

R2 

M3~rdr 

+ 2n M2 f (Aocos8 1 r + AlsinB2 r) rdr 
Rl 

R3 
+ 2n M3 f (Aocos8 1 r + AlsinB 2 r) rdr. 

R2 

By using the information 

. sinax Jxs1naxdx = -----az-

and 

xcosax 
a 

(2.3.2) 
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J xcosaxdx = cos~x + xsinax 
a a 

the integrals in equation 2.3.2 can be evaluated. Equation 2.3.2 yields 

where 

Rl 
2rr Ml J (AocosB 1 r + AlsinB2 r) rdr 

0 

R2 
+ 2rr M2 J (AocosB 1 r + AlsinB 2 r) rdr 

Rl 

R3 
+ 2n M3 f (AocosB 1 r + AlsinB2 r) rdr 

R2 

= 2n Ml (ColAo + CllAl) 

+ 2rr M2 (Co2Ao + Cl2Al) 

+ 2n M3 (Co3Ao + Cl3Al) , 

Rl 
Col= [ cosB 1 r + rsinB 1 r ] 

By B1 
0 

( 2. 3 .3 ) 



Co2 

Co3 

Cll 

Cl2 

and 

Cl3 

Rl = [ si 8n~ 2 r _ rcosB 2 r ] 
B2 0 

= [ s i nB 2 r 
B~ 

R2 rcosB 2 r ] 
B2 Rl 

R3 = [ si 8n~ 2 r _ rcosB2 r ] 
B2 R2 

17 

In the denominator or neutron destruction term of equation 2.3.I, 

the neutron leakage term 

(-V·OV<ji) 

can be taken out of all three integrals to create a fourth integral 

f v (-V·OV<ji)dV 
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or 

R3 
2n J0 (-V·DV¢)rdr . 

The expansion of the integrand is straiaht forward and is shown below. 

(2. 3.4) 

(2. 3.5) 

(2.3.6) 

Substituting the integrand back into the neutron leakage integral yields -

the equation 

R3 R3 
2n f 

0 
(-V·DV¢) rdr = 2n DAo f B1 sin(B 1 r) dr 

0 

R3 R3 
- 2n DA 1 J0 B2 cos(B2 r) dr + 2n DAo f 0 Byrcos(B1 r)dr 

R3 
+ 2n DA f B2 rsin(B2 r) dr 1 0 2 (2.3.7) 
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After evaluation of the integrals on the right hand side of 

equation 2.3.7~ the results are 

R3 
2n f 

0 

R3 
(-V·DV$) rdr = -2n DAo cosB 1 r ] 

0 

R3 
- 2n DAJ, s i nB 2 r ] 

0 

R3 
+ 2n DAo [cosB 1 r + rB 1 sinB 1 r ] 

0 

R3 
+ 2n DAl [ sinB 2 r - rB 2 cosB2· ] 

0 

or evaluating the integrals further, 

R3 

(2.3.8) 

2n J (-V·DV$) rdr = 2n DAo + 0 + 2n DAo cg - 1) + 2n DA1. (n) 
0 

= ri2 DAo + 2n2 DAl . (2.3.9) 

The denominator of ~quation 2.3.l now becomes 

! 
n2 DAo + 2n2 DA 1 + fvl ~1$dV + fv 2 L2$dV + fv3 L3$dV 



or 
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Rl 
n2 DAo + 2n2 DAl + 2n Ll J 

0 

R3 
+ 2n L3 f 0 ¢> rdr. 

R2 
¢> rdr + 2n L2 f 

Rl 
¢> rdr 

The integrals in this expression have already been evaluated in 

equation 2.3.3, so the denominator becomes 

n2 DAo + 2n2 DAl + 2n Ll (ColAo + CllAl) + 2n L2 (Co2Ao + Cl2Al) 

+ 2n L3 (Co3Ao + Cl3Al) . 

After collecting Ao and Al terms, this becomes 

Ao Tl + Al T2 , 

where 

Tl = 2n [ ~D + Ll(Col) + L2(Co2) + L3(Co3) ] 

and 
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T2 = 2n [ nD + Ll(Cll) + L2(C12) + L3(Cl3) ] 

In a similar manner, the numerator can be rearranged to obtain 

AoUl + A1U2 , 

where 

Ul = 2n [ Ml(Col) + M2(Co2) + M3(Co3) ] 

and 

U2 = 2n [ Ml(Cll) + M2(C12) + M3(Cl3) ] . 

Substituting the final expressions for the denominator and the 

numerator back into equation 2.3.l results in the equation 

K = AoUl + A1U2 
AoTl + AlT2 (2.3.10) 

Since the ~eacto~ is constrained to be critical this equation becomes 

AoUl + A1U2 
l.O = AoTl + A1T2 

After a few manipulations, equation 2.3.11 can be written 

(2.3.11) 
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aAo + bAl = 0 , (2.3.12) 

where 

a = Ul - Tl 

and 

b = U2 - T2 . 

The total thermal power level of the core is constrained to be 

constant. This condition is expressed mathematically by the equation 

Power _ Rl 
GxAFL - 2rc f [ Nll(afl) + N2l(af2) ] cprdr 

0 

R2 
+ 2n f [ N12(afl) + N22(af2) ] cprdr 

Rl 

R3 
+ 2n f. [ Nl3(afl) + N23(af2) ] cprdr 

R2 
(2.3.13) 

