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Abstract

POWDERPUFS-V is a lattice code written specifically for CANDU lattices. The moderator is
limited to reactor-grade heavy water, while the coolant may be light water, heavy water, air or
HB-40 (organic fluid). The fuel can be UO2, U, UsSi, U-C or U-Zr, in the form of either a single
rod or a cluster of pins. The program calculates the four-factor parameters and also provides lattice
nuclear cross sections for use in finite-core neutron-diffusion codes. A burnup calculation is
included. In this report, the general capabilities of the program are discussed.
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Resume

POWDERPUFS-V est un code de cellule, mis au point spe"cialement pour les re"seaux CANDU. Le
moderateur doit 6tre de l'eau lourde de haute puret6, approprifie aux r6acteurs, tandis que le
caloporteur peut fitre de l'eau le"gere, de l'eau lourde, de 1'air, ou du HB-40 (fluide organique). Le
combustible peut 6tre de l'UO2, de l'U, de l'