where G = 3.204 X 10- 17 megawatts per fission and AFL is the active fuel 

length of the core. Equation 2. 3. 13 can be rewritten as 
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Rl 
~~~~~ = 2n [ Nll(afl) + N2l(af2) ] f <j>rdr 

0 

R2 
+ 2n [ Nl2(afl) + N22(af2) ] f <j>rdr 

Rl 

R3 
+ 2n [ Nl3(afl) + N23(af2) ] f <j>rdr. 

R2 
(2. 3. 14) 

The integrals in equation 2.3.14 are the same intearals evaluated 

in equation 2.3.3. So equation 2.3.14 becomes 

Power GxAFL = 2n Ao [ PRl(Col) + PR2(Co2) + PR3(Co3)] . 

+ 2n Al [ PRl(Cll) + PR2(Cl2) + PR3(C13) ] (2.3.15) 

where 

PRl = Nll(ofl) + N21(af2) , 

PR2 = N12(ofl) + N22(af2) , 

and 

PR3 = Nl3(ofl) + N23{of2) . 
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Equation 2.3.15 can be written more !compactly as 

where 

and 

PWl Ao + PW2 Al = PRR 

Power 
PRR = GxAFL ' 

PWl = 2rr [ PRl(Col) + PR2(Co2) + PR3(Co3) ] 

PW2 = 2~ [ PRl(Cll) + PR2(Cl2) + PR3(Cl3) ] . 

2.3.l Solution Techniques 

(2.3.16) 

The coefficients Ao and Al are now solved for by solving the linear 

system composed of equations 2.3.12 and 2.3.16. This is done by using 

the Gauss-Jordan [10] reduction method. The linear system is 

PWl Ao + PW2 Al = PRR 

aAo + bAl = 0 . (.2. 3. 17) 

The augmented matrix of this linear system is 
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PW2 p~~ 
oj b 

To reduce this matrix to reduced row echelon form the following steps 

are taken. 

c 

PW2 
( PWl ) 

b 

( PW2 ) 
PWl 

aPW2 
( b - PWl ) 

( PW2 ) 
PWl 

1 

0 

1 

Thus, the equations for Ao and Al are 

_ PRR PW2(a)PRR 
Ao - PWl. + b( PW1)2 - a( PW1}PW2 

PRR J ( PWl) 

( _ aPRR ) 
PWl 

( PRR ) J PWl . 

-aPRR · . 
( bPWl - aPW2 ) 

PRR PW2(a)PRR J 
( PWl + b(PW1)2 -. a(PW1)PW2 ) . 

-aPRR 
( bPWl - aPW2 ) 

(2.3.18) 



and 

-aPRR Al=----bPWl - aPW2 

2.4 Isotopic Concentrations 
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(2.3.19) 

After solving for Ao and Al, the flux is assumed to .be constant for 

a period of time, The flux does vary in a real reactor with time. 

However, if the time period chosen is small enough, then this assumption . . 

is reasonably accurate. By assuming that the flux is constant for a 

period of time, the differential equations describing the atomic con-

centrations of the various isotopes in the core can readily be solved. 

That is, by starting with the initial atomic concentr_ations, which are 

known, the isotopic concentrations at any time during the period of con~ 

stant flux can be easily obtained. The differential equations and the 

development of their solutions is shown below. The isotopes considered 

are U-235, U-238, Pu-239, Xe-135, I-135, Pm-149, Sm-149 and the lumped 

burnable poison isotope. 

The rate of change of the U-235 concentration is entirely due to 

burnup so that 

dNli _ cit - - Nli (oal)<jl. (2.4.1) 
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Pu-239 is produced by the decay of U-239 into Np-239 which decays into 

Pu-239. As production occurs so does burnup, so that the rate of change 

of Pu-239 is 

dN2i _ 
~ - [N3i(oa3) - N2i(oa2)]$. (2.4.2) 

The rate of change of U-238 is due only to burnup so that 

dN3i_ 
~- -N3i (oa3H. (2.4°.3) 

Xe-135 is produced as a fission product of U-23S and Pu-239 

fissions. Also Xe-135 is produced by the decay of I-135. Xe-135 

decays to Cs-135 and is also burned up by the neutron flux. Thus, the 

rate of change of Xe-135 is 

dPli _ 
~ - (Al)P2i - (AX)Pli 

+ [yXl (Nli)ofl + yX2(N2i)of2 - oa4(Pli)]$. (2.4.4) 

I-135 is produced as a fission product of U-235 and Pu-239 fissions and 

is depleted by decaying to Xe-135 so that its rate of change is 

dP2i _ 
~ - [yll(Nli)ofl + yl2(N2i)of2]$ - Al(P2i). (2.4.5) 



... 
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dP4i _ Cit - -A.Pm(P4i) + [yPml(Nli)afl + yPm2(N2i)af2]qi. (2.4.6) 

Sm-149, produced by the decay of Pm-149, is r~duced by burnup. Thus the 

rate of change of Sm-149 is 

dPJi = A.Pm(P4i) - aa6(P3i)~. dt (2.4. 7). 

The lumped burnable poison isotope concentration is changed only 

by burnup so that it has a rate of change of 

dOli . Cit"' -011 (aa8)~. (2.4.8) 

Both sides of the equations 2.4.1 thru 2.4.B are integrated 

over the area of the core to eliminate the radial 

dependence in the flux. The change in U-235 in the ith region of the 

core is given by the equation 

dNli _ - - [-Nli(aal)FLUX(i)]/ilR(i) dt (2.4.9) 



29 

where FLUX(i) is the integral of the flux over the ith region of. 

the core defined by equations 2.4.10-2.4.12 and aR(i) is the area 

of the ith region of the core defined by equations 2.4.13-2.4.15. 

Rl 
FLUX(l) = 2n I (AocosB 1 r + AlsinB2r)rdr 

0 

R2 
. FLUX(2) = 2n f (AocosB 1r + AlsinB2r)rdr 

Rl . 

R3 
FLUX(3) = 2n f (AocosB 1 r + AlsinB2r)rdr 

R2 

aR(l) = nRl 2 ·· 

aR(2) = n(R22 - Rl2) 

~R(3) = n(R3 2 - R2 2 ) 

The rate of change .of Pu-239 is given by 

dN2i _ cit - [NJi (aa3) - N2i(aa2) ]FLUX(i )/aR( i) 

and the rate of change in U-238 is given by 

(2.4.10) 

(2. 4 •. 11) 

(2.4.12) 

(2.4.13) 

(2.4.14) 

(2.4.15) 

(2. 4.16) 
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dN3i _ 
~ - [-N3i(aa3)FLUX(i)]/6R(i) . (2. 4.17) 

The rates of change of Xe-135, I-135, Sm-149 and Pm-149 are 

(Xe-135) d~~i = [AI(P2i) - AX(Pli) + [yXl(Nli)afl + yX2(N2i)af2 

- aa4(Pli)] x FLUX(i)]/6R(i) , (2.4.18) 

(I-135) d~~i = [-AI(P2i) + [yll(Nli)afl + yl2(N2i)af2] 

x FLUX(i)]/6R(i) (2.4.19) 

(Sm-149) dP3i _ 
~ - APm(P4i) - P3i(aa6)FLUX(i)/6R(i) (2.4.20) 

and 

(Pm-149) d~~i = -APm(P4i) + [yPml(Nli)afl + yPm2(N2i)af2] 

x FLUX(i)/6R(i) (2.4.21). 

respectively. The lumped burnable poison has a rate of change given by 

dOl i _ 
~ - [-Oli(aa8} FLUX(i)]/6R(i) . (2.4.22) 
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The differential equation for U-235 can easily be solved by 

separating variables and integrating both sides over time to obtain 

l [ Nli(t)] = 
n Nli(o) [-(ual)FLUX(i)/~R(i)]t (2.4.23) 

where 11 t 11 is some time during the interval over which the flux is 

constant, Nli(t) is the isotopic. concentration of U-235_in the 11 ith 11 

region of the core at time 11 t 11 and Nli(o) is the initial isotopic 

concentration of U-235 in the 11 ith11 region of the core. The same 

notation with respect to time is used in the equations which follow for 

all of the isotopes. Taking the exponential of both sides of 

equation 2.4.23 and rearranging yields 

Nli(t) = Nli(o)exp [-ali(t)] 

where 

ali = (ual)FLUX(i)/~R(i). 

The differential equations for the rate of change of U-238 

(2.4.24) 

(Eq. 2.4.17) and the rate of change of the lumped burnable poison 

(Eq. 2.4.22) can be solved in the same manner to obtain 

N3i(t) = N3i(o)exp[-a3i(t)] (2.4.25) 
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Oli(t) = Oli(o)exp[-a8i(t)] (2,4.26) 

where 

a3i = (aa3) FLUX(i)/~R(i) 

and 

a8i = (aa8) FLUX(i)/~R(i). 

Equation 2.4.16 (the rate of change of Pu-239) can be solved by 

substituting the solution for equation 2.4.17 (the rate of change of 

U-238) into equation 2.4.16 ~nd multiplying both sides of the resulting 

equation by the integration factor 

exp [a2i(t)] 

where 

a2i = (aa2)FLUX(i)/~R(i). 

The expression obtained is 
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exp [a2i(t)] ~~2 i = - (N2i)a2i(exp [a2i(t}]) 

+ N3i(o)(a3i) exp [(a2i - a3i)t]. (2.4.27) 

Equation 2.4.27 can be rewritten as 

~t (exp [a2i(t)] N2i) = N3i(o)(a3i)exp [(a3i - a2)t]. (2.4.28) 

Integrating both sides of this equation over time, the expression 

exp [a2i(t)] (N2i(t)) - N2i(o) 

is obtained. 

= N3i(o)(a3i) (exp [(a2i - a3i)t] - 1) (a2i - a3i) (2.4.29) . 

After some rearranging, the concentration of Pu-239 is found to be 

N2i(t) = N2i(o) exp [-a2i(t)] 

+ N3i(o)(a3i) (exp [(-a3i)t] - exp [-a2i(t)]). (a2i - a3i) (2.4.30) 
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To solve the differential equations for Xe-135, I-135, Sm-149 and 

Pm-149, first the assumption is made that the U-235 and Pu-239 terms 

·in the equations are constants. This introduces only a small 

error since the concentrations of U-235 and Pu-239 vary sliqhtly 

over the time intervals to be considered (one day or less). Next, 

integration factors are used to solve equations 2.4.19 and 2.4.21 for 

I-135 and Pm-149 reipe~tively. The results are for Pm-149 are 

where 

and 

~4i(t) = P4i(o)exp [-a7i(t)] 

+ (1-exp~;~li(t)]) (El x Nli(o) + Fl x N2i(o)) , (2.4.31) 

_ .\Pm 
a7i ~ L1R( i) 

Fl= yPm2 (af2) FLUX(i) 
· L1R(i) 

El= yPml (afl) FLUX(i) 
L1R(i) 

Likewise the poison iodine is given by the relation 



where 

and 
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P2i(t) = P2i(o)exp [-a5i(t)] 

+ (l-exp[-a5i(t)]) (E2 x Nli(o) + F2 x N2i(o)) , (2.4.32) 
a5i 

E2 = yil (afl) FLUX(i) 
6R(i) 

F2 = yI2 (af2) FLUX(i) 
6R(i) 

a5 = AI. 

Finally, to solve equations 2.4.18 (the rate of change of Xe-135) 

and 2.4.20 (the rate of change of Sm-149), equation 2.4.31 (for Pm-149) 

is substituted into equation 2~4.20 and equation 2.4.32 (for I-135) is 

substituted into equation 2.4.18 and integration factors are used in 

the same manner in which equation 2.4.16 was solved. The resulting 

equation for Xe-135 is found to be 

Pli(t) = Pli(o)exp [-a4i(t)] 

+ (l-exp [-a4i(t)]) (E3 x Nli(o) + F3 x N2i(o)) 
a4i 



, where 

and 
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+ aSi PZi(o) (exp [-a5i(t)] - exp [-a4i(t)] ) (a4i - a5i) 

+ (l-ex~4~-a4 i(t)]) (E2 x Nli(o) + F2 x N2i(o)) 

_ (exp [-a5i(t)] -exp [-a4i(t)]) (EZ x Nli(-0) 
(a4i - a5i) 

+ F2 x N2i(o)) , 

E3 = yXl(afl)FLUX(i) 
~R( i) ' 

F3 = yX2(af2)FLUX(i) 
~R(i) 

a4i = ~X+(aa4)FLUX(i) 
~R(i) 

Similarly, the equation for Sm-149 is found to be 

(2.4.33) 



where 
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P3i(t) = P3i(o)exp [-a6i(t)] 

a6i 

+ ali P4i(o) (exp [-a7i(t)] - exp [-a6i(t)] ) (a6i - a7i) 

+ (l-exp [-a6i(t)]) (El x Nli(o) + Fl x N2i(o)) 
a6i 

_ (exp [-a7i(t)] -exp [-a6i(t)]) (El x Nli(o) 
(a6i - a7i) 

+ Fl x N2i(o)) , 

= (aa6)FLUX(i) 
l'.R(i) 

(2.4.34) 

The equations above describe the isotopic concentrations at the end 

of the period of time (or time interval) over which the flux is assumed 

to be constant. These concentrations are also the initial concentra-

tions for the next time interval and they are used to calculate the new 

flux. These steps are repeated until the end of the core life is 

reached at 466 days. The final result is the concentrations of each 

of the main isotopes at regular time intervals over the life of the core. 



CHAPTER 3 

RESULTS 

3.1 Computer Program 

The mathematical models described in the previous chapter were used 

as the basis for the computer program 11 MAY19 11 • This program computes 

and prints out the concentrations of 'U-235, Pu-239, Sm-149, Xe-135, 

U-238, Pm-149, I-135, the lumped burnable poison isotope and the soluble 

boron every hour for the first 24 hours and every 24 hours for the next 

15 days. The program then computes the concentrations for every day for 

the next 450 days but only prints out the computed values every 30 days. 

The program also computes and prints out the values of the two coeffi-

cients Ao and Al used in the flux approximation. The computational and 
. 
printing scheme is the same as the one used for the concentrations. 

The sample data used in this program corresponds to the parameters 

of the Babcock and Wilcox 2568 megawatt (thermal) core used in Three 

Mile Island Unit 1 [5,6]. Table 3-1 lists these data. 

A flowchart of the MAY19 program is shown in Figure 3.1. It is 

important to note how the values of Ao and Al are computed by this 

38 
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TABLE 3-1 

SAMPLE REACTOR CORE PHYSICAL DATA 

No. of Fuel Assemblies 
Wt. % U-235 
(Initial) 

Total No. of Fuel Assemblies 
Height of Active Fuel 
Fuel Material 
Form 
Pellet Diameter 
Percent Theoretical Density 

Region 

9 
2.43 

No. of Fuel Rods Per Fuel Assembly 

I 

No. of Control Rod Guide Tubes Per F.A. 
Fuel Assembly Pitch 
Fuel Rod Outside Diameter 
Fuel Rod Cladding Thickness 
Cladding Material (Fuel Rod) 
No. of Full Length Control Rods 
No. of Part Length Control Rods 
Control Rod Poison 

Control Rod Cladding Material 
Control Rod O.D. 
Control Rod Cladding Thickness 
Number of Burnable Poison Rods 
Poison Material 
Average Poison Loading, %B 4C In B4 C-Al 203 
Poison Rod Clad Material 
Poison Rod Claddlng Thickness 
Poison Rod O.D. 
Rl 
R2 
R3 
Coolant Average Temperature at Power 
Coolant Operating Pressure 

Region II 

100 
2.38 

177 
365.8 cm 
U0 2 

Region 

68 
3.01 

cylindrical pellets 
0.94 cm 
92.5 
208 
16 
12.81 cm 
1. 09 cm 
0.067 cm 
Z i rca 11 oy-4 
61 
8 
Ag(80%)-In(15%) 
Cd(5%) 
SS-304 
1. 143 cm 
0.053 cm 

'68 
Bl°C-Al203 
1. 27 
Zircalloy-4 
0.089 cm 
1.143 cm 
36 .. 9 cm 
128. 5 cm 
163.7 cm 
304°C 
15. 2xl06N/m2 

III 



MAY19 
CONCENTRATIONS 

U-235 7.740 x 

Pu-239 9.196 x 

U-238 6.649 x 

U-235 

Pu-239 

U-238 
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TABLE 3-2 

COMPARISON OF ISOTOPIC 
CONCENTRATIONS AT THE END 

OF 450 DAYS COMPUTED BY 
MA Yl9, FUELBURN2 /\ND THE PROGRAM 

BASED ON MODELa 

1019 atoms 
CiiT 

1018 atoms 
CiiT 

1021 atoms 
CiiT 

U-235 

Pu-239 

U-238 

FUELBURN2 
CONCENTRATIONS 

1.009 x 1020 ~ cm 
2.922 x 1019 atoms CiiT 
6.603 x 1021 atoms CiiT 

DIFFERENCE 
BETWEEN MAY19 
AND MODELa 
CONCENTRATIONS 

2. 210 x 1013 atoms 
CiiT 

5.540 x 1017 atoms 
CiiT 

5.000 x 1018 ~ cm 

DIFFERENCE 
BETWEEN FUELBURN2 

AND MAY19 
CONCENTRATIONS 

2.350 x 

2.002·x 

4.600 x 

MODE La 
CONCENTRATIONS 

7.519 x 

9. 750 x 

6.654 x 

DIFFERENCE 

1019 atoms 
CiiT 

1018 atoms 
CiiT 

1021 atoms 
CiiT 

BETWEEN FUELBURN2 
AND MODELa 
CONCENTRATIONS 

2.571 x 1019 atoms 
CiiT 

1. 947 x 1019 atoms 
CiiT 

5.100 x 1019 atoms 
CiiT 

1019 atoms 
CiiT 

1019 atoms 
CiiT 

1019 atoms 
CiiT 
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INITIAL CONCENTRATIONS 
OF ISOTOPES 

VALUES FOR Ao AND Al COMPUTED BY 
USING EQUATIONS 2.3.19 and 2.3.20 AND 

VARYING THE BORON CONCENTRATION 
TO FIND THE FLATTEST POSITIVE FLUX 

ISOTOPI( CONCENTRATIONS AND Ao and Al 
PRINTED 

~------< IS END OF CORE LIFE REACHED? 

NO 

NEW ISOTOPIC 
CONCENTRATIONS 

COMPUTED 

STOP ."-

FIGURE 3.1 

FLOW CHART OF COMPUTER PROGRAM 
MAY19 

YES 
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program. The boron concentration is varied from 0 ppm to 5000 ppm and 

and the values of Ao and Al are computed (using equations 2.3.19 and 

2.3.20) at intervals of 50 ppm over the entire range. 

For each pair of Ao and Al values computed, there is a 

corresponding flux. Each of these fluxes is checked at intervals of 

l/50th of the core radius to see if it assumes a negative value between the 

center of the core and the outer edge of the core. In this manner the program 

determines the range of the boron concentration over which the flux is 

positive. The program then calculates the Ao and Al coefficients at 

intervals of 2~ ppm boron over this range and selects the values of Ao 

and Al which produce .the flattest positive flux. The MAY19 program 

determines these values of Ao and Al by inserting every set of Ao and Al 

coefficients calculated over the positive flux rang~ into equation 3.1.1 

and selecting that set of Ao and Al coefficients which produces the 

smallest value of SUMDEV, 

25 
SUMGEV = I ( Aocos[Bl(nRJ/50)] + Alsin[B2(nR3/50)] ) _ l 

Ao (3.1.1) 
n=l 

The cross settions used were temperature-adjusted thermal cross 

sections. They were computed using the equation 
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n ~ a = 2 ga(T)o(E 0 )(To/T) (3.1.2) 

where a is the temperature-adjusted thermal microscopic cross section, 

o(Eo) is the microscopic cross section at .0253eV, To is 293.61°Kelvin, 

T is the temperature of the core in degrees Kelvin and ga(T) is the 

non l/V or Wescott factor. The non l/V factors used came from Lamarsh 

[4]. 

3.2 Flux Approximation 

The flux shapes generated by the MAY19 program at 0 hours, 226 days 

and 466 days are shown in Figures 3.2, 3.3 and 3.4, respectively~ 

Within the limits of the model, these flux shapes correspond to the flux 

shape one would expect in an operating reactor where a flat flux is 

important in achieving uniform fuel burnup. Note that the mathematical 

model constrains.the flux to start declining at one half the radius of 

the core and thus cannot produce a flux shape which remains flat past 

this point in the core. 
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Figures 3.5, 3.6 and 3.7 show the average core flux magnitude from 

0 hours to 466 days. These figures show that the magnitude of the flux 

generated by MAY19 increases steadily over core life just as the thermal 

flux in an operating reactor increases over core life in order to 

maintain constant power with fewer fissile isotopes. The erratic 

behavior of the average core flux from 0-24 hours was attributed to the 

inefficiency of the algorithm (does not converge on the flattest flux) 

used in MAY19 to determine the flux. 

The average (over core life) flux magnitude in the outermost region 

of the sample core was computed by MAY19 to be 2.53 x 10 13 neutrons/cm2-

second. The average (over core life) flux magnitude at the core 

boundary of the Midland core was determined from Table 4.3-21 of the 

Midland Final Safety Analysis Report [4] to be 3.58 x 1Q13 neutrons/cm2-

second. (An average flux magnitude for the Midland core was used 

because the Midland core is very similar to the sample core used in 

MAY19.) The average flux magnitude computed by MAY19 differs from the 

average flux magnitude for the Midland core by 29%. 

The flux shapes generated by MAY19 were fairly flat and the average 

core flux magnitudes generated by MAY19 increased steadily over core 

life. Also, the average (over core life) flux magnitude generated by 

MAY19 for the outermost region of the sample core was within an order of 

magnitude of the average (over core life) flux magnitude at the core 
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boundary of the Midland core. For a 11 the reasons cited above, the flux 

generating portion of the MAY19 program was considered acceptable. 

3.3 Isotopic Concentrations 

Figures 3.8 and 3.9 show the behavior of U-235 and Pu-239 over core 

life. The shapes of these curves compare well with the curves of Pu-239 

buildup and U-235 depletion shown in Figure 13-2 of Graves [5]. 

Figure 3.10 shows the behavior of total fissile isotopes (U-235 and 

Pu-239) over core life. This figure shows a steady decrease in the 

total fissile isotope inventory over core life which is what actually 

occurs in a non-breeding reactor. 

Figure 3.11 shows the behavior of the lumped burnable poison (LBP) 

isotope (B-10) over core life. No curve was found to compare with this 

figure. However, the large reduction in the LBP isotope over core life 

shown in Figure 3.11 is the general trend one would expect in a real 

reaCtor. 

Figure 3.12 is a graph showing how the U-238 concentration changes 

over core life. The curve shown in Figure 3.12 has a slope which starts 

negative and becomes more negative. By comparison, Figure 2-11 of 

Levine [9], which also shows the depletion of U-238, has a curve with a 

slope which starts negative and becomes less negative. This discrepancy 

was not due to an error in the mathematics of the MAY19 model or an 

error in the MAY19 programming. It is a characteristic of the MAY19 

model attributed to the cross sections used. 
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To more fully understand how Figure 3.12 was generated and to 

confirm that there was no error in its generation, Figure 3.13 was made. 

Figure 3.13 was based on the assumption that the rate of increase of the 

flux was constant from 376 days to 406 days. As can be seen in Figure 

3.7, this was not a bad assumption. The curve in Figure 3.12 was the 

~esult of depleting the·U-238 concentration in steps of one day using 

equation 2.4.25 until th~ end of core life was reached at 466 days. 

Thus, the line segments in Figure 3.13 are exponential (in accordance 

with equation 2.4.25) although they appear to be straight lines. 

When Figure 3.13 was made, it was found that the daily changes in 

the U-238 concentration from 376 to 379 days were -1;168 x I017 atoms/cc~ 

-1.i7 x 1017 atoms/cc and -1.174 x 1017 atoms/cc. The decrease in the 

U-238 concentration gets larger with each time step. ·Since the time 

steps remain constant, the slope of the curve in Figure 3.13 must become 

more negative with each time step. Fig·ure 3.12 is the result.of adding 

many figures like Figure 3.13 together. Thus, the curve in Figure 3.12 

(with its increasingly negative slope) is a correct depiction of how the 

MAY19 model· depletes the U-23a in the sample core. 

Figures 3··~14, 3.15, and 3.16 show the behavior of I-135 over core 

life and Figures 3.17, 3.18 and 3.19 show the behavior of Xe-135 over 

core life. These figures show Xe-135 and I-135 rising exponentially to 

their equilibrium values in about 48 hours. The exponential shapes of 

the curves in~Figures 3.14 and 3.17 are very similar to the shapes of 

the curves in Figure 15~3 in Duderstadt and Hamilton [2]. Figures 3~16. 

and 3.19 show both the I-135 and the X-135 as decreasing over core life 
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after equilibrium is attained. This decrease in the equilibrium 

concentrations of I-135 and Xe-135 was due to the net decrease in the 

fission yield of I-135 and Xe-135 over core life. 

Figures 3. 20, 3. 21 .and 3. 22 show the be ha vi or of Sm-149 over core 

life. These curves show Sm-149 rising to its equilibrium concentration 

in about 150 days and then decreasing as the number of fissile nuclei in 

the core decrease, According to page 291 of Lamarsh [4] Sm-149 should 

have come into equilibrium in a few days. Since no error was found in 

the MAY19 mathematics or coding, this discrepancy was attributed to 0 the 

cross sections ~sed. 

Figures 3.23, 3.24 and 3.25 show the behavior of Pm-149 over core 

life. Figures 3.24 and 3~25 show the Pm-149 coming into equilibrium in 

~bout 16 days and then gradually increasing over the. remainder of core 

life. The equilibrium time of 16 dajs is roughly correct according to 

page 291 of Lamarsh [4]. The increase in the Pm-149 concentration was 

due to the net increase in the fission yield of Pm-149 over core life. 

Figures 3.26, 3.27 and 3.28 show the behavior of the soluble boron 

concentration over core life. These figures show the soluble boron 

concentration increasing between 24 hours and about 106 days. This 

increase in soluble boron was in disagreement with 'Figure 7.18 of 

Lamarsh [4]. Once again, this discrepancy was not due to an error in 

mathematics or programming •. The effective core multiplication factor. -

disregarding the soluble boron - went up between 24 hours and about 106 

days. Thus, the MAY19 model kept the core critical by increasing the 
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soluble boron concentration. The increase in the effective core multi-

plication factor - disregarding soluble boron - was attributed again to 

the cross sections used. 

The isotopic concentrations generated by MAY19 were also compared 

to the concentrations generated by the computer code FUELBURN2 [2] after 

FUELBURN2 was loaded with input data equivalent to the input data loaded 

into MAY19. Because FUELBURN2 is based upon a zero-dimensional model, 

the MAY19 input data had to be averaged over the core before it could be 

put into FUELBURN2. Although FUELBURN2 is based on a zero-dimensio~al 

mathematical model, FUELBURN2 utilizes three energy groups and 

equivalent cross sections (cross sections which preserve the reaction 

rates) for each energy group. Thus, FUELBURN2 was assumed more accurate 

than MAY19. 

3.3.1 Relative Accuracy Between MAY19 and FUELBURN 2 

The programs FUELBURN2 and MAY19 differ in several ways. FUELBURN2 

is based upon a zero-dimensional model and utilities three-group diffu-

sion theory and equivalent cross sections. MAY19 is based on a one-

dimensional (radial) model and utilizes one-group diffusion theory and 

temperature adjusted thermal cross sections. The isotopic concentration 

input data for FUELBURN2 are core averaged values. The isotopic concen-

tration input data for MAY19 are regionally averaged values. Likewise, 

the output from FUELBURN2 consists of isotopic concentrations which are 

core averages and the output from MAY19 consists of isotopic 
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concentrations whi~h are regional averages. The flux computed by 

FUELBURN2 is assumed to be constant over the core. The flux computed by 

MAY19 varies as a function of the radial distance from the center of the 

core. In MAY19 the time steps over which the flux is assumed to be 

constant are 24 hours long~ In FUELBURN2 the time steps over which the 

flux is assumed to be constant are 720 hours long. 

In light of the above differences between FUELBURN2 and MAY19, the 

question arose, was the assumption that FUELBURN2 was more accurate than 

MAY19 because FUELBURN2 utilized three-group diffusion theory and 

equivalent cross sections instead of one-group diffusion theory and 

temperature adjusted thermal cross sections still reasonable? That is, 

because FUELBURN2 used average core isotopic concentrations, treated the 

flux as being constant over the core and assumed that the flux was 

constant over a time period of 720 h6urs, perhaps FUELBURN2 was not as 

accurate as MAY19 in computing isotopic concentrations over core life. 

To resolve this question, first the observation was made that if 

two fuel burnup models are exactly the same except that one uses 

one-group diffusion theory and temperature adjusted thermal cross 

sections and one uses three-group diffusion theory and equivalent cross 

sect i ans, then the model using three-group diffusion theory and 

equivalent cross sections is generally more accurate than the model 

which uses one-group diffusion theory and temperature-adjusted thermal 

cross sections. 

Next, a new fuel burnup model, very similar to the model of 

FUELBURN2, was constructed. The main difference between these two 
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models was that the new model, hereafter referred to as MODELa, utilized 

one-group diffusion theory and temperature adjusted therma 1 cross 

sections instead of three-group diffusion theory and equivalent cross 

sections. Thus, the model of FUELBURN2 was known to be more accurate 

than MODELa. 

The isotopic concentrations of U-235, Pu-239.and U-238 at the end 

of 450 days were computed by a program based on MODELa and compared to 

the isotopic concentrations of U-235, Pu-239 and U-238 computed by 

FUELBURN2 and MAY19. (See Table 3-2). No assumption was made about the 

relative accuracy between MAY19 and the program based on MODELa. The 

results, as shown in Table 3-2, do not allow one to conclude with 

absolute certainty that FUELBURN2 is more accurate than MAY19. However, 

since the concentrations computed by MAY19 are so much closer to the 

concentrations computed by the progr~m based on MODELa than those 

computed by FUELBURN2, one can say that FUELBURN2 is probably more 

accurate than MAY19. The percentage differences between U-235, Pu-239 

and U-238 concentrations computed by MAY19 and FUELBURN2 were 23.3%, 

68.5%, and 0.7%, respectively. 

This section was not concerned with how the two different types of 

cross section sets (cine-group thermal and three-group equivalent) 

affected the ?Ccuracy of the isotopic concentrations computed. Nor was 

this section concerned with the relative accuracy between the MAY19 

program algorithm and the FUELBURN2 program algorithm. The intent of 

the section was to determine the relative accuracy between the MAY19 
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program -- one-group thermal cross section set ~ombination and the 

FUELBURN2 program three-group equivalent cross section set 

combination. 



CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

For the reasons stated in Chapter 3, the flux generating portion of 

the t1AY19 program was considered acceptable. The isotopic 

concentrations computed by the MAY19 program were also discussed in 

Chapter 3. This discussion brought out that except for the few noted 

discrepancies, the behavior over core life of the isotopic concen-

trations computed by MAY19 was in agreement with the general trends one 

would expect in an operating power reactor and/or with the shapes of the 

curves in graphs from other sources. The discussion in Chapter 3 also 

brought out the fact that the concen!rations of U-235, U-238 and Pu-239 

computed by MAY19 at 450 days differed by less than 100% from the 

concentrations of the same isotopes computed by FUELBURN2 at 450 days. 

For these reasons, the portion of the MAY19 program which computed the 

isotopic concentrations was considered acceptable. Thus, the overall 

performance of the MAY19 p-rogram was considered acceptable. This does 

not mean there is no room for improvement in the code. Some of the 

possible ways to.improve the speed and accuracy and decrease the cost of 

running the code are discussed in the paragraph below~ 

The current version of MAY19 requires the code user to input data 

by editing the main program and recompiling MAY19. While this has the 

advantage of giving the user an explanation of each variable as he 

enters it (via comment statements in the conding), this method of 

79 
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inputting data can be costly if the system being used charges a lot for 

compilation. To remedy this, a data file could be set up on a separate 

unit and accessed by inserting read statements in the main program of· 

MAY19. This would also re~uire a slight change in the job control 

language used to execute MAY19~ On a UNIVAC system, this would require 

an 11 @ USE" statement in the runstream. 

MAY19 selects the flattest positive flux by computing the value of 

the flux many times for many different values of boron concentration. 

The final flux selected is only approximately the flattest positive. 

flux. That is, the flux selected is the flattest of a set of fluxes 

tested. It should be possible to improve both the speed and accuracy of 

the flux approximating portion of MAY19 by utilizing a numerical 

technique which converges on the flattest positive flux. Depending on 

the approach used, this could also sfgnificantly reduce the computer 

memory needed to run MAY19. This approach was not taken initially 

because of the added time and expense which would have been needed to 

get MAY19 debugged and running. 

If MAY19 were changed from a one energy-group code to a two or 

three energy-group code this would certainly improve the accuracy of 

~AY19. However, there is at least one problem in doing this. For 

example, going to two energy groups would add two more unknown flux 

coefficients without adding any more constraints. Thus, there wuld be 

two many unknowns and not enough equations to solve the system for the 

flux. This problem could be solved, but probably not within the 

original framework of the model on which MAY19 is based. 
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In conclusion, MAY19 is not accurate enough for engineering uses, 

but is accurate enough to be useful for educational purposes. Also, the 

simplicity (gained by the loss of accuracy) of the MAY19 code makes 

MAY19 more understandable to nuclear engineering students. There is 

room for improvement in the code, but any large improvements in the 

accuracy would probably mean a major rewrite as well as the end of the 

simplicity of the code. 
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%%%% %%% % % %%% %%% %%%%% %%%%% %%%% 
% % % % % % % % % % % % 
% % % % % % % % % % % 
% %% % % % % %%%%% % % % % 
% %% % % r. % % % % % % % 
% % % % % % % % % % % % % 

%%% %%1. %%%%% %%%%% %%% % % % % %%%% 
NAME: 

%% %% %%% 
%%% %%% %%%%1.%% 

%%% %%% %% %% 
%%%%% %% %1. 

%%% %% %% 
%%%%% %% %% 

%%% %%% %% %% 
%%% %%% %%%%%%% 
%% %% %%% 

SNUM· 

% % %%% % % % 
%% %% % % % % % 
% % % %%%%% % % 
% % % % % % 
% % % % % % 

USER ID: 934598 
ORGANIZATION: 7GE-2128 
ENTITY: E8 .OFFICE: llol 
PHONE: 4514 
AOORESS: GAITH 10-2 

%%% %%%%%% %%1. 
%%%%%%% %%%%%%%%% %%%% 

%% %% %% %% %% 
%% %% %% %1. ,%% 
%% %% %%%% %% %% 
1.r. %% r.r. %%%%%%%%1. 
%% %% %% %%%%%%%%% 

%%%%%%% %%%%%%%%% ?:% 
%%% %%%%%% %% 

%%% %%% % % %%% %%%%% 
% % % % % % % % % 

%%%% %%%%% % % % % 
% % % % % )(. %% % 

%%% % % % % %%%% % 

USER ACTIVITY: 
PROGRAM: NEOOO 
CHARGE TO: 10466001 
CROSS CHARGE: 

%%%%%%%%% 

%%%%%% 
%%%%%%%%% 

%% 
%% 

%%%% 
%% 

%% 
%%%%%%%%% 

%%%%%% 

START PRINTING: 
QUEUED NP: 

FILE lolRITTEN: 
PART NAME: 
FILENAME: 

PART: 

12/30/82 
12/30/82 
12/30/82 

9:00:38 
5:36:01 
5:30:52 

DLG4 
934598•0LG4( 1) 

SYS: 

%%%%%%%% 
%%%%%%%%% 
%% %% 
%% % 
%%%%%%%% 
%% % 
%% %% 
%%%%%%%%% 
%%%%%%%% 

ESTIMATED PAGES: 29 
INPUT DEVICE: 

lolRITTEN BY: X0034 
QUEUED TO: GAFCHE 

PRINTED ON: GArRM1 

UNIVAC 1100 TIME/SHARING EXEC --- MULTI-PROCESSOR SYSTEM --- LEV. 37-B13-031A SITE • BEC82B 



~ASG,A DLG•MAY19. 

OJ 
U"l 



OELT,L OLG•MAY19.MAY19SUB 
ELT BR1 SL74R1 .12/30/82 05:30:56 ( 14) 

END 

1. 13 SUBROUTINE FFLUX(FF ,GG,HH) 
2. 10 IMPLICIT REAL•8(A-H,J-.Z),INTEGER(l) 
3. 10 COMMON A,B,DESTRU,VFM1,VFM2.VFM3,SIGMA9,CQ1,C02,C03,C11·.c12,C13, 
4. 12 .XO.P1.P2,PW,PI.PROD,L1,L2,L3 
5. 10 DIMENSION DESTRU(3) 
6. 10 O"IMENSION PR00(3) 
7. IQ CF•3.9667E16 
8. 10 U•DESTRU( 1 )+FF•VFM1•CF•SIGMA9 
9. 10 L2=DESTRU( 2 )+FF•VFM2•CF•SIGMA9 

10. 10 L3=DESTRU( 3 )+FF•VFMJ•CF•S IGMA9 
11. 10 CC=2.0~PI•((L1•C01)+(L2•C02)+(L3•C03)) 
12. 10 00=2.0•Pl*((L1•C11)+(L2•C1.2)+(L3•C13)) 
13. '10 LK1•Pl•Pl•D 
14. 10 
15. 10 
16. 10 
17. 10 
18. 10 
19. 10 
20. 10 
21. 10 
22. 10 

ELT. ERRORS: NONE. TIME: 

LK2""2.0•PI•PI•O 
GG1•CC+LK1 
GG2•DD+LK2 
C1•A-GG1 
C2=B-GG2 
HH•( -C 1 •PW)/( ( C2•P 1)-(C1 •P2 )·). 
GG=(PW-(P2•HH))/P1 
RETURN 
END 

0.185 SEC. !MAGE COUNT: 22 

co 
O"i 



•FOR,S DLG•MAY19.MAY19A 
FOR 4R1T-D1-MM/12/30-82:05:30 56 ( 10,) 
1114 376 

MAIN PROGRAM 

STORAGE USED: CODE( 1) 003144: OATA(O) 007226; BLANK COMMON(2) 000064 

EXTERNAL REFERENCES (BLOCK, NAME) 

0003 FF LUX 
0004 T!NTR$ 
0005 DMATH$ 
0006 XPOR$" 
0007 DSIN$ 
0010 DCOS$ 
0011 NIOCB$ 
0012 NNWFU$ 
0013 NSCR$ 
0014 OE XPS 
0015 NS TOP$ 
0016 NBFO$ 

STORAGE ASSIGNMENT (BLOCK, TYPE. RELATIVE LOCATION. NAME) 

0001 001160 101L 0001 003126 122L 0001 003140 124L 0001 002166 202L 0001 002205 206L 
0001 002175 208L 0001 002217 209L 0001 002226 220L 0001 002244 230L 0001 000335 260G 
0000 006442 27F 0000 006460 28F 0000 006515 29F 0000 006537 37F 0001 001171 376G 
0000 006421 40f 0001 001267 410G 0000 006400 42F 0001 001327 422G 0001 001354 430G 00 
0000 006552 4530 0000 006557 4600 0000, 006564 4630 0000 006571 4650 0000 006603 4750 -.....J 
0000 006610 5000 0000 006615 5020 0001 001530 515G 0001 001541 524G 0001 001557 533G 
0001 001601 544G 0001 001620 552G 0000 006376 56F 0001 001730 600G 0001 001755 611G 
0000 006342 62F 0001 002017 626G 0000 006345 63F 0000 006351 64F 0000 006627 6630 
0000 006637 6730 0000 006647 7070 0000 006657 7170 0001 001446 72L 0001 001512 73L 
0000 006667 7310 0000 006677 7360 0000 006302 74F 0000 006704 7400 0000 006711 7420 
0000 006717 744G 0000 006717 746G 0000 006373 75F 0001 002335 762G 0001 001715 77L 
0001 001430 7BL 0002 0 000000 A 0000 0 005707 AFL 0000 0 005755 AREAi 0000 0 005757 AREA2 
0000 0 005761 AREA3 0000 0 005403 ARRAY 0000 0 006220 AS1 0000 D 006226 AS2 0000 D 006212 AX 1 
0000 0 006202 AX2 0000 D 006125 AO 0000 0 006127 A 1 0002 0 000002 B 0000 0 006164 BC 
0000 0 006140 BC MAX 0000 D 006136 BCMIN 0000 D 000323 BCN 0000 0 000633 BCON 0000 D 000013 BCPOS 
0000 D 006236 BCS1 0000 0 006232 BCX1 0000 0 006234 BCX2 0000 D 001453 BORCON 0000 D 006222 BS1 
0000 D 006230 BS2 0000 D 0062 14 BX1 0000 D 006204 BX2 0000 D 005771 B1 0000 0 005773 B2 
0000 D 005717 CCTH 0000 D 005543 CF 0000 D 005651 CPP1 0000 D 005653 CPP2 0000 D 005655 CPP3 
0000 D 005741 CRFA 0000 D 005725 CRL 0000 D 00573 1 CRR 0000 D 006224 CS1 0000 D 006216 CX1 
0000 0 006206 CX2 0002 D 000022 C01 0002 D 000024 C02 0002 D 000026 C03 0002 0 000030 c 11 
0002 0 000032 C12 0002 D 000034 C13 0002 D 000036 D 0002 0 000004 DESTRU 0000 D 006157 DEV 
0000 D 006210 OX1 0000 0 006274 EOI 0000 D 006300 EOPM 0000 D 006276 EQSM 0000 D 006272 EOXE 
0000 D 006244 ES1 0000 D 006246 ES2 0000 D 006240 EX1 0000 0 006242 EX2 0000 D 005723 FAP 
0000 D 005715 FCTH 0000 D 006172 FLUX 0000 D 006134 FLX 0000 D 005373 FLXINT 0000 D 006155 FLXX 
0000 0 005713 FR 0000 0 005735 FRFA 0000 D 005711 FRR 0000 D 005753 G 0000 D 005575 GAM! 1 
0000 D 005577 GAM! 2 0000 D 005605 GAMPM1 0000 D 005607 GAMPM2 0000 D 005601 GAMX 1 0000 D 005603 GAMX2 
0000 D 006144 GGG 0000 0 006174 GMI 0000 0 006176 GM2 0000 0 006200 GM3 0000 D 005617 H 
0000 D 006142 HHH 0000 I 005775 I 0000 006122 II 0000 I 006163 III 0000 r 006152 IX 
0000 I 006133 !XX 0000 I OOOOC2 J 0000 I 000006 JJ 0000 I 000007 JJJ 0000 I 000001 K 
0000 I 000010 KK 0000 I 000011 KKK 0000 D 006146 KX 0000 000003 L 0000 D 005611 LAM! 
0000 D 0056 15 LAMPM 0000 D 005613 LAMX 0000 D 005675 LBPCON 0000 D 005721 LCTH 0000 I 000004 LL 
0000 I 000005 LLL 0000 0 005737 LRFA 0000 D 005727 LRL 0000 0 005733 LRR 0002 D 000056 L 1 
0002 0 000060 L2 0002 0 000062 L3 0000 D 006161 MINSUM 0000 0 oq5677 MO OCON 0000 I 000000 N 



0000 D 005657 NFABr 1 0000 D 005661 NF ABP2 0000 D 005663 NFABP3 0000 D 005635 NFACF1 0000 D 005637 NFACF2 
0000 D 005641 NFACF3 0000 D 005643 NF ACP 1 0000 D 005645 NFACP2 0000 D 005647 NFACP3 0000 000012 NN 
0000 D 005627 NOFAT1 0000 D 005631 NOFAT2 0000 0 005633 NOFAT3 0000 0 005621 NOFA 1 0000 D 005623 NOFA2 
0000 D 005625 NOFA3 0000 D 005571 NU 1 0000 D 005573 NU2 0002 D 000046 Pl 0002 D 000050 PROD 
0000 D 005535 PRODD 0002 0 000044 PW 0002 D 000040 p 1 0002 D 000042 P2 0000 D 005505 0 
0000 D 005776 R 0000 D 005745 REG1 0000 D 005747 REG2 0000 D 005751 REG3 0000 D 006131 RR1 
0000 D 006153 RX 0000 D 005763 R 1 0000 D 005765 R2 0000 D 005767 R3 0000 D 005671 SIGCRC 
0000 D 005667 SIGCRP 0000 D 005665 SIGFRC 0000 D 005705 SIGH20 0000 D 005703 SIGMAO 0000 0 005701 SIGMAT 
0000 D 005545 SIGMA! 0000 0 005547 SIGMA2 0000 D 005551 SIGMA3 0000 D 005553 SIGMA4 0000 D 005555 SIGMAS 
0000 D 005557 SIGMA6 0000 D 00556 1 SIGMA? 0000 0 005563 SIGMAS 0002 0 000020 SIGMA9 0000 D 005565 SIGMF 1 
0000 D 005567 SIGMF2 0000 D 005673 SIGPRC 0000 D 006262 SM1 0000 D 006264 SM2 0000 D 006266 SM3 
0000 D 006270 SM4 0000 D 006120 STEPS 0000 0 006166 STPSAV 0000 D 0054 77 STRUCT 0000 D 006150 SUMDEV 
0000 D 005743 THPW 0000 D 006114 TOTAL 0000 0 006116 TPS 0000 D 006010 VCR 0000 D 006014 VCRC 
0000 D 006012 VCRP 0000 D 006002 VFA 0000 0 006056 VFBPC1 0000 D 006060 VFBPC2 0000 D 006062 VFBPC3 
0000 D 006072 VFBPP1 0000 D 006074 VFBPP2 0000 0 006076 VFBPP3 0000 D 006006 VFC 0000 D 006032 VFCC 
0000 D 006064 VFCCP1 0000 0 006066 VFCCP2 0000 D 006070 VFCCP3 0000 D 006030 VFCP 0000 D 006034 VFCPP1 
0000 D 006036 VFCPP2 0000 0 006040 VFCPP3 0000 D 006050 VFCRC1 0000 0 006052 VFCRC2 0000 D 006054 VFCRC3 
0000 D 006042 VFCRP1 0000 D 006044 VFCRP2 0000 D 006046 VFCRPJ' 0000 0 006024 VFF 0000 0 006026 VFFC 
0000 D 006102 VFf:!CR 0000 0 006104 VFMCR1 0000 0 006106 VFMCR2 0000 D 006110 VFMCR3 0000 D 006112 VFMLBP 
0000 D 006100 VF MOD 0002 0 000012 VFM1 0002 D 000014 VFM2 0002 D 000016 VFM3 0000 0 006000 VFR 
0000 D 006004 VFU 0000 D 006022 VLC 0000 D 006020 VLP 0000 D 006016 VLR 0000 D 006250 XE1 
0000 D 006252 XE2 0000 D 006254 XE3 0000 D 006256 XE4 0000 D 006260 XE5 0000 D 006170 y 
0000 D 006123 z 

00100 1 • c THIS PROGRAM COMPUTES THE CONCENTRATIONS OF U-235,U-238, 000000 
00100 2• c PU-239.XE-135,1-135,SM-149,PM-149,SOLUBLE BORON AND LUMPED 000000 
00100 3• c BURNABLE POISON IN EACH OF THE THREE REGIONS OF A TYPICAL 000000 
00100 4• c PWR OVER CORE LIFE. THE FUEL IS ASSUMED TO BE IN THE FORM OF 000000 
00100 5• c FUEL ROOS COMPOSED OF U02 PELLETS WITH A DENSITY OF 92.5 000000 co 
00100 6• c PERCENT THEORETICAL DENSITY. THE THEORETICA~ DENSITY IS SET AT 000000 co 
00100 7• c 10.96 GRAMS PER CC. THE REACTOR IS ASSUMED TO BE AT A 000000 
00100 8• c CONSTANT PRESSURE ANO TEMPERATURE AND AT A CONSTANT POWER 000000 
00100 9• c INPUT BY THE USER.THE COMPUTATIONS ARE CARRIES OUT FOR 466 000000 
00100 10• c DAYS. ANY LUMPED BURNABLE POISON IS ASSUMED TO BE IN THE 000000 
00100 , 1 • c FORM OF CLAD RODS INSERTED INTO THE FUEL ASSEMBLIES. 000000 
00100 12• c THE CONTROL ROD POSITIONS ARE TREATED AS BEING CONSTANT. 000000 
00100 13• c ONLY THE RADIAL DIMENSION IS CONSIDERED. 000000 
00100 14. c ONLY ONE GROUP DIFFUSION THEORY IN USED AND EACH OF THE 000000 
00100 15• c THREE FUEL ENRICHMENT REGIONS IS HOMOGENIZED. 000000 
00100 16• c THE FLUX IS APPROXIMATED BY THE EXPRESSION 000000 
00100 17• c 000000 
00100 18• c FLUX=AO•CDS(B1•R)+A1•SIN(B2•R) 000000 
00100 19• c 000000 
00100 20• c WHERE 000000 
00100 21 • c 000000 
00100 22• c Bl•(3•Pl/2•RADIUS OF CORE), 000000 
00100 23• c 000000 
00100 24• c B2=( PI/2•RADIUS OF CORE) 000000 
00100 25• c 000000 
00100 26• c AND 000000 
00100 27• c 000000 
00100 28• c AO AND A1 ARE VARIABLE COEFFICIENTS WHICH ARE COMPUTED 000000 
00100 29• c BY THE PROGRAM FOR EACH TIME STEP. 000000 
00100 30• c THE CONCENTRATIONS OF THE ISOTOPES CONS IOEREO ARE STORED IN THE 000000 
00100 J 1 • c ARRAY 'ARRAY( 10,3)' SHOWN BELOW. 000000 
00100 32• c 000000 
00100 JJ• c 000000 



00100 34• c ARRAY(t,t) IS THE U-235 CONC. IN REGION t 000000 
00100 35• c 000000 
00100 36• c ARRAY(t,2) IS THE U-235 CONC. IN REGION 2 000000 
00100 37• c 000000 
00100 38• c ARRAY(t,3) IS THE U-235 CONC. IN REGION 3 000000 
00100 39• c 000000 
00100 40• c ARRAY(2,1) IS THE PU-239 CONC. IN REGION t 000000 
00100 4t• c 000000 
00100 42• c ARRAY(2.2) IN THE PU-239 CONC. IN REGION 000000 
00100 43• c 000000 
00100 4·4. c ARRAY(2.3) IS THE PU-239 CONC. IN REGION 3 000000 
00100 45• c 000000 
00100 46• c ARRAY(3.1) IS THE U-238 CONC. IN REGION 000000 
00100 47• c 000000 
00100 48• c ARR.AV ( 3, 2) IS THE U-238 CONC. IN REGION 000000 
00100 49• c 000000 
00100 SO• c ARRAY(3,3) IS THE U-238 CONC. IN REGION 3 000000 
00100 St• c 000000 
00100 S2• c ARRAY(4.1) IS THE XE- 13S CONC. IN REGION 000000 
00100 S3• c 000000 
00100 S4• c ARRAY(4.2) IS THE XE-135 CONC. IN REGION 2 000000 
00100 SS• c 000000 
00100 S6• c ARRAY(4.3) IS THE XE-135 CONC. IN REGION 3 000000 
00100 S7• c 000000 
00100 S8• c ARRAY(5.1) IS THE 1-135 CONC. IN REGION 000000 
00100 59• c 000000 
00100 60• c ARRAY(5.2) IS THE 1-135 CONC. IN REGION 000000 
00100 6 t·• c 000000 
00100 62• c ARRAY(5,3) IS THE I· 135 CONC. IN REGION 3 000000 
00100 63• c 000000 
00100 64• c ARRAY(6.1) IS THE $M-149 CONC. IN REGION 000000 
00100 65• c 000000 
00100 66• c ARRAY(6.2) IS THE SM-149 CONC. IN REGION 2 000000 OJ 

00100 67• c . 000000 \.0 

00100 68• c ARRAY(6.3) IS THE SM- 149 CONC. IN REGION 3 000000 
00100 69• c 000000 
00100 70• c ARRAY(7.1) IS THE PM- 149 CONC. IN REGION 000000 
00100 7t• c 000000 
00100 72• c ARRAV(7,2) IS THE PM-149 CONC. IN REGION 2 000000 
00100 73• c 000000 
00100 74• c ARRAY(7,3) IS THE PM-149 CONC. IN REGION 3 000000 
00100 7-5• c 000000 
00100 76• c ARRAY(B.1) IS THE LUMPED BURNABLE POISON CONC. IN REGION 000000 
00100 77• c 000000 
00100 78• c ARRAV(B,2) IS THE LUMPED BURNABLE POISON CONC. IN REGION 2 000000 
00100 79• c 000000 
00100 BO• c ARRA_Y(B,3) IS THE LUMPED BURNABLE POISON CONC. IN REGION 3 000000 
00100 B t • c 000000 
00100 82• c ARRAY ( 9, t) IS THE SOLUBLE BORON CONC, IN REGION 000000 
00100 BJ• c 000000 
00100 84• c ARRAY(9,2) IS THE SOLUBLE BORON CONC. IN REGION 000000 
00100 85• c 000000 
00100 86• c ARRAY(9.3) IS THE SOLBULE BORON CONC. IN REGION 3 000000 
00100 B7• c 000000 
00101 BB• IMPLICIT REAL•8(A-H,J-Z),INTEGER(I) 000000 
00103 89• INTEGER N .. K,J,L.LL.LLL,JJ,JJJ,KK,KKK,NN 000001 
00104 90• DIMENSION BCPOS(100) 000001 
00105 91• DIMENSION BCN( 100) 000001 
00106 92• DIMENSION BCON(200) 000001 
00107 93• DIMENSION BORCON(5,200) 000001 



00110 94• DIMENSION FLXINT(4) 000001 
001I1 95• DIMENSION ARRAY(I0,3) 000001 
00112 96• DIMENSION PR00(3) 000001 
00113 97• DIMENSION DESlRU(3) 000001 
00114 98• DIMENSION STRUCT(J) 000001 
00115 99• DIMENSION 0(2,6) 000001 
00116 100• DIMENSION PRODD(J) 000001 
00117 101• COMMON A,B.DESTRU,VFM1,VFM2.VFM3,SIGMA9.C01.C02,C03,C11,C12.Cl3, 000001 
00117 102• XD,Pl,P2,PW.Pl,PROD,Ll,L2,L3 000001 
00117 103• c 000001 
00117 104• c INPUT DATA 000001 
00117 105• c 000001 
00120 106• CF=3.9667E16 000001 
00121 107• P1•3. 141592653589793 000003 
00121 108• c 000003 
00121 109• c SIGMA I IS THE U-235 MICRO. ABSDRP. X-SECTION IN CM••2 AT THE 000003 
00121 110• c OPERATING TEMPERATURE 000003 
00121 111.. c 000003 
00122 112. SIGMA1=411E-24. 000004 
00122 113. c 000004 
00122 114• c SIGMA2 IS THE PU.-239 MICRO. ABSORP. X-SECTION IN CM••2 AT THE 000004 
00122 115• c OPERATING TEMPERATURE 000004 
00122 116• c 000004 
00123 117• SIGMA2•1054E"24 000005 
00123 118• c 000005 
00123 '19• c SIGMA3 IS THE U-238 MICRO. ABSORP. X-SECTION IN CM••2 AT THE 000005 
00123 120• c OPERATING TEMPERATURE 000005 
00123 121• c 000005 
00124 122• SIGMA3•1.72E-24 000011 
00124 123• c 000011 
00124 124• c SIGMA4 IS THE XE-135 MICRO. ABSORP. X-SECTION IN CM••2 AT THE 000011 
00124 125• c OPERATING. TEMPERATURE 000011 '° 00124 126• c 000011 0 
00125 127• SIGMA4•2.0BE- ta 000013 
00125 128• c 000013 
00125 12.9• c SIGMAS IS THE I-135 MICRO. ABSORP. X-SECTION IN CM••2 AT THE 000013 
00125 130• c OPERATING TEMPERATURE 000013 
00125 131 • c 000013 
00126 132• SIGMA5=4.42E-24 000014 
00126 133• c 000014 
00126 134-• c SIGMAS IS THE SM-149 MICRO. ABSORP. X-SECTION IN CM• •-2 AT THE 000014 
00126 135• c OPERATING TEMPERATURE 000014 
00126 136• c 000014 
00127 137• S!GMA6•7569E-24 000015 
00127 138• c 000015 
00127 139• c S!GMA7 IS THE PM-149 MICRO. ABSORP X-SECTION IN CM••2 AT THE 000015 
00127 140• c OPERATING TEMPERATURE 000015 
00127 141• c 000015 
00130 142• SIGMA7•37.9E-24 00002 I 
00130 143• c 000021 
00130 144• c SIGMAS IS THE LUMPED BURNABLE POISON MICRO. ABSDRP. X-SECTION IN-CM••2 AT 000021 
00130 14-5• c OPERATING TEMPERATURE 000021 
00130 146• c 00002 I 
00131 147• SIGMAB•240BE-24 000023 
00131 148• c 000023 
00131 149• c SIGMA9 IS THE SOLUBLE BORON MICRO.ABSORP. X-SECTION IN CM• •2 000023 
00131 150• c AT THE OPERATING TEMPERATURE 000023 
00131 151• c 000023 
00132 152• SIGMA9•477E-24 000024 
00132 153• c 000024 



00132 
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169• 
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195• 
196• 
197• 
198• 
199• 
200• 
201 • 
202• 
20J• 
204• 
205• 
206• 
207• 
208• 
209• 
210• 
21 '. 
212• 
213• 

c 
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SIGMF1 IS THE U-235 MICRO. FISSION X-SECTIDN IN CM••2 
AT THE OPERATING TEMPERATURE 

SIGMFt=342E-24 

SIGMF2 IS THE PU-239 MICRO. FISSION X-SECTIDN IN CM••2 
AT THE OPERATING TEMPERATURE 

SIGMF2=698E-24 

NUt IS THE NEUTRONS/FISSION FDR U-235 

NU1•2.4.18 

NU2 IS THE NEUTRONS/FISSION FDR PU-239 

NU2•2.87t 

GAMl1 IS THE VIELD OF 1-149 ATOMS PER U-235 FISSION 

GAM! 1•0.0639 

GAMI2 IS THE YIELD OF 1-149 ATDMS·PER PU239 FISSION 

GAMl2•0.0604 

GAMXI IS THE YIELD OF XE-135 ATOMS PER U-235 FISSION 

GAMXl•0.00237 

GAMX2 IS THE YIELD OF XE-135 ATOMS PER PU-239 FISSION 

GAMX2•0.0105 

GAMPMI IS THE VIELD OF PM-149 ATOMS PER U-235 FISSION 

GAMPMl•0.01071 

GAMPM2 IS THE YIELD OF PM-149 ATOMS PER PU-239 FISSION 

GAMPM2=0.0121 

LAM! IS THE 1-135 DECAY CONSTANT IN I/SECONDS 

LAMl•2.87E-5 

LAMX IS THE XE-135 DECAY CONSTANT IN I/SECONDS. 

LAMX•2.09E-5 

LAMPM IS THE PM-149 DECAY CONSTANT IN !/SECONDS 

LAMPM=3.63E-6 

0 IS THE CORE DIFFUSION COEFFICIENT IN CM 

D•0.395 

H IS THE TIME STEP IN SECONDS 
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H=3600 0 

NOFA1 IS THE TOTAL NUMBER OF FUEL ASSEMBLIES IN REGION 1 

NOFA1=9.0 

NOFA2 IS THE TOTAL NUMBER OF FUEL ASSEMBLIES IN REGION 2 

NOFA2=100.0 

NDFA3 IS THE TOTAL NUMBER OF FUEL ASSEMBLIES IN REGION 3 

NOFA3=68.0 

NOFAT1 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 1 WITH 
NO CONTROL ROOS OR LUMPED BURNABLE POISON RODS 

NOFAT1•4.0 

NDFAT2 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 2 WITH 
NO CONTROL RODS OR LUMPED BURNABLE POISON RODS 

NDFAT2=44.D 

NOFAT3 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 3 WITH 
NO CONTROL RODS OR LUMPED BURNABLE POISON ROOS 

NOFAT3=44.0 

NFACF1 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 1 WITH 
CONTROL ROOS FULLY INSERTED 

NF ACF 1• 1.0 

NFACF2 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 2 WITH 
CONTROL RODS FULLY INSERTED 

NFACF2•0.0 

NFACF3 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 3 WITH 
CONTROL RODS FULLY INSERTED 

NFACF3=8.0 

NFACP1 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 1 WITH 
CONTROL RODS PARTIALLY INSERTED 

NFACP1=0.0 

NFACP2 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 2 WITH 
CONTROL RODS PARTIALLY INSERTED 

NFACP2=8.0 

NFACP3 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 3 WITH 
CONTROL ROOS PARTIALLY INSERTED 

NFACP3=0.0 

CPP1 IS THE PERCENT THE PARTIALLY INSERTED CONTROL ROOS IN REGION 
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00177 
00177 
00200 
00200 
00200 
00200 
00200 
00201 

274• 
275• 
276• 
277• 
278• 
279• 
280• 
281• 
282• 
283• 
284• 
285• 
286• 
287• 
288• 
289• 
290• 
291* 
292• 
293• 
294• 
295• 
296• 
297• 
298• 
299• 
300• 
301 • 
302• 
303• 
30"4• 
305• 
306• 
307• 
JOB• 
309• 
310• 
311 • 
312• 
313• 
314• 
315• 
316• 
317• 
318• 
319• 
320• 
321• 
322• 
323• 
324• 
325• 
326• 
327• 
328• 
329• 
330• 
33 t"' 
332• 
333• 

c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

1 ARE INSERTED DIVIDED BY 100.0 

CPP2 IS THE PERCENT THE PART!A!LLY INSERTED CONTROL RODS IN REGION 
2 ARE INSERTED DIVIDED BY 100.0 

CPP2•0. 25 

CPPJ IS THE PERCENT THE PARTIALLY INSERTED CONTROL RODS IN REGION 
3 ARE INSERTED DIVIDED BY 100.0 

NFABP1 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 1 WITH 
LUMPED BURNABLE POISON ROOS 

NFABP 1•4.0 

NFABP2 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 3 WITH 
LUMPED BURNABLE POISON RODS 

NFABP2•48.0 

NFABP3 IS THE NUMBER OF FUEL ASSEMBLIES IN REGION 3 WITH 
LUMPED BURNABLE POISON RODS 

NFABP3•16.0 

SIGFRC IS THE MACROSCOPIC ABSORPTION CROSS SECTION OF THE 
FUEL ROD CLADDING MATERIAL IN CM-1 AT THE OPER. TEMP. 

SIGFRC•S4.59E-4 

SIGCRP IS THE MACROSCOPIC ABSORPTION CROSS SECTION OF THE 
CONTROL ROD POISON IN CM-1 AT THE OPERATING TEMPERATURE 

SIGCRP•437SE-4 

SIGCRC IS THE MACROSCOPIC ABSORPTION CROSS SECTION OF THE 
CONTROL ROD CLADDING MATERIAL IN CM-1 AT THE OPER. TEMP. 

SIGCRC•1637E-4 

SIGPRC IS THE MACROSCOPIC ABSORPTION CROSS SECTION OF THE 
LUMPED BURNABLE .POISON ROD CLADDING MATERIAL IN CM-1 

AT THE OPERATING TEMPERATURE 

SIGPRC•54.59E-4 

LBPCON IS THE ATOMIC CONCENTRATION OF THE LUMPED BURNABLE 
POISON ISOTDPE(E.G. B-10) PER CM••3 OF LUMPED BURNABLE 
POISON MATERIAL 

LBPCON•9.57B4E20 

MODCON IS THE MOLECULAR CONCENTRATION OF THE MODERATOR IN 
MOlECULES/CM••3 AT THE OPERATING TEMPERATURE AND PRESSURE 

MODCON•2.3BE22 

000105 
000105 
000105 
000105 
000105 
000105 
000105 
000105 
000105 
000105 
000105 
000105 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000106 
000120 
000120 
000120 
000120 
000120 
000121 
000121 
000121 
000121 
000121 
000122 
000122 
000122 
000122 
000122 
000126 
000126 
000126 
000126 
000126 
000126 
000130 
000130 
000130 
000130 
000130 
000130 
000130 
000130 
000130 
000130 
000130 
000132 
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w 



00201 334• c 000132 
00201 335• c SIGMAT IS THE MACROSCOPIC CROSS SECT ION OF THE LUMPED 000132 
00201 336• c BURNABLE POISON MATERIAL EXCLUDING THE POISON ISOTOPE 000132 
00201 337• c I TS ELF IN CM- 1 H THE OPERATING TEMPERATURE 000132 
00201 338• c 000132 
00202 339• SIGMAT=27.608E-4 000134 
00202 340• c 000134 
00202 341• c SIGMAO IS THE MICROSCOPIC CROSS SECTION OF OXYGEN IN CM•• 2 000134 
00202 342• c AT .THE OPERATING TEMPERATURE 000134 
00202 343• c 000134 
00203 344• SIGMA0=0.00013E-24 000137 
00203 345• c 000137 
00203 346• c SIGH20 IS THE MICROSCOPIC CROSS SECT ION OF IJATER IN CM .. 2 000137 
00203 347• c AT THE OPERATING TEMPERATURE 000137 
00203 348• c 000137 
00204 349• SIGH20=0.419E-24 000141 
00204 350• c 000141 
00204 351 • c AFL IS THE ACT! VE FUEL LENGTH IN CM 000141 
00204 352• c 000141 
00205 353• AFL =365. 76 000142 
00205 354• c 000142 
00205 355• c FRR IS THE FUEL ROD RAD !US IN CM 000142 
00205 356• c 000142 
00206 357• FRR=0.546 000144 
00206 358• c 000144 
00206 359• c FR IS THE FUEL PELLET RADIUS IN CM 000144 
00206 360• c 000144 
00207 36 t. FR=0.470 000147 
00207 362• c 000147 
00207 363• c FCTH IS THE FUEL CLAD THICKNESS IN CM 000147 
00207 364• c 000147 
00210 365• FCTH=0.067 000151 ~ 

00210 366• c 000151 +::> 
00210 367• c CCTH IS THE CONTROL ROD CLAD THICKNESS IN tM• 000151 
00210 368• c 000151 
00211 369• CCTH=0.053 000152 
00211 370• c 000152 
00211 371• c LCTH IS THE LUMPED BURNABLE POISON ROD CLAD THICKNESS IN C.M 000152 
00211 372• c 000152 
00212 373• LCTH=0.089 000154 
00212 374• c 000154 
00212 375• c FAP IS THE FUEL ASSEMBLY PITCH IN CM 000154 
00212 376• c 000154 
00213 377• FAP=21.81 000160 
00213 378• c 000160 
00213 379• c CRL IS THE CONTROL ROD LENGTH IN CM 000160 
00213 380• c 000160 
00214 381• CRL•340. 36 000162 
00214 382• c 000162 
00214 383• c LRL IS THE LUMPED BURNABLE POISON ROD LENGTH IN CM 000162 
00214 384• c 000162 
00215 385• LRL=320.04 000163 
00215 386• c 000163 
00215 387• c CRR IS THE CONTROL ROD RADIUS IN CM 000163 
00215 388• c 000163 
00216 389• CRR=0.572 000164 
00216 390• c 000164 
00216 391• c LRR IS THE LUMPED BURNABLE POISON ROD RADIUS IN CM 000164 
00216 392• c 000164 
00217 393• LRR=O. 572 000170 



00217 
00217 
00217 
00220 
00220 
00220 
00220 
00220 
00220 
00221 
00221 
00221 
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00221 
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00223 
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00223 
00223 
00224 
00224 
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00224 
00225 
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00225 
00225 
00226 
00226 
00226 
00226 
00227 
00227 
00230 
00231 
00232 
00233 
00234 
00235 
00236 
00237 
00240 
00241 
00242 
00243 
00244 
00245 
00246 
00246 
00246 
00246 
00246 
00246 
00247 

394• 
395• 
396• 
397• 
398• 
399• 
400• 
401 • 
402• 
403• 
404. 
405• 
406• 
407• 
408• 
409• 
410• 
411 • 
412• 
413• 
4, 14• 
415• 
416• 
417• 
418• 
419• 
420• 
421• 
422• 
423• 
424• 
425• 
426• 
-'427• 
428• 
429• 
430• 
431• 
432• 
433• 
434• 
435• 
436• 
.C37• 
.. 38• 
439• 
440• 
44,. 
442• 
.t43• 
444• 
445• 
446• 
447• 
448• 
449• 
450• 
451 • 
452• 
453• 

c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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c 
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FRFA IS THE NUMBER OF FUEL RODS PER FUEL ASSEMBLY 

FRFA=208.0 

LRFA IS THE NUMBER OF LUMPED BURNABLE POISON RODS PER FUEL 
ASSEMBLY-APPLICABLE ONLY TO THOSE FUEL ASSEMBLIES WHICH CONTAIN 
LUMPED BURNABLE POISON RODS 

LRFA=16.0 

CRFA IS THE NUMBER OF CONTROL RODS PER FUEL ASSEMBLY-APPLICABLE 
ONLY TO THOSE FUEL ASSEMBLIES WHICH CONTAIN CONTROL RODS 

CRFA=16.0 

THPW IS THE THERMAL POWER OF THE CORE IN MW 

THPW=2568.0 

REG1 IS THE WEIGHT PERCENT OF U-235 ENRICHMENT IN REGION 1 
DIVIDED BY 100.0 

REG1=0.0243 

REG2 IS THE WEIGHT PERCENT OF U-235 ENRICHMENT IN REGION 2 
DIVIDED BY 100.0 

REG2=0.0238 

REG3 IS THE WEIGHT PERCENT OF U-235 ENRICHMENT IN REGION 3 
OIVIDEO BY 100.0 

REG3•0.0301 

G IS THE AVERAGE MEGAWATTS PER FISSION 

G•3. 204E- t7 

ARRAY(2, t)=O.O 
ARRAY(2.2)•0.0 
ARRAY(2,3)•0.0 
ARRAY(4, 1 )=0.0 
ARRAY(4,2)"0.0 
ARRAY(4,3)=0.0 
ARRAY(5, 1 )a0.0 
ARRAY(5,2)=0.0 
ARRAY(5.3)=0.0 
ARRAY(6, 1 )=O.O 
ARRAY(6,2)•0.0 
ARRAY(6,3)•0.0 
ARRAY(7,1)•0.0 
ARRAY(7,2)=0.0 
ARRAY(7,3)•0.0 

ENO OF INPUT DATA 

THIS SECTION COMPUTES THE EQUIVALENT RAO!! OF THE REACTOR REGIONS ANO Bf 

AREA1•FAP•FAP•NOFA1 

000170 
000170 
000170 
000171 
000171 
000171 
000171 
000171 
000171 
000173 
000173 
000173 
000173 
000173 
000174 
000174 
000174 
000174 
000174 
000174 
000174 
000174 
000174 
000175 
000175 
000175 
000175 
000175 
000202 
000202 
000202 
000202 
000202 
000204 
000204 
000204 
000204 
000205 
000205 
000206 
000212 
000213 
000214 
000215 
000216 
000217 
000220 
000221 
000222 
000223 
000224 
000225 
000226 
000227 
000227 
000227 
000227 
000227 
000227 
000230 

\.0 
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00250 
00251 
00252 
·00253 
00254 
00255 
00256 
00256 
00256 
00256 
00256 
00257 
00262 
00264 
00266 
00270 
00272 
00273 
00274 
00276 
00277 
00300 
00301 
'00302 
00303 
00303 
00303 
00303 
00303 
00303 
00304 
00304 
00304 
00304 
00305 
00305 
00305 
00305 
00306 
00306 
00306 
00306 
00307 
00307 
00307 
00307 
00307 
00310 
00310 
00310 
00310 
00310 
00311 
00311 
00311 
00311 
00311 
00312 
00312 
00312 

454• 
455• 
456• 
457• 
458• 
459• 
460• 
461• 
462• 
463• 
464• 
465• 
466• 
467• 
468• 
469• 
470• 
471• 
472• 
473• 
474• 
475• 
"476• 
477• 
478.• 
479• 
480• 
481• 
482• 
483• 
484• 
485• 
486• 
487• 
488• 
489• 
490• 
491• 
492• 
493• 
494• 
495• 
496• 
497• 
498• 
499• 
500• 
501. 
502• 
503• 
504• 
505• 
506• 
507• 
508• 
509• 
510• 
511 • 
512• 
513• 

c 
c 
c 
c 

600 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

AREA2=FAP•FAP•NOFA2 
AREA3=FAP•FAP•NOFA3 
Rl=(AREAl/Pl)••.0.5 
R2•((AREAl+AREA2)/Pil••0.5 
R3•((AREAl+AREA2+AREA3)/PI)••O 5 
B1•Pl/(2.0•R3) . 
B2•(P.I/R3) 

THIS SECTION COMPUTES THE FLUX INTEGRAL COEFFICIENTS 
co1.co2.co3.c11.c12 AND c13 

DD 600 I= I. 4 
IF(! .EO. l)R=O.O 
IF(l.EO.:i)R=R1 
IF( I .E0.3)R=R2 
IF("! .E0.4)R•R3 
0(1.!)=((DCOS(B1•R))/(B1•B1))+((R•DSIN(B1•R))/B1) 
0(2.I)•((DSIN(B2•R))/(B2•B2))-((R•DCDS(B2•R))/B2) 
CONTINUE 
C01•0( 1,2)-0( 1. 0 
CD2•0( 1.3)"0( 1.2) 
C03•0( 1,4)-0( 1.3) 
C11•0(2.2)-0(2.1) 
C12=0(2.3)-0(2.2) 
C13•0(2.4)-0(2.3) 

THIS SECTION CONSISTS OF VOLUME COMPUTATIONS 

VFR IS THE VOLUME OF FUEL RODS PER FUEL ASSEMBLY 

VFR•(FRR••2)•Pl•FRFA•AFL 

VFA IS THE VOLUME OF A FUEL ASSEMBLY 

VFU IS THE VOLUME OF FUEL PER FUEL ASSEMBLY 

VFU•(FR••2)•P!•AFL•FRFA 

VFC IS THE VOLUME CF FUEL CLAD PER FUEL ~SSEMBLY 

VFC•VFR-(((FR-FCTH)••2)•PI•FRFA•AFL) 

VCR IS THE VOLUME CF CDN~ROL RODS PER FUEL ASSEMBLY FDR FULLY 
INSERTED CONTROL ROOS 

VCRP fS THE VOLUME OF CONTROL ROO POISON PER FUEL ASSEMBLY FDR 
FULLY INSERTED CONTROL OROS 

VCRP•((CRR-CCTH)••2)•Pl•CRL•CRFA 

VCRC IS THE VOLUME OF CONTROL ROO GLADDING PER FUEL ASSEMBLY FOR. 
FULLY INSERTED CONTROL ROOS 

VCRC•VCR-VCRP 

VLR IS THE VOLUME OF. LBP RODS PER FUEL ASSEMBLY 

000232 
000232 
000255. 
000271 
000303 
000313 
000316 
0003.16 
·000316 
000316 
000316 
000316 
000335 
000342 
000347" 
000354 
000361 
000377 
000421 
000421 
000423 
000426 
000427 
000434 
000435 
000435 
000435 
000435 
000435 
000435 
000442 
000442 
000442 
000442 
00044:i 
000443 
000443 
000443 
000453 
000453 
000453 
000453 
000457 
000457 
000457 
000457 
000457 
000467 
000467 
000467 
000467 
000467 
000474 
000474 
000474 
000474 
000474 
000504 
000504 

. 000504 



00312 
00313 
00313 
00313 
00313 
00314 
00314 
00314 
00314 
00315 
00315 
00315 
00315 
00315 
00.315 
00315 
00316 
00316 
00316 
00316 
00317 
00317 
00.317 
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00317 
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00321 
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00322 
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00323 
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00323 
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00324 
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00326 
00327 
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00327 
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543• 
544• 
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558• 
559• 
560• 
.561• 
562• 
563• 
564• 
565• 
56.6• 
567• 
568• 
569• 
570• 
571• 
572• 
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c 
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c 
c 
C· 

c 
c 
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VLR•LRFA•(L~R••2)•Pl•LRL 

VLP IS THE VOLUME O~ LBP ROO POISON MATERIAL PER FUEL ASSEMBLY 

VLP•((LRR-LCTH)••2)•Pl•LRL•LRFA 

VLC IS THE VOLUME OF. LBP ROO CLAOOING PER FUEL ASSEMBLY 

VLC =VLR.-VLP 

THIS SECTION CONSISTS OF· VOlUME FRACTION COMPUTATIONS 

VFF'IS THE FUEL VOLUME FRACTION PER FUEL ASSEMBLY 

VFF •VFU/VF A 

VFFC IS THE FUEL CLAO VOLUME FRACTION PER FUEL ASSEMBLY 

VFFC•VFC/VFA 

VFCP IS THE. CONTROL ROD POISON VOLUME FRACTION PER FUEL ASSEMBLY 
FDR FULLY INSERTED CONTROL ROOS 

VFCP•VCRP/VFA 

VFCC IS THE CONTROL ROD CLADOING VOLUME FRACTION PER FUEL ASSEMBLY 
FOR FULLY INSERTED CONTROL ROOS 

VFCC=VCRC/VFA 

VFCPP.1 IS THE CONTROL ROD POISON VOLUME F·RNCTION PER FUEL ASSEMBLY 
FOR PARTIALLY INSERTED CONTROL RODS IN REGION I 

VFCPPl=VFCP•CPPI 

VFCPP2· IS TH.E CONTROL ROO POISON VOLUME FRACTION PER FUEL ASSEMBLY 
FOR PARTIALLY iNSERTEO CONTROL RODS IN REGION 2 

VFCPP2•VFCP•CPP2 

VFCPP3 IS THE CONTROL ROD POISON VOLUME FRACTION PER FUEL ASSEMBLY 
FOR PARTIALLY INSERTED CONTROL RODS IN REGION 3 

VFCPP3•VFCP•CPP3 

VFCRP I, VFCRP2 ANO. VFCRP3 ARE THE VOLUME FRACTIONS PER FUEL A·SSEMBLY 
OF CONTROL ROD POISON FOR FULLY INSERTED CONTROL ROOS IN REGION I, 
REGION 2 ANO REGION 3 R·ESPECTIVELY 

VFCRP 1 •(NF ACF 1•VFCP+NFACP1•VFCPP I )/NOF A I 
VFCRP2•(NFACF2•VFCP+NFACP2•VFCPP2)/NOFA2 
VFCRP3•(NFACF3•VFCP+NFACP3•VFCPP3)/NOFA3 

VFCRC1,VFCRC2 ANO VFCRC3 ARE THE VOLUME FRACTIONS PER FUEL ASSEMBLY 
OF CONTROL ROD CLADDING FOR FULLY INSERTED CONTROL ROOS IN REGION I, 
REGION 2 ANO REGION 3 RESPECTIVELY 

VFCRC I• (NF ACF I •VFCC+NFACP I •VFCPP I )/NOF A· I 
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00331 
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611 • 
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614• 
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6 '7 • 
618• 
619• 
620• 
621 • 
622• 
623• 
624• 
625• 
626• 
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628• 
629• 
630• 
631• 
632• 
633• 
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VFCRC2•(NFACF2•VFCC+NFACP2•VFCPP2)/NOFA2 
VFCRC3•(NFACF3•VFCC+NFACP3•VFCPP3)/NOFA3 

VFBPC1,VFBPC2 AND VFBPC3 ARE THE VOLUME FRACTIONS PER FUEL ASSEMBLY 
OF LUMPED BURNABLE POISON CLADDING FOR REGION 1.REGION 2 ANO REGION 3 
RESPECTIVELY 

VFBPC1•(NFABP1•(YLC/VFA))/NOFA1 
VFBPC2•(NFABP2•(VLC/VFA))/NOFA2 
VFBPC3•(NFABP3•(VLC/VFA))/NOFA3 

VFCCPl,VFCCP2 ANO VFCCP3 ARE THE VOLUME FRACTIONS PER FUEL ASSEMBLY 
OF CONTROL ROD CLADDING FOR PARTIALLY INSERTED CONTROL ROOS FOR 
REGION 1,REGION 2 AND REGION 3 RESPECTIVELY 

VFCCP1•(VFCC•CPP1) 
VFCCP2•(VFCC•CPP2) 
VFCCP3•(VFCC•CPP3) 

VFBPP1,VFBPP2 ANO VFBPP3 ARE THE VOLUME FRACTIONS PER FUEL ASSEMBLY 
OF LUMPED BURNABLE POISON ROD POISON MATERIAL FOR REGION 1,REGION 2 ANO 
REGION 3 RESPECTIVELY 

VFBPP1•(NFABP1•(VLP/VFA))/NOFA1 
VFBPP2•(NFABP2•(VLP/VFA))/NOFA2 
VFBPP3•(NFABP3•(VLP/VFA))/NOFA3 

VFMOO IS THE MODERATOR VOLUME FRACTION FOR A FUEL ASSEMBLY WITHOUT 
LBP OR CONTROL RODS 

VFMOO•(VFA-VFR-(0.003•VFA))/VFA 

VFMCR•(VFA-VFR-VCR-(0.003•VFA))/VFA 

VFMCR1,VFMCR2 ANO VFMCR3 ARE THE MODERATOR VOLUME FRACTIONS PER FUEL ASSE 
WITH PARTIALLY INSERTED CONTROL RODS FOR REGION 1,REGION 2 ANO REGION 3 
RESPECTIVELY 

VFMCR1•(VFA-VFR-(VCR•CPP1)-(0.003•VFA))/VFA 
VFMCR2•(VFA-VFR-(VCR•CPP2)-(0.003•VFA))/VFA 
VFMCR3•(VFA-VFR-(VCR•CPP3)-(0.003•VFA))/VFA 

VFMLBP IS THE MODERATOR VOLU"'E FRACTION FOR FUEL ASSEMBLY WITH LBP ROOS 

VFMLBP•(VFA-VFR-(0.003•VFA)-VLR)/VFA 

THIS SECTION COMPUTES THE CONCENTRATIONS(ATOMS/CC) OF THE LBP 
POISON ISOTOPE,U-235 ANO U-238 

ARRAY ( B, 1) •LBPCON•VFBPP 1 
ARRAY(B,2)•LBPCON•VFBPP2 
ARRAY(B,3)•LBPCON•VFBPP3 
TOTAL•2.26097E22•VFF 
ARRAY ( 1, 1 )=( ( REG1 •238.0508.YOTAL )/( 235 .0439-( REG 1 • 

X235.0439)+(REG1•238.050B))) 
ARRAY( 1,2)•((REG2•238.0508•TOTAL)/(235.0439-(REG2• 
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00357 
00360 
00360 
00361 
00362 
00363 
00363 
00363 
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00364 
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00365 
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00401 
00402 
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·671• 
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674• 
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685• 
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689• 
690• 
691 • 
692• 
693• 

c 
c 

X~35.0439)+(REG2•238.0508))) 
ARRAY(l,3)=((REG3•238.0508•TDTAL)/(235.0439-(REG3• 

X235.0439)+(REG3•238.0508))) . 
ARRAY(J,t)=TOTAL-ARRAY(I, I). 
ARRAY(3,2)'TOTAL-ARRAY( 1,2) 
~RRAY(~.J)•TDTAL-ARRAY(t,3) 

C THIS SECTION COMPUTES THE VOLUME FRACTION OF THE MODERATOR 
C FOR EACH REGION 
c 

c 
c 

VFMl•((NOFATl•VFMDD)+(NFACFl•VFMCR)+(NFABPl•VFMLBP) 
X+(NFACPl•VFMCRl))/NDFAI 
VFM2•((NOFAT2•VFMOD)+(NFACFl•VFMCRl+(NFABP~•VFMLBP) 

X+(NF4CP2•VFMCR2))/NOFA2 
VFMJ=((NDFAT3•VFMOD)+(NFACF3•VFMCR)+(NFABPJ•VFMLBP) 

X+(NFACP3•VFMCR3))/NDFA3 

C THIS SECTION COMPUTES THE TOTAL REGIONAL MACROSCOPIC ABSORPTION CROSS SEC 
C FOR THE STRUCTURAL MATERIALS. THESE MATERIALS ARE ASSUMED TO HAVE 
C CONSTANT CROSS SECTIONS 
c 

c 
c 

c 
c 

STRUCT(1)•(SIGFRC•VFFC)+(StGCRP•VFCRPl)+(SIGCRC•VFCRCI)+ 
X(SIGPRC•VFBPCl)+(SIGMAT•VF8PPl)+(VFMl•SIGH20•MOOCON)+ 
X(0.003•1637.2E-4)+(TOTAL•2.0•SIGMAO) 

STRUCT(2)•(SIGFRC•VFFC)+(SIGCRP•VFCRP2)+(SIGCRC•VFCRC2)+ 
X(SIGPRC•VFBPC2)+(SIGMAT•VFBPP2)~(VFM2•SIGH20•MOOCON)+ 
X(0.003• 1637. 2E-4 )+ ( TOTAL•2. O•SIGMAO.) 
.STRUCT(3)•(SIGFRC•VFFC)+(SIGCRP•VFCRP3)+(SIGCRC•VFCRC3)+ 

X(SIGPRC•VFBPC3J+(SIGMAT•VF8PP3)+(VFM3•SIGH20•MOOCON)+ 
X(0.003•1637.2E-4)+(TOTAL•2.0•SIGMAO) 

TPS•30.0 
STEPS=O.O 

C MAIN LOOP STARTS 
c 
C THIS SECTION COMPUTES THE CRITICALITY CONSTRAINT COEFFICIENTS A AND B 
C ANO THE POWER· CONSTRAINT COEFICIENTS Pl,P2 ANO. PW. 
c 
101 CONTINUE 

DO II N• I, 3 
PROD(N )=ARRAY( I ,N) •SIGMF I •NU !+ARRAY ( 2. N) •SIGMF·2•NU2 
OESTRU( N) •ARRAY (I, N)>SIGMA !+ARRAY ( 2 ;N) • SIGMA2+ARRAY ( 3, N) • 

XSIGMA3+ARRAY(4,N)•SIGMA4+ARRAY(5,N)•SIGMA5+ARRAY(G,N)• 
XSIGMA6+ARRAY(7,N)•SIGMA7+ARRAY(8,N)•SIGMA8+STRUCT(N) 

PRDDO(N)•ARRAY(l,N)•SIGMFl+ARRAY(2,N)•SIGMF2 
11 CONTINUE 

A•2.0•Pl~(PROO(t)•COl+PR00(2)•C02+PROD(3)•C03) 
B•2.0•Pl•(PROO(l)•Ctl+PR00(2)•C12+PROD(3)•Cl3) 
DD 76 ll•t, 100 . 
BCPOS(II)•0.0 

76 CONTINUE 

c 

Pl•2.0•PI•(COl•~ROOO(t)+C02•PRDDD(2)+C03•PR000(3)) 
P2•2.0•Pl•(Clt•PR000(1)+Cl2•PR000(2)+Cl3•PROD0(3~) 
PW•THPW/(AFL•G) ' 
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00417 
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719• 
720• 
721• 
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c 
c 
c 
c 

71 

78 
70 

c 
c 
c 
c 
c 
72 
74 

62 

63 

64 

75 

c 
c 
c 
c 
c 
c 
73 

86 

THIS SECTION COMPUTES THE MAXIMUM ANO MINIMUM BORON CONCENTRATIONS 
(BCMAX AND BCMIN) WHICH YIELD A POSITIVE FLUX 

L• 1. 0 
00 70 J=1.5001.50 
Z•J-1 
CALL FFLUX(Z.AO.A1) 
RR1•0 
DO 71 !XX• I. 50 
FLX•(AO•DCOS(Bl•RR1))+(A1•DSIN(B2•RR1)) 
IF(FLX.LT.O.O)GO TO 78 
RR1•IXX-!R3/50) 
CONTINUE 
BCPDS( Ll=Z 
l•L+1.0 
CON1'.INUE 
CONTINUE 
IF(BCPOS(1).E0.0.0)GO TO 72 
BCMIN•BCPOS( 1) 
L•L-1 
BCMAX•BCPOS(L) 
GO TO 73 

THIS SECTION WRITES AN ERROR MESSAGE IF NO POSITIVE FLUX CAN 
BE FOUND 

WRITE(6. 74) 
FORMAT(1X, 'SCAN OF BORON CONCENTRTION OVER THE RANGE OF './ 

XIX.'0-5000PPM AT INTERVALS OF 50 PPM UNABLE TO FIND'./ 
XIX. ANY VALUES OF BORON CONCENTRATION WHICH YIELD'./ 
XIX. A POSITIVE FLUX.') 

HHH•O 
CALL FFLUX(HHH.AO.A1) 
WRITE(6.62) 
FORMAT( 1X. 'AT 0 PPM') 
WR!TE(6.64) 
WRITE(6.75)PROO.Ll.L2.L3 
GGG•5000 
CALL FFLUX(GGG.AO.AI) 
WR!TE(6.63) 
FORMAT(/1X.'AT 5000 PPM') 
WRITE(6.64) 
WRITE(6 0 75)PROO.Ll.L2 0 L3 
FORMAT(/ 1 X. ' PROO ( I) PROO ( 2) PROO ( 3) 

X' ABSORP( I) ABSORP(2) ABSORP(3) ') 
FORMAT( 1X.6(E12.5)) 
GO TO 124 

THIS SECTION FINDS THE BORON CONCENTRATION(BC) BETWEEN BCMAX AND 
BCMIN WHICH GIVES THE FLATTEST FLUX AND THE FLUX COEFICIENTS 
AO ANO A1 WHICH CORRESPOND TO THAT FLUX 

CONTINUE 
DO 86 I•1.L 
BCN(l)•BCPOS(I)+25 
CONTINUE 
N•1 
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00523 754• DD 87 J• 1, L 001541 
00526 755• BCDN(N)•BCPOS(J) 001543 
00527 756• N•(J•2)+1 001545 
00530 75; .. 87 CONTINUE ·001557 
00532 758• DD 88 J= 1. L 001557 
00535 759• N•2•J 001557 
00536 760• BCDN(N)•BCN(J) 001561 
00537 761• 88 CONTINUE 001566 
00541 762• LL•1.0 001566 
00542 763• lll,,.2•L 001571 
00543 764• 0077N=1,LLL 001572 
00546 765• l<X•BCON(N) 001603 
00547 766• CALL FFLUX (KX,AO,A1) 001603 
00550 767• SUMDEV•0.0 001613 
00551 768• DO 79 IX•1,25 001620 
00554 769• RX=IX•(R3/50) 001620 

. 00555 770• FLXX•(AO•OCOS(81•RX))+(A1•DSIN(B2•RX)) 001625 
00556 ,., , . IF(FLXX.LT.O.O)GO TO 77 001646 
00560 772• OEV•OABS((FLXX/A0)-1.0) 001652 
00561 773• SUMDEV•SUMDEV+DEV 001654 
00562 774• 79 CONTINUE 001656 
00564 775• 56 FORMAT( 1X,E12.5) 001656 
00565 776• BORCON( 1, LL )-LL 001656 
00566 777• BORCON(2,LL)•SUMOEV 001672 
00567 778• BORCON( 3, LL )-AO 001672 
00570 779• BORCON(4,LL)•A1 001672 
00571 780• BORCON( 5, LL )zKX 001673 
00572 78T• LL•LL+ t.O 001674 
00573 782• 77 CONTINUE 00T7 T7 
00575 783• JJ•LL-2 001717 
00576 784• MINSUM•BORCDN(2,1) 001721 
00577 785• DO 80 KK•1,JJ 001730 
00602 786• l<l<K•KK+T 001730 ,_. 
00603 787• IF(MINSUM.GT.BDRCON(2.KKK))MINSUM•BORCON(~.KKK) 001732 0 
00605 788• 80 CONTINUE 001746 ,_. 
00607 789• JJJ•JJ+T 001746 
00610 790• DO 81 NN•1,JJJ 001750 
00613 791• IF(BORCON(2,NN).EO.MINSUM)lll=BORCON(1,NN) 001752 
00615 792• 8' CONTINUE 001767 
00617 793• ARRAY{9,T)•BORCON(5,lll)•VFM1•CF 001767 
00620 794• ARRAY(9.2)•BORCON(5,lll)•VFM2•CF 00177T 
OOS2T 795• ARRAY(9,3)•BORCON(5.III)•VFM3•CF 00177 T 
00622. 796• BC•BORCON(5,lll) 00177T 
00623 797• AO•BORCON(3,lll) 001771 
00624 798• A1•BORCON(4,lll) 001771 
00624 799• c 00177T 
00624 BOO• c 00111·1 
00624 801• c THIS SECTION COMPUTES THE INTEGRAL OF THE FLU,X OVER EACH REGION 00T771 
00624 802• c 001771 
00625 803• DO 6T 1<•1,4 002017 
00630 .804• IF(K. EO. 1)R•0.0 002017 
00632 805• IF(K.E0.2)R•RT 002024· 
00634 806• IF(K.E0.3)R•R2 002031 
00636 807• IF(K.E0.4)R•R3 002036 
OOS40 808• FLXINT(K)•(((DCOS(BT•R)/(BT•B1))>((R•DSIN(B1•R))/BT))•2.0•PI•~O)> 002043 
00640 809• X(((DSIN(82•R)/(B2•B2))-((R•OCOS(B2•R))/B2))•2.0•Pl•AT) 002043 
0064T 810• 6T CONTINUE 002T T2 
00643 8 t 1 • ARRAY (TO, 1 )•FLXINT ( 2) -FLXlNH T) 002112 
00644 812• ARRAY ( TO, 2) •FLX INT ( 3 )-FLX INT ( 2) 0021 T4 
00645 8T3• ARRAY( 10,3)•FLXINT(4)-FLXINT(3) 002 T 17 



00646 814• IF (ARRAY ( 10, t). l T. 0. 0) ARRAY ( 10, I)= 1 .0 002117 
00650 815• IF(ARRAY( 10,2).LT.0.0)ARRAY( 10,2)-t .0 002131 
00652 816• IF( ARRAY( 10.,3).LT .0.0)ARRAY( 10.3)~1 .0 002137 
00652 817• c 002137 
00652 8 rn• c 002137 
00654 819• STPSAV=STEPS 002145 
00654 820• c 002145 
00654 821• c 002145 
00654 822• c THIS SECTION WRITES THE OUTPUT FOR CERTAIN ITERATIONS 002145 
00654 823• c 002145 
00655 824• IF(STEPS.E0.473:0)GO TO 209 002147 
00657 825• IF(STEPS.GT.39.0)GO TO 208 002147 
00661 826• IF(STEPS.GT.24.0)GO TO 202 002155 
00663 827• 201 WRITE(6.40)STEPS,BC,BCMIN 002161 
00670 828• GO TO 220 
00671 829• 202 CONt!NUE 002166 
00672 830• STEPS=STEPS-23.0 002166 
00673 831• 207 WRITE(6,42)STEPS,BC,BCMIN 002167 
00700 832• GO TO 220 
00701 833• 208 STEPS•STEPS-39.o 002175 
00702 834• IF (STEPS_ EO. TPS )GO TO 206 002176 
00704 835• STEPS•STPSAV 002176 
00705 836• GO TO 230 002203 
00706 837• 206 STEPS•STEPS+t6.0 002205 
00707 838• 205 WRITE(6,42)STEPS,BC,BCMIN 002206 
00714 839• TPS•TPS•30.0 
00715 840• GO TO 220 002214 
00716 841• 209 STEPS•STEPS-23.0 002217 
00717 842• 210 WRITE(6,42)STEPS.BC,BCMIN 002220 
00724 843• GO TO 220 
00725 844• 42 FORMAT(/ tX, F5. t,' DAYS',' '.'BC•' ,Et0.5, PPM'. 002226 
00725 845• x BCMIN•',E10.5, PPM') 002226 
00726 846• 40 FORMAT(/1X,F5.1,' HOURS',' '.'BC•' ,E10.5,' PPM'..' 002226 

,_. 
00726 8.C7• x BCMIN•', E 10. 5, PPM') . 002226 0 

00727 848• 220 CONTINUE 002226 N 

00730 849• STEPS•STPSAV 002226 
00731 850• WRITE(6,27)AO,At,BCMAX 002227 
00736 85t• WRITE(6.37) 
00740 852• WRITE(6,28) 
00742 853• WRITE( 6, 29)( ( ARRAY(J,K). J= 1, tO). K• t. 3) 
00753 854• 27 FORMAT( _IX,' AO•' ,E10.5;' At"' ,E10.5, BCMAX•' 002244 
00753 855• X; E 10. 5,' PPM') 002244 
00754 856• 28 FORMAT( 1X, • U-235 PU-239 U-238 002244 
00754 857• X' XE-135 1-135 SM-149 002244 
00754 858• X' PM-149 LBP B 002244 
00754 859• X' OF FLUX . ) 002244 
00755 860• 29 FORMAT ( t X, t 0( E t 1 . 4, ' '),. REGION t, I IX. 002244 
00755 861• X tO( E 11. 4.' ').' REGION 2'/1X, 002244 
00755 862• X tO( Et t .4. • . ), . REGION 3') 002244 
00756 863• 37 FORMAT(/38X,'ISOTOPIC CONCENTRATIONS(ATOMS/CC)',38X,' INTEGRAL') 002244 
00757 864• 230 CONTINUE 002244 
00757 865• c 002244 
00757 866• c 002244 
00757 867• c THIS SECTION COMPUTES THE NEW ISOTOPIC CONCENTRATIONS 002244 
00757 868• c AFTER EACH TIME STEP OF CONSTANT FLUX 002244 
00757 869• c 002244 
00760 870• Y•1.0/(PI•Rt•R1) 002244 
00761 871• DO 60 I<• 1, 3 002335 
00764 872• IF(l<.EQ.2)Y•1.0/(Pl•(R2•R2-R1•R1)) 002335 
00766 873• IF (I<. EO. 3) Y • 1 . 0/ (PI'( R3 • R3- R2 • R2) ) 00234_2 



00770 874• IF(K. EO. 1)FLUX=ARRAY(10. 1) 00234 7 
00772 B75• IF(K. E0.2)FLUX-ARRAY( 10. 2) 002354 
00774 876• IF(K.EQ.3)FLUX=ARRAY(10.3) 002361 
00776 877• GM1•SIGMA1•FLUX•Y 002366 
00777 B7B• GM2•SIGMA2•FLUX•Y 002370 
01000 879• GM3•SIGMA3•FLUX•Y 002405 
01001 BBQ• AX2•LAMX+(SIGMA4•FLUX•Y) 002406 
01002 881• BX2cGAMXt•SIGMFt•FLUX•Y 002413 
01003 882• CX2•GAMX2•SIGMF2•FLUX•Y 002417 
01004 883• OX1•LAMI 002423 
01005 884• AX 1 •·LAMI 002426 
01006 885• BX 1=GAM·l l•SIGMF 1•FLUX•Y 002440 
01007 886• CX1zGAMl2•SIGMF2•FLUX•Y 002441 
01010 8·87• ASl•LAMPM 002446 
01011 888• BSl•GAMPM1•SIGMFl•FLUX•Y 002461 
01012 889• CSl=~AMPM2•SIGMF2•FLUX•Y 002464 
01013 890• AS2•SIGMA6•FLUX•Y 002465 
01014 891• BS2•LAMPM 002472 
01015 892• BCX1•BXl•ARRAY(1.K)+CX1•ARRAY(2.K) 002475 
01016 893• BCX2=BX2•ARRAY(1,K)+CX2•ARRAY(2.K) 002502 
01017 894• BCS1=8Sl•ARRAY(l,K)+CSl•ARRAY(2,K) 002512 
01020 895• EX1•DEXP(-AXl•H)-OEXP(-AX2•H) 002514 
01021 896• EX2•1.0-DEXP(-AX2•H) 002531 
01022 897• ES1•0EXP(-ASl•H)-OEXP1-AS2•H) 002543 
01023 898• ES2•1.0-DEXP(-AS2•H) 002554 
01024 899• XEl•OEXP(-AX2•H)•ARRAY(4,K) 002566 
01025 900• XE2•(BCX2•EX2)/AX2 002600 
01026 901• XE3•(0X1•ARRAY(5,K)•EX1)/(AX2-AXI) 002601 
01027 902• XE4•BCX1•EX2/(AX2) 002610 
01030 903• XE5•-((BCX1•EX1)/(AX2-AX1)) 002614 
01031 904• SMl•DEXP(-AS2•H)•ARRAY(6,K) 002622 
01032 905• SM2•(BS2•ARRAY(7,K)•ES1)/(AS2-ASI) 002635 
01033 906• SM3•(BS2•BCSl•ES2)/(AS1•AS2) 002642 t-' 
01034 907• SM4•-(((BS2•BCSl•ESl)/(ASl•(AS2-ASI)))) 002651 0 
01035 908• ARRAY(4,K)•XE1+XE2+XE3+XE4+XE5 002661 w 
01036 909• IF(STEPS.EQ.l.O)ARRAY(4,K)•XE2+XE4+XE5 002661 
01040 910• ARRAY(5,K)•DEXP(-AX1•H)•ARRAY(5,K)+((·DEXP(-AXl•H)+l.O)•BCXl)/AXI 002676 
01041 911 • ARRAY(6,K)=SM1+SM2+SM3+SM4 002706 
01042 912• IF(STEPS.E0.1.0)ARRAY(6;K)•SM3+SM4 002706 
01044 913• ARRAY(7.K)•OEXP(-AS1•H)•ARRAY(7,K)+((l.0-0EXP(-ASl•H))•BCSl)/ASI 002722 
01045 914• ARRAY(2,K)•DEXP(-GM2•H)•ARRAY(2,K)+(GM3•ARRAY(3,K)•(OEXP(-GM3•H)- 002731 
01045 915• XOEXP(-GM2•H))/(GM2-GM3)) 002731 
01046 916• ARRAY(3,K)•DEXP1-GM3•H)•ARRAY(3.K) 002745 
01047 917• ARRAY(1,K) 0DEXP(·GMl•H)•ARRAY(1,K) 002766 
01047 918• c THIS SECTION LIMITS XE-135,1-135,PM-149 ANO SM-149 002766 
01047 919• c CONCENTRATIONS TO EQUILIBRIUM VALUES 002766 
01050 920• EOXE•(((GAMl1+GAMX1)•ARRAY(1,K)•SIGMFl+(GAMl2+GAMX2) 002777 
01050 92.1• X•ARRAY(2.K)•SIGMF2)•FLUX)/((LAMX/Y)+SIGMA4•FLUX) 002777 
01051 922• EQl•((GAMl1•SIGMF1•ARRAY(1,K)+GAMl2•SIGMF2•ARRAY{2,K) 003012 
0105.1 923• X)•FLUX)/(LAMl/Y) 003012 
01052 924• EOSM•(GAMPM1•SIGMF1•ARRAY(1,K)+GAMPM2•S~GMF2•ARRAY(2.K 003012 
01052 925• X))/SIGMA6 003012 
01053 926• EOPM• ( ( GAMPM 1•SIGMF1 •ARRAY ( 1, K )+GAMPM2 •SIGMF2•Al'IR.AY ( 2, K) 003032 
01053 927• X)•FLUX)/(LAMPM/Y) 003032 
01054 928• IF(ARRAY(4,K).GE.EOXE)ARRAY(4,K)•EOXE 003046 
01056 929• IF(ARRAY(5,K).GE.EQl)ARRAY(5,K)•EOI 003056 
01060 930• IF(ARRAY(6.K).GE.EOSM)ARRAY(6,K)•EQSM OO:i064 
01062 931• JF(ARRAY(7,K).GE.EOPM)ARRAY(7,K)•EOPM 003072 
01064 932• ARRAY(8,K)•ARRAY(8,K)•DEXP(·SIGMA8•(FLUX•Y)•H) 003100 
01065 933• 60 CONTINUE 003115 



01065 
01065 
01067 
01071 
01072 
01073 
01074 
01076 
01077 
01100 
01101 
01102 

934• c 
935• c 
936• lf(STEPS.GE.24.0)GO TO. 122 
937• STEPS=STEPS+ 1 0 
938• GO TO 101 
939• 122 H=86400.0 
940• IF(STEPS.GE.489 .O)GO TO 124 
94, .. STEPS=STEPS+ 1 .0 
942• GO TO 101 
943• 124 CONTINUE 
944• STOP 
945• END 

END OF COMPILATION: NO DIAGNOSTICS. 

·003115 
003 115 
003 115 
003121 
003 123 
003126 
003127 
003133 
003135 
003140 
003140 
003143 



•MAP,S DLG•MAY19.MAP,DLG•MAY19.MAY19A 
MAP 30R1-5 SLIB74 12/30/82 05:31 :09 (3) 

1. 
2. 
3. 

IN OLG•MAY19.MAY19A 
IN DLG•MAY19.MAY19SUB 
END 

AFCM STATUS OF OUTPUT ELEMENT=CLRAFCM 
QUARTER/THIRD WORD INSENSITIVE 

ADDRESS LIMITS 001000 004447 
040000 053422 

STARTING ADDRESS 001161 

1832 !BANK WORDS DECIMAL 
5907 DBANK WORDS DECIMAL 

SEGMENT SMAINS 

CLOSES/FOR-4R1-01 S( 1) 
S(037) 

NTABS/FOR-4R1-01 
FORCOM$/FCE-10R1A-02 
CBEPFORVS/RLIB-74R1-01 
MOEROS(COMMONBLOCK) 
TINTR$/FOR-4R1-08 

NRECAS/FOR-4R1-01 
NSCRS/FOR-4R1-01 

N$0$0$(COMMDNBLDCK) 
NBF0$/FOR-4R1-01 

CERU$/RLIB-73R1-19 
NERCOM$/FOR-4R1-01 $( 1) 
CBEP$$CML/CML-tR1-0t 
ERU$/RL!B-74R1-01 
FORVCOMS/FOR-4Rl-OI 
NSTOP$/FOR-4Rt-07 $( 1) 
BLANK$COMMON(COMMONBLOCK) 
MAY19A $( 1) 

S(3.) 
MAY19SUB $( 1) 

$(3) 

COMMON BANKS REFERENCED 

0400002 0400004 0400006 
SYS$•RLIB$. LEVEL 

001000 004447 040000 053422 

001000 001024 S(2) 040000 040003 
INF0-010-LC 

$(2) 040004 040066 
$(2) 040067 040074 

040075 040100 
$(2) 040101 04 1434 
$(034) MO EROS 
$(2) 041435 041547 
$(2) 041550 041713 
$(4) NSOSOS 

041714 041716 
$(2) 041717 044020 
$(4) N$0$0$ 

001025 001104 $(2) 044021 044034 

$(2) 044035 044044 
001105 001160 $(2) 044045 044055 

044056 044141 
001161 004324 $(0) 044142 053367 
INF0-010-LC $(2) BLANK$COMMON 
004325 004447 $(0) 053370 053422 
INF0-010-LC $(2) BLANK$COMMON 

END MAP. ERRORS: 0 TIME: 9.912 STORAGE: 24726/tt/044777/0107777 

•XQT DLG•MAY19.MAYl9A 

.0 HOURS 
AO• .79575+14 

PU-239 

BC• .27500+04 PPM 
At• . 1 t 706+ t 4 

BCMIN• .24500+04 PPM 
BCMAX• .28500+04 PPM 

ISOTOPIC CONCENTRATIONS(ATDMS/CC) 
U-238 XE-135 1-135 SM-149 

OB OCT BO 

OB OCT BO 
OB OCT B2 
13 JUL 79 

1t OCT B2 

OB OCT BO 
OB OCT BO 

OB OCT BO 

06 AUG B2 
OB OCT BO 
22 JUL 8 t 
13 JUL 79 
OB OCT BO 
25 JAN B2 

30 DEC B2 

23 AUG B_2 

PM-149 

16:36:03 

16:37:34 
10:49: to 
15:05:47 

14: 17: 12 

16:37:21 
16:37:22 

16:36:36 

16:26: 17 
16:36:50 
19: 17: 52 
15: 12 :46 
16: 36: 16 
16:07:46 

05:3 t :OB 

04:5B:26 

LBP B 
INTEGRAL 
OF FLUX 

........ 
0 
U1 



. 1688+2 1 .0000 . 6692+22 .0000 .0000 .0000 .0000 .9183+19 .6223+20 .3526+18 REGION 

. 1653+2 1 .0000 .6696+22 .0000 .0000 .0000 .0000 .9917+19 .6304+20 .2842+19 REGION 2 

.2091+21 .0000 .6652+22 .0000 .0000 .0000 .0000 .4861+19 .6289+20 .5323+18 REGION 3 

LO HOURS BC• .27500+04 PPM BCM!N• .24500+04 PPM 
AO• . 72618+14 A1• .16702+14 BCMAX= .28000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-236 XE-135 l-135 SM- 149 PM-149 LBP B OF FLUX 
.1688+21 .3412+16 .6692+22 . 7311+ 14 . 1039+ 16 . 1192.+ 13 . 1821+ 15 .9176+19 .6223+20 .333:i+18 REGION 
. 1653+2 I .2477+16 .6696+22 .5525+14 .7364+15 . 84.70+, 2 .1294+15 .9912+19 .6304•20 .2844+19 REGION 2 
.2091+21 ,6777+15 . 6652+22 .2176+14 .2572+15 .2951+12 .4507+14 .4861+19 .6289+20 . 54.66+ 1 B REGION 3 

2.0 HOURS BC• .27500+04 PPM BCMIN• .24500+04 PPM 
AO• .73166+14 Al• .16313+14 BCMAX• .28000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1686+2 I .6637+16 .6692+22 .6996+14 . 1919+16 .1i27+13 .3519+15 .9170+19 .6223+20 .3348+18 REGION 1 
. 1653+2 I .4955+16 .6696+22 .5527+14 .1405+16 .8475+12 .2572+15 .9907+19 .6304+20 .2844+19 REGION 2 
.2091+21 ·.1374+16 .6652+22 .2232+14 .4960+15 .3030+12 .9077+14 .4860+19 .6289+20 .5455+18 REGION 3 

3.0 HOURS BC• .27250+04 PPM BCMIN• .24500+04 PPM 
AO• .73661+14 Al• . 15961+14 BCMAX• .28000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1667+21 .9875+16 .6692•22 .2434+15 .2718•16 .6820•13 .5203+15 .9164+19 .6166•20 .3362+18 REGION I 
. 1653+2 I .7433+16 .6696+22 .1949+15 .2006+16 .5031+13 .3834+15 .9902+19 .6246+20 .2844+19 REGION 2 
.2091+21 . 2066+ 16 . 6652•22 .8454+14 .7109+15 . 1784+ 13 .1358+15 .4859+19 .6232•20 .5445•18 REGION 3 

'4.0 HOURS BC• .27000+04 PPM BCMIN• .24000•04 PPM ....... 
AO• .75538+14 Al• .14617+14 BCMAX• .28000+04 PPM 0 . O"'l 

ISOTOPIC ·CONCENTRATIONS( ATOMS/CC) INTEG.RAL 
U-235 PU-239 U-236 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1687•2 I . 1313•17 .6692•22 . 3897+ 15 .3441+16 . 1469+14 .6871+15 .9158+19 .6110•20 .3414•18 REGION 
• 1653+2 I .9910•16 .6696•22 .3235+15 .2548+16 .1084+14 .5079+15 .9897+19 .6189•20 .2844+19 REGION 2 
. 2091+2 I .2762+16 .6652+22 .1545+15 .9042•15 .3847+13 .1801+15 .4859+19 .6175•20 .5407+18 REGION 3 

5.0 HOURS BC• .26750+04 PPM BCMIN• . 24000+0.4 · PPM 
AO• .78774+14 Al• .12299+14 BCMAX• .27500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-13.5 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1687+2 I • 1643+ 17 .6692+22 .5.148+15 .4110+16 .2472+14 .8545+15 .9151+19 .6053+20 .3504+16 REGION 
. 1653+2 I .1239+17 .6696•22 .4409+15 .3036+16 .1826+14 .6306+15 .9892+19 .6132+20 .2843+19 REGION 2 
.2091+21 .3450+16 . 6652+22 .2288•15 .1077+16 ,6483+13 .2236+15 .4858+19 .6118+20 .5341+18 REGION 3 

6.0 HOURS BC• .26500•04 PPM BCMIN• .23500+04 PPM 
AO• .83338+14 Al• .90266+13 BCMAX• .27500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM- 149 LB·P B OF FLUX 
. 1687+2 I· . 198I+17 .6692+22 .6214+15 .4738+16 .3693+14 . 1024+ 16 .9145+19 .5996•20 .3630+18 REGION I 
• 1652+21 .1486+17 .6696+22 .5477+15 .3477+16 .2726+14 .7520+15 .9887+19 .6074+20 .2842+19 REGION 2 
.2090+21 . 4130• 16 .6652+22 .3050+15 .1229+16 .9678+13 .2659+15 .4857+19 .6061+20 .5247+18 REGION 3 

7.0 HOURS BC• .26500•04 PPM BCMIN• .23500•04 PPM 
AO• .70744+14 A I•. . 18069+ 14 BCMAX• .27000•04 PPM 



ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- 135 I•135 SM-149 PMC 149 LBP B OF FLUX 
. 1687+21 .2332+17 .6692+22 . 7112+ 15 .5343+16 .5136+14 . 1199+ t6 .9138+19 .5996+20 .3282+18 REGION 1 
.1652+21 . 1734+ 17 .6696+22 .6446+15 .3874+16 .3782•14 .8716+15 .9881+19 .6074+20 .2845•19 REGION 2 
.2090+21 . 4798.+ 16 .6652+22 .3814+15 .1362+16 .1342+14 .3069+15 .4857+19 . 6061+20 .5507•18 REGION 3 

8.0 HOURS BC• .26250+04 PPM BCMIN= .23500+04 PPM 
AO• .77343+14 A1• .13337+14 BCMAX= .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I - 135 SM-149 PM- 149 LBP B OF FLUX 
:1686+21 .2649+17 . 6692+22 .8243+15 .5785+16 .6790+14 .1352+16 .9132+19 .5940•20 .3464+18 REGION 
. 1652+21 .1981+17 .6696+22 .7320•15 .4232+16 .4991+14 .9898+15 .9876+19 .6017+20 .2844+19 REGION 2 
.2090+21 .5499+16 .6652+22 .4546+15 .1494+16 .1770+14 .3495+15 .. 4856+ 19" .6004+20 .5371+18 REGION 3 

9.0 HOURS BC• .26000•04 PPM BCMIN• .23000+04 PPM 
AO• .85338+14 A1• .76024•13 BCMAX= .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM-149 PM-149 L8P B OF FLUX 
. 1686+21 .2983+17 . 6692.+22 _8986+15 .6237+16 .8646+14 . 1514+16 .9126+19 .5883•20 .3686+18 REGION 1 
. 1652.+21 .2229+17 .6696+22 .8113+15 . 4555+"16 .. 6352• 14 . 1106+ 16 .9871+19 .5960•20 .2842+19 REGION 2 
.2090+21 .6182+16 .6652+22 .5271+15 . 1607+ 16 .2253+14 .3905+15 .4855+19 .5946+20 .5207+18 REGION 3 

10.0 HOURS BC= .26000•04 PPM BCMIN• .23000•04 PPM 
AO• .76121+14 A1• .14221+14 BCMAX• .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I - 135 SM- 149 PM-149 LBP B OF FLUX 
• 1686+21 .3339+17 .6692+22 .9469+15 .6711+16 .1071+15 . 1684+ 16 .9119+19 .5883+20 .3431+18 REGION 1 
. 1652+21 .2476+17 .6696+22 .8829+15 .4846+16 .7861+14 .1221+16 .9866+19 .5960+20 .2845+19 REGION 2 ,_.. 
.2090+21 .6845+16 .6652+22 .5977+15 .1701+16 .27/H+14 .4295+15 .4854+19 .5946+20 .5397+18 REGION 3 0 

-....J 
11.0 HOURS BC• .25750+04 PPM BCMIN• .23000+04 PPM 

AO• .85754+14 At• . 73113+13 BCMAX• .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
.1686+21 .3670+17 . 6692+22 .1030+16 .7062+16 .1299+15 .1839+16 .9112+ 19 .5827+20 .3697+18 REGION 1 
. 1652+21 .2723+17 .6696+22 .9474+15 .5109+16 .9518+14 . 1335+ 16 .9861+19 .5902+20 .2843+19 REGION 2 
.2090+21 .7532+16 .6652+22 .6623+15 .1795+16 .3373+14 .4696+15 .4854+19 .5889+20 . 5199+ 18 REGION 3 

12.0 HOURS BC• .25750+04 PPM BCMIN• .23000+04 PPM 
AO• .78243+14 A1• . 12705+14 BCMAX• .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM- 149 PM-149 LBP 8 OF FLUX 
.1686+21 .4027+17 . 6692+22 . 1067+ 16 .7458+16 . 1547+ 15 . 2006+ 16 .9106+19 . 5827+20 .3490+18 REGION 1 
.1652+21 .2970+17 . 6696+22 .1006+16 .5346+16 .1132+15 .1447+16 .9856+19 .5902+20 .2845+19 REGION 2 
.2090•21 .8193+16 .6652•22 .7257+15 . 1870• 16 .4010+14 .5075•15 .4853+19 .5889+20 .5354+18 REGION 3 

13.0 HOURS BC• .25750+04 PPM BCMIN• .23000+04 PPM 
AO• . 71064+14. A1• .17861•14 BCMAX• .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP 8 OF FLUX 
. 1685+21 .4363•17 .6692+22 • 1137+ 16 .7753+16 . 1816• 15 .2160+16 . 9099+ .19 .5827•20 .3291+18 REGION 
. 1651+21 .3217+17 .6696+22 . 1058+ 16 .5559+16 .1326+15 . 1558+ 16 .9851+19 .5902•20 .2846+19 REGION 2 
.2090+21 .8875+16 .6652•22 .7826+15 .1945+16 .4697+14 .5463+15 .4852+19 .5889+20 .5503+18 REGION 3 



14.0 HOURS BC= .25500+04 PPM BCMIN= .22500+04 PPM 
AO= . 82820+ t.4 A 1 = .94278+13 BCMAX= .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE - t 35 I - t 35 SM- 149 PM-149 LBP B OF FLUX 
. 1685+21 .4680+17 .6692+22 .1218+16 .7961+16 . 2103+ 15 .2302+16 .9093+19 .5770+20 .3616+18 REGION 
. 1651+21 .3465+17 .6696+22 .1105+16 .5753+16 . 1535+ 15 .1667+16 .9846+19 .5845+20 ,2844+19 REGION 
.2090+21 .9575+16 .6652+22 .8340+15 .2020+16 .5434+14 .5858+15 .4852+19 .5832+20 .5261+18 REGION 3 

15.0 HOURS BC= .25500+04 PPM BCMIN= .22500+04 PPM 
AO= .7.7509+14 At• . 13243+14 BCMAX= .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I - 135 SM-149 PM-149 LBP B OF FLUX 
. 1685+21 .5029+17 .6692+22 . 1232+·1 s .8244+16 .2409+15 .2459+16 .9086+19 .5770+20 .3469+18 REGION t 
. 1651+21 .3712+17 .6696+22 . 1148+ 16 .5926+16 .1757+15 . 1775+16 .984t+19 .5845+20 .2845+19 REGION 2 
.2090+21 . 1024+ 17 .6652+22 .8860+15 .2075+16 .6221+14 .6227+15 .4851+19 .5832+20 .5371+18 REGION 3 

16.0 HOURS BC= .25500+04 PPM BCMIN= .22500+04 PPM 
AO• .72339+14 A1• .16957+14 BCMA.X.2 .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM- 149 PM-149 LBP B OF FLUX 
. 1685+21 .5363+17 .6692+22 . 1278+ 16 .8456+16 .2734+15 .2606+16 .9080+19 .5770+20 .3326+18 REGION 1 
. 1651+21 .3959+17 .6696+22 . 1187+ 16 .6083+16 . 1993+ 15 . 1881+16 .9835+19 .5845+20 .2846+19 REGION 2 
.2090+21 . 1093+ 17 .6652+22 .9320+15 .2131+16 .7056+14 .6601+15 .4850+19 .5832+20 .5477+18 REGION 3 

17.0 HOURS BC• .25250+04 PPM BCMIN• .22500+04 PPM 
AO• .85975+14 Al• .71746+13 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL ....... 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 0 
. 1685+21 .5683+17 .6692+22 .1337+16 .8605+16 .3b78+15 .2744+16 .9074+19 .5714+20 .3704+18 REGION 1 co 
. 1651+21 .4206+17 .6696+22 .1221+16 .6225+16 .2242+15 .. 1986+ 16 .9830+19 .5788+20 .2844+19 REGION 2 
.2090+21 . t 162+17 .6652+22 .9730+15 .2186+16 .7940+14 .6979+15 .4850+19 .. 5775+20 .5197+18 REGION 3 

18.0 HOURS BC• .25250+04 PPM BCMIN• .22500+04 pPM 
AO• .82431+14 A1• .97213+13 BCMAX• .26000+04 PPM 

ISOTOPIC CbNCENTRATIONS(ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1- 135 SM-149 PM-149 LBP B OF FLUX 
.1684+21 .6040+17 .6692+22 .1322+16 .8851+16 .3439+15 .2899+16 .9067+19 .5714+20 .3606+18 REGION 
. 1651+21 .4453+17 .6696+22 .1253+16 .6352+16 .2504+15 .2090+16 .9825+19 .5788+20 .2845+19 REGION 2 
.2090+21 .1229+17 .6652+22 . 1016+ 16 .2223+16 .8871+14 .7328+15 .4849+19 .5775+20 .5270+18 REGION 3 

19.0 HOURS BC• .25250+04 PPM BCMIN• .22500+04 PPM 
.t.O= .78802+14 A1• .12329+14 BCMA.X.• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I - 135 SM- 149 PM-149 LBP B OF FLUX 
. 1684+21 .6387+17 .6692+22 . 1347+ 16 .9043+16 .3819+15 .3048+16 .9060+19 .5714+20 .3506+18 REGION 1· 
. 1651+2 t .4700+17 .6696+22 . 1281+ 16 .6466+16 .2780+15 .2192+16 .9820+19 .5788+20 .2845+19 REGION 2 
.2090+21 .1296+17 .6G52+22 . 1053+ 16 .2259+16 .9848+14 .7679+15 .4848+19 . 5775+20 .5345+18 REGION 3 

20.0 HOURS BC• .25250+04 ·ppM BCMIN• .22500+04 PPM 
AO• .75365+14 A1• .. 14799+14 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM- 149 LBP B OF FLUX 



. 1684+2 1 .6724+17 . 6692+22 . 1387+ 16 .9187+16 .4218+15 .3199+16 .9054+19 .5714+20 . 3410+ 18 REGION 

.1650+21 .4947+17 . 6696•22 .1307+16 .6570+16 .3068+15 .2293+16 .9815+19 .5788+20 .2846+19 REG ION 

.2090+21 . 1364+ 17 . 6652+22 . 1086+ 16 .2296+16 . 1087+ 15 .8032+15 .4847+19 .5775+20 .5417+18 REGION 3 

21.0 HOURS BC• .25250+04 PPM BCMIN= .22500+04 PPM 
AO• .72230+14 A1• - 17053+14 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- 135 I-135 SM-149 PM-149 LBP B OF FLUX 
. 1684+21 . 7052+ 17 . 6692+22 . 1433+ 16 .9289+16 .4634+15 .3323+16 .9048+19 .5714+20 .3324+18 REGION 
.1650+21 .5194+17 .6696+22 . 1329+ 16 .6664+16 .3369+15 .2393+16 .9810+19 .5788+20 .. 2847+19 REGION 
.2090+21 .1432+17 .6652+22 . 1114+ 1"6 .2332+16 . 1194+ 15 .8386+15 .4847+19 .5775+20 .5481+18 REGION 3 

22.0 HOURS BC= .25000+04 PPM BCMIN= .22000+04 PPM 
AO• .87943+.14 A1• .57810+13 BC MAX= .26000+04 PPM 

ISOTOPIC CONCENTRATIONS(ATOMS/CC) INTEGRAL 
U•235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1684+21 .7372+17 . 6692+22 . 1478+ 16 .9355+16 .5066+15 .3452+16 .9042+19 .5657+20 . 3.759+ 18 REGION 
.1650+21 .5441+17 .6696+22 . 1350+ 16 .6748+16 .3683+15 .2491+16 .9805+19 .5730+20 .2844+19 REGION 
.2090+21 .1502+17 . 6652+22 . 1140+16 .2368+16 . 1305+ 15 .8741+15 .4846+19 .5718+20 .5158+18 REGION 3 

23.0 HOURS BC• .25000+04 PPM BCMIN• .22500+04 PPM 
AO• .86412+14 A1• .68833+13 BCMAX= .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
.1683+21 .7733+17 .6692+22 .1434+16 .9542+16 .5514+15 .3601+16 .9035•19 .5657+20 .3716+18 REGION 
.1650+21 .5687+17 .6696+22 .1369+16 .6824+16 .4008+15 .2588+16 .9800+19 .5730+20 . 2844+ 19 REGION 2 
.2090+21 .1568+17 .6652+22 • t 170+16 .2384+16 .1421+15 .9064+15 .4845+19 . 5718+20 .5190+18 REGION 3 

24.0 HOURS BC• .25000+04 PPM BOHN• . 22000+04 PPM 
AO• .84580+14 A 1• .82016+13._ BCMAX• .26000+04 PPM I-' 

0 
ISOTOPIC CONCENTRATIONS(ATOMS/CC) INTEGRAL l..O 

U-235 PU-239 U-238 XE-135 I-135 SM- 149 PM-149 LBP B OF FLUX 
.1683+21 .8090+17 .6692+22 .1432+16 .9699+16 .5981+15 .3746+16 .9028+19 .5657+20 .3666+18 REGION 1 
• 1650+21 .5934+17 .6696+22 .1386+16 .6892+16 .4346+15 .2684+16 .9795+19 .5730+20 .2845+19 REGION 2 
.2090+21 .1634+17 .6652+22 . 1196+16 .2401+16 . 1541+ 15 .9386+15 .4845+19 . 5718+20 .5228+18 REGION 3 

2.0 DAYS BC• .25000+04 PPM BCMIN• .22000+04 PPM 
AO• .82740+14 A1• .95255+13 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM-149 PM-149 LBP B OF FLUX 
. 1683+21 .8442+17 .6692•22 .1451+16 .9825+16 .6465+15 .3886+16 .9021+19 .5657+20 .3615+18 REGION 
.1650+21 .6180+17 .6696+22 . 1401+ 16 .6953+16 .4695+15 :2778+16 .9790+19 .5730+20 .2846+19 REGION 
.2090+21 . 1700+ 17 .6652+22 . 1218+ 16 .2418+16 .1665+15 .9707+15 .4844+19 .5718+20 .5267+18 REGION 3 

3.0 DAYS BC• .25000+04 PPM BCMIN• .22000+04 PPM 
AO• .74651+14 A1• . 15418+ 14 BCMAX• .. 25500+04 PPM 

ISOTOPIC CONCENTRATIONS(ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM- 149 LBP B OF FLUX 
.1678+21 . 1674+ 18 .6692+22 . 1626+ 16 . 1075+ 17 .2254+16 .6705+16 .8864+19 .5657+20 .3393+18 REGION I 

. 1646+21 . 1200+ ta . 6696+22 . 1529+ 16 .7472+16 . 1621+ 16 .4713+16 .9669+19 . 5730+20 .285i+19 REGION 2 

.2088+21 . 3306+ 17 .6652+22 . 1392+ 16 . 2576+ 16 .5765+15 .1634+16 .4828+19 . 5718+20 .5442+18 REGION 3 

4.0 DAYS BC• .25000+04 PPM BCMIN• .22500•04 PPM 
AO• .84709+14 A1• . 82891+ 13 BCMAX• .26000•04 PPM 



ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- 135 1-135 SM· 149 PM· 149 LBP B OF FLUX 
. 1673+21 .2448+18 .6692+22 .1623+16 . 1013+ 17 .4484+ r6 .8520+16 .8719+19 .5657+20 .3673+18 REGION 
. 1643+2 I . 1796+ ta .6696+22 .1537+16 .7512+16 .3239+16 .6129+16 .9549+19 .5730+20 .2852+19 REGION 2 
.2087+21 .4963+17 . 6652+22 . 1417+ 16 .2668•16 . 1164+ 16 .2149•16 .4811+19 .5718+20 .5244+18 REGION 3 

5.0 DAYS BC• .25250+04 PPM BCMIN• .22500+04 PPM 
AO• .77198+14 A1• . 13767+ 14 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRAT!ONS(ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM- 149 PM· 149 LBP B OF FLUX 
. 1668+21 .3278+18 .6692+22 . 1625+ 16 .1089+17 .7100+16 . 1014+ 17 .8565+19 .5714+20 . 3467+ 18 REGION 
.1639+21 .2382+18 :6696+22 .1535+16 .7506•16 .5168+16 .7162+16 .9430+19 .5788+20 .2858+19 REGION 2 
.2086+21 .6557+17 .6652+22 .1404+16 .2576+16 . 1879+ 16 .2490+16 .4795+19 .5775+20 .5407+18 REGION 3 

6.0 OAVS BC• .25250+04 PPM BCM!N• .22500+04 PPM 
AO• .8B265+14 A1• .59168+13 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
u-·235 PU-239 U-238 XE-135 l-135 SM-149 PM-149 LBP B OF FLUX 
.1663+21 .4057+.18 .6692+22 .1621+16 .1030+17 .9986+16 . 1I10+ 17 .8422+19 .5714+20 .3775+18 REGION 1 
.1636+21 .2965+18 .6695+22 .1533+16 .7509+16 .7294+16 .7918+16 .9313+1.9 .5788+20 .2859+19 REGION 2 
.2085+21 .8198+17 .6652+22 .1414+16 .2650+16 .2680+16 .2767+16 .4778+19 .5775+20 .5189+18 REGION 3 

7.0 DAYS BC• .25500+04 PPM BCM!N• .23000+04 PPM 
AO• .80137+ 14 A1• . 11837+ 14 BCMAX• .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE· 135 1-135 SM-149 PM-149 LBP B OF FLUX 
.1658+21 .4897+18 .6692+22 . 1623+ 16 . 1114+17 .1297+17 . 121I+17 .8269+19 .5770+20 . 3551+ 18 REGION 1 
.1632+21 .3545+18 .6695+22 .1531+16 .7502+16 .9538+16 .8468+16 .9197+19 .5845+20 .2864+19 REGION 2 ........ 
.2083+21 .9771+17 .6652+22 .1397+16 .2547+16 .3~4=1+16 . 2932+16 .4762+19 .5832+20 .5365+18 REGION 3 ........ 

0 
8.0 OAVS BC• ,25750+04 PPM BCM!N• .23000+04 PPM 
AO• .70983+14 A1• .18491+14 BCMAX~ .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- I 35 1-135 SM-149 PM-149 LBP B OF FLUX 
.1653+21 .5682+18 .6692+22 .1619+16 . 1051+17 .1607+17 .1262+17 .8127+19 .5827+20 .3300+18 REGION 1 
.1629+21 .4123+18 .6695+22 .1529+16 .7505+16 . 1184+ 17 .8872+16 .9083+19 .5902+20 .2870+19 REGION 2 
.2082+21 .1139+ 18 .6652+22 .1408+16 .2626+16 .4444+16 .3082+16 .4746+19 .5889+:io .5562+18 REGION 3 

9.0 DAYS BC• . 25750+0·4 PPM BCMIN• .23000+04 PPM 
AO• .81468+14 Al• . 11060+14 BCMAX• .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
.1649+21 .6406+18 .6692+22 . 1603+ 16 .9749+16 . 1915+ 17 . 127t+17 .7998+19 .5827+20 . 3.592+18 REGION 1 
. 1625+2 I .4699+18 .6695+22 . 1528+ 16 .7508+16 . 1416+ 17 .9168+16 .8970+19 .5902+20 .2872+19 REGION 2 
.2081+21 .1308+18 .6652+22 . 1426+16 .2721+16 .5379+16 . 3226+ 16 .4729+19 .5889+20 .5356+18 REGION 3 

10.0 OAVS BC• .26000+04 PPM BCM!N• .23500•04 PPM 
AO• . 72172+14 A 1·• . 17816+14 BCMAX• .26500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-2.39 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1644+2 I .7189+18 .6692+22 .1606+16 .1054+17 .2207+17 .1308+17 .7860+19 .5883+20 .3336+18 REGION I 
. 1622+21 .5273+18 .6695+22 .1526+16 .7502+16 . 1646+17 .9383+16 .8858+19 . 5960+20 .2877+19 REGION 2 
.2080+21 . 1469+ t-8 .6652+22 . 1412+ 16 .2626+16 .6339+16 .3295+16 .4712+19 .5946+20 .5556+18 REGION 3 



11.0 OAYS BC• .26000+04 PPM BCMIN• .23500+04 PPM 
AO• .82475+14 Al• . 10518+ 14 BCMAX• .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I - 135 SM-149 PM- 149 LBP B OF FLUX 
. 1639+21 .7910+18 . 6691+22 . 1599+ 16 .9B17+t6 .2497+17 . 1303+ 17 .7733•19 .5883+20 .3623+18 REGION 1 

. 1618+21 .5844+18 . 6695+22 . 1524+ 16 .7505+16 . 1874+ 17 .9542+16 .8747+19 .5960+20 .2879+19 REGION 2 

.2078+21 . 1636+ 18 . 6652+22 .1424+16 .. 2715+16 .7310+16 .3380+16 .4696+19 .5946+20 .5353+18 REGION 3 

12.0 CAYS .BC• .• 26250+04 PPM BCMIN• .23500+04 PPM 
AO• .72633+14 At• .17665+14 BCMAX• . 27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I - 135 SM- 149 PM-149 LBP B OF FLUX 
. 1634+2 I .8688+18 .6691+22 .1601+16 .1059+17 .2765+17 .1333+17 .7598+19 .5940+20 .3352+18 REGION 
. 1615+2 t .6412+18 .6695+22 . 1522+ 16 .7499+16 .2096+17 .9656+16 .8637+19 .6017+20 .2885+19 REGION 2 
.2077+21 .1797+18 .6652+22 . 14tt+16 .2622+16 .8290+16 .3406+16 .4679+19 .6004+20 . 5564+ 18. REGION 3 

13.0 DAYS BC• .26250+04 PPM BCMfN• .23500+04 PPM 
AO• .82754+14 Al• . 10499+ 14 BCMAX• .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-i35 SM-149 PM-149 LBP B OF FLUX 
.1630+21 .9402+18 . 6691+22 .1594+16 . 9826+ 16 .3033+17 .1305+17 .7476+19 .5940+20 .3634+18 REGION t 
. 1611+21 .6978+18 .6695+22 • 1520+ 16 .7502+16 .2313+17 .9741+16 .8529+19 .6017•20 .2886+19 REGION 2 
.2076+21 . 1965+ 18 .6652+22 .1423+16 .2717+16 .9268+16 .3462+16 .4663+19 .6004+20 .5366+18 REGION 3 

14.0 DAYS BC• .26500+04 PPM BCMIN• .24000+04 PPM 
AO• .72350+14 Al• . 18048+14 BCMAX• .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM-149 PM-149 LBP B OF FLUX ,_. 
. 1625+21 .1017+19 .6691+22 • 1596+ 16 .1058+17 .3272+17 .1334+17 .7345+19 .5996+20 .3348+18 REGION ,_. 
.1608+21 .7542+18 .6695+22 • 1518+16 .7496+16 ·.2!;24+17 .9801+16 . 8422+ f9 .6074+20 .2892+19 REGION 2 ,_. 
.. 2075+2 I .2125+18 .6652+22 . 1411+ 16 .2626+16 .1025+17 .3467+16 .4647+19 .6061+20 .55BB+IB REGION 3 

15.0 DAYS BC• .26500+04 PPM BCMIN• .24000+04 PPM 
AO• .82286+14 Al• . 11018+14 BCMAX• .27000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-23·8 XE-135 1-135 SM-149 PM-149 LBP. B OF FLUX 
.1620+21 . 1087+ 19 .6691+22 • 1588+ 16 .9774+16 .3516+17 . 1298+ 17. .7226+19 .5996+20 .3625+18 REGION 
·. 1604+2 I .8104+18 .6695+22 . 1517+ 16 .7500+16 .2727+17 .9847+16 .8316+19 .6074+20 .2894+19 REGION 2 
~2073+21 .2293+18 .6652+22 • 1424+ 16 .2726+16 . 1122+17 . 3510+ 16 .4630+19 .6061+20 .5394+18 REGION 3 

16.0 DAYS BC• .26750+04 PPM BCMIN• . 24000+04 PPM 
AO• .71309+14 Al• . 18975+ 14 BCMAX• .27500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1616+2 I . 1163+ 19 .6691+22 .. 1590+ 16 . 1051+'17 .3727+17 . 1327+ 17 .7100+19 .6053+20 .3322+18 REGION 1 
. 1601+2 I .8663+18 .6695+22 . 1515+16 . 7494+ 16 .2924+17 .9878+16 .8212+19 .6132+20 .2900+19 REGION 2 
.2072+21 .2454+18 .6652+22 . 1413+ 16 .2637+16 . 1219+ 17 .3496+16 .4614+19 .6118+20 .5628+18 REGION 3 

46.0 DAYS BC• .29250+04 PPM BCMIN• .27000+04 PPM 
AO• .88854+14 Al• .93158+13 BCMAX• . 30000+04· PPM 

I SD TOP IC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 



. t475+2t .3196+19 .6688•22 . 1503+ 16· .1004+17 .6724+17 . t298• n .4t62+t9 .6619+20 .3865+18 REGION 1 

. 1498+2 I .2436+19 . 6693.+22 .1459+16 .7456+16 .6250+17 .9940+16 .5572+19 .6705+20 .30t8+19 REGION 2 

.2035+21 .7299+18 .6651+22 . 1422+ t6 .2742+t6 .3674+17 .3566+t6 . 4 147+ 19 .6690•20 .5563+t8 REGION 3 

76.0 OAYS BC• .30500+04 PPM BCMIN• .28500+04 PPM 
AO• .85389+t4 Al• . t4990+ 14 BCMAX• .3t000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 ·PU-239 U-238 XE-.135 I-135 SM-t49 PM-149 LBP B OF FLUX 
.1340+21 .4874+19 .6686+22 . 1415+ 16 .9596+t6 .6948• t7 . 1256+ t7 . 2377+ 19 .6902+20 .3830+18 REGION 1 
.t398+2t .38t2+t9 .669t+22 .1402+t6 .74t4+t6 .7020+17 .992t+16 .37t9+19 .6991+20 .3151+19 REGION 2 
.1997+21 . t2tO+t9 .665t+22 . 1429+ t6 .2850+16 .5447+t7 .3736+t6 .37t1+19 .6976+20 .5957+18 REGION 3 

106.0 oAvs· BC• .30500+04 PPM BCMIN• .28500+04 PPM 
AO• .97619+14 A1• .98513+t3 BCMAX• .3t000+04 PPM 

ISOTOPIC CONCENTRATIONS(ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 l-t35 SM-t49 PM~t49 LBP B OF FLUX 
.1209+21 .6277+19 .6683+22 . 1332+ t6 . t0t0+17 .6529+17 . t363+17 . 1299+19 .6902+20 .4238+t8 REGION 1 
.130t+2t .50t3+t9 .6689+22 . 1342+ t6 .7372+t6 .6856+t7 .9901+16 .2437+t9 . 6991+20 .3300+t9 REGION 2 
. t958+2 t . t68t+t9 .6650+22 . t4 t2+ t6 . 2828+ rn .6707+t7 .3718+16 .3310+19 .6976+20 .6073+18 REGION 3 

136.0 DAYS BC• .29750+04 PPM BCMIN• .27500+04 PPM 
AO• . t0378+t5 ·A 1• .94076+t3 BCMAX• .30500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-t35 1-135 SM-149 PM-149 LBP B OF FLUX 
. 1089+21 .7361+t9 .6680+22 . 1233+ t6 .990t+16 .606t+17 . t220+17 .7057+18 .6732+20 .4485+t8 REGION 1 
.1206+21 .6053+19 .6687+22 . t28t+16 .7325+16 .65t3+t7 .9868+t6 .1565+t9 .6819+20 .3463+t9 REGION 2 
.19t8+2t .2t58+t9 .6650+22 . t41 t+ t6 .2897+t6 .758t+t7 .3855+t6 .2930+19 .6804+20 .6349+!8 REGION 3 

166.0 DAYS BC• .28500+04 PPM BCMIN• .25500+04 PPM 
AO• . t0329+ 15 At• . t4057+ t4 BCMAX• .29500+04 PPM ....... 

....... 
ISOTOPIC CONCENTRAT l.ONS( ATOMS~CC) INTEGRAL N 

U-235 PU-239 U-238 XE-t35 I-t35 SM-t49 PM-t49 LBP B OF FLUX 
.9765+20 .8226+t9 .6677+22 . t t54+ t6 .9470+16 .56t7+t7 . t237+ 17 .37t8+t8 .6449+20 .4555+t8 REGION t• 
.11t4+2t .6948+19 .6685+22 . t2t9+16 .7270+t6 .. 6167+17 .9835+16 .9825+t8 .6533+20 .3642+19 REGION 2 
.1876+2t .2632+t9 .6649+22 . 14 t5+16 .3030+t6 .8t5t+t7 .3998+16 .2577+t9 .65t8+20 .6794+t8 REGION 3 

196.0 DAYS BC• .26750+04 PPM BCMIN• .23500+04 PPM 
AO• . t t478+ 15 At• . t0756+t4 BCMAX• .28000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- t35 1-135 SM-t49 PM-t49 LBP B OF FLUX 
.8706+20 .8906+19 .6674+22 . t059+ 16 .8292+16 .5207+17 . t t34• t7 . t898+ t8 .6053+20 .4968+t8 REGION 1 
.1025+2t .77t3+t9 .6682+22 . 1156+16 .7t94+t6 .5820+t7 .9769+t6 .60t8+18 .6132+20 .3845+19 REGION 2 
. 1833+2 t .3t05+t9 ._6648+22 . t435+ 16 .3283+16 . 8494+ l7 .4270+16 .225t+t9 .6tt8+20 .7057+18 REGION 3 

226.0 DAYS BC• .25000•04 PPM BCMIN• .2t500+04 PPM 
AO• . t0464+ 15 At• .2308t+14 BCMAX• .26000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 .U-238 XE-135 I-t35 SM-t49 PM-149 LBP B OF FLUX 
.77t0+20 . 9437+ t9 .6670+22 .9794+15 . 8381+ t6 .4784+17 . t t52+ t7 .9309+t7 .5657+20 .4784+t8 REGION t 
.938t+20 .8360+t9 .6680+22 .1092+t6 .7t34+t6 .5473+t7 .9724+t6 .3585+t8 .5730+20 .4057+t9 REGION 2 
.1789+2t .3574+t9 .6648+22 . t426+ 16 .3344+t6 .8683+t7 .4379+t6 . t952+ 19 .57t8+20 .7777+t8 REGION 3 

256.0 DAYS BC• .22750+04 PPM BCMIN• .19000+04 PPM 
AO• . t:i6t5+ t5 At• . 13925+ 14 BCMAX• .24000.+04 PPM 



ISOTOPIC CONC~NTRATIONS(ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- I 35 I-135 SM-149 PM-149 LBP· B OF .FLUX 
.6783+20 .9841+19 .6667+22 .8969+15 .7798+16 .4381+17 .. 1077+ 17 .4398+17 .5148+20 .5500+18 REGION 
.8543+20 c8901+19 . 6677+22 . 1028+ 16 .7050+16 .5127+17 .9648+16 . 2072+ 18 . .5215+20 .4314+19 REGION 2 
. 1744+2'1 .·4041+19 . 6647+22 .1429+16 .3529+16 .8746+17 .46QJ+t6 . 1677+ 19 . 520.3•20 .7969+18 REGION 3 

286 .. 0' DAYS BC• . 207.50+04 PPM BCMIN• . 16500+04 PPM 
AO• .1.1934+15 •1· .25040+14 BCMAX• .22000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149· LBP i! OF FLUX 
.5919+20 . 1015+20 . 6663+22 . 8·232+ I 5 .7847+16 .3993+17 .1073• 17 . 1979+ 17 .4695•20 .5431+18 REGION 
.7735+20 .9350+19 .6674+22 .9644+15 .. 6979+ 16 .4786+17 .9589+16 . 1157+ 18· .4756+20 .4574+19 REGION 2 
.1696+21 .4503+19 .6646+22 . 1418+16 .3611+16 .8711.+17 .4784+16 .1428+19 .4746+20 . 8739+·18· REGION .3 

316.0 DAYS BC• . 18'500•.04 PPM BCMIN• . 14000+04 PPM 
AO• .13245+15 Al• .23104+14 BCMAX• .20000+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235. PU-::i39 U-238 XE-1.35 1-135 SM-H9 PM-149 LBP B OF FLUX 
.5117+20 . 1037+20 .6659+22 .7515+15 • 7737+'16 .3631+1'7 .1066+17 .8434+16 .4186+20 .5938+18 REGION I 
.6958+20 .9716+19 .6672+2'2 .9010+15 .6897+16 .4451+1' .9518+16 .6226+17 . 424 t+20 .4882+19 REGION 2 
.1648+21 .4960+19 .6645+22 .1408+16 .3729+16 .8526+17 .4948+16 .1204+19 .4231+20 .9225+18 REGION 3 

346.0 DAYS BC• . 16250+04 PPM BCMIN• .11500+04 PPM 
AO• .14746+15 Al• .20690+14 BCMAX• . 17500+04 PPM 

ISOTOPIC CDNCENTRATIONS(ATOMS/CC) INTEGRAL 
U·235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
.4384+20 .1053+20 .6655+22 .6825+15 .7610+16 .3289+17 .1021•17 .3407+16 .3677+20 .6514+18 REGION 1 
.'6215+20 . 1001+20 .6668+22 ,8386+15 .6809+16 • 4124+ 17 .9423•16 .3211+17 .3725+20 .5226+19 REGION 2 
• 1597+2 I .5413+19 .6645+22 .1397+16 .3856+16 .. 8332+ 17 .5172+16 . 1003+19 .3716+20 .9762+i8 REGION· 3 ...... ...... 

376.0 DAYS BC• .14000+04 PPM BCMIN• .95000+03 PPM w 
AO• .16728+15 A1• .15924+14 BCMAX• . 15500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM-149 PM-149 LBP Ii OF FLUX 
.3714+20 .1064+20 .6650+22 .6185+15. .6916+16 .2985+17 .9802•16 .1290+16 .3168+20 .7245+18 REGION 
.5507+20 .1024+20 .6665+22 .7771+15 .6680+16 .3808+17 .9308+16 .1581+17 .3209•20 .. 5614.+ 19 REGION 2 
.1544+21 .5858+19 .6644+22 .1393+16 .4123+16 .8128+17 .5455+16 .8244+18 .3202+20 .1031+.19 REGION 3 

406.0 DAYS BC• .12000+04 PPM BCMIN• . 70000+03 PPM · 
AO• .17029+15 Al• .23508+14 BCMAX• . 13500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 I-135 SM-149 PM-149 LBP B OF FLUX 
.3109+20 .1072•20 .6645+22 . 5611+ 15 . 7067.+ 16 .2692+17 .9633+16 .4551+15 . 2715.+20 .7515+18 REGION 
.4836+20 . 1042+20 .666 !+22 .7179+15 .6592+16 .3503+17 .9214+16 .7392+16 .2751+20 .6019+19 REGION 2 
.1490•21 . 6296+ 19' .6643+22 .1372+16 .421_0+16 .7914+17 .5661+16 .6683'+ 18 .2.744+20 . 1123+ 19 REGION 3 

436.0 DAYS BC• . 10000+04 ·pp14 BCMIN• .50000+03 PPM 
AO• . 18.175+ 15 Al• .26376+14 BCMAX• . 11500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE-135 1-135 SM-149 PM-149 LBP B OF FLUX 
.2567+20 • 1077+20 .6640+22 .5081+15 .6779+16 .. 2434+ 17 .9312+16 .1482+15 .2263+20 .8046+18 REGION I 
.4206+20 .1055+20 .6658+22 .6607+15 .6469+16 . 3213+ 17· .909j+16 .3263+16 .2292+20 .6477+19 REGION 2 
. 1434+2 I .6723+19 .6642+22 . 1355+ 16 .4409+16 . 7689+ 17 .5938+16 .5333•18 . 2287+'20 .·1212+19 REGION 3 



450.0 DAYS BC= .90000+03 PPM BCMIN= . 40000+03 PPM 
AO• . 19842+ 15 A1• .20507+14 BCMAX• . 10500+04 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE - 135 I - 135 SM- 14 9 PM- 149 L8P 8 OF FLUX 
.2337+20 . 1078+20 .6637+22 .4851+15 .6292+16 .2334+17 .9104+16 . 8554.f.14 .2037+20 .8624+18 REGION 
.3927+20 . 1060+20 . 6656+22 .6347+15 .6379+16 .3084+17 .9019+16 .2181+16 .2063+20 .6727+19 REGION 
.1407+21 .6919+19 .6641+22 . 1351+ 16 .4600+16 .7580+17 .6097•16 .4770+18 .2058+20 . 1239+ 19 REGION 3 

466.0 OAYS BC• .80000+03 PPM BCMIN• .30000+03 PPM 
AO• .20524+15 A1= .22291+14 BCMAX• .95000+03 PPM 

ISOTOPIC CONCENTRATIONS( ATOMS/CC) INTEGRAL 
U-235 PU-239 U-238 XE- 135 I - 135 SM-149 PM-149 LBP B OF FLUX 
.2089+20 . 1079+20 .6634+22 .4605+15 .6152+16 .2215+17 .8946+16 .4432+14 .1810+20 .8941•18 ·REGION 
.3619+20 . 1065+20 .6653+22 . 6061+ 15 .6307+16 . 2940+ 17 .8948+16 .1352+16 . 1834+20 .7003+19 REGION 
.1375+21 .7139+19 .6640+22 . 1339+16 .4714+16 .7453•17 .6257+16 .4181+18 . 1830+20 . 1293+ 19 REGION 3 

f'BRKPT PRINTS 
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A ONE-DIMENSIONAL FUEL 

BURNUP MODEL OF A PWR 

by 

D. L. Gilliatt 

ABSTRACT 

A fuel burnup model of a Pressurized Water Reactor (PWR) was 

developed based on one-group diffusion theory and used simple thermal 

cross sections. A computer program which simulates the depletion of the 

core of a PWR was written based on this model. The basic idea was to 

develop a fuel depletion program which could be readily understood by 

nuclear engineering students. Thus, accuracy was sacrificed for the 

sake of simplicity. 

The model was based upon a typical PWR with three concentric 

regions in the radial direction of differing fuel enrichment. Ea~h of 

the regions was homogenized and the concentrations of the isotopes in 

each region were considered constant over a time interval. The isotopes 

considered were U-235, Pu-239, U-238, Xe-135, I-135, Sm-149, Pm-149 and 

the lumped burnable poison isotope. 



The flux was approximated by the sum of two trigonometric 

functio.ns. The magnitude and shape of the flux were determined by 

holding power constant, constraining system to be critical and varying 

the soluble boron concentration to find the fla~test possible positive 

flux. A flux magnitude computed in this manner was compared to a 

similar flux magnitude given in a Final Safety Analysis Report. 

The concentrations of the isotopes were determined from the 

differential equations describing the rate of ch~nge of the concen-

trations. The behavior of the isotopes over core life was graphed .and 

wherever possible compared to graphs from other sources. The concen-

trations calculated for u~235, U-238 and Pu-239 after 450 days were 

compared to the·concentrations of the same isotopes calculated by a zero 

·di mens i.onaJ three-group mode 1. The 'percentage difference between the 

concentrations determined by the two models varied from about 69% for 

Pu-239 to 1% for U-238. 
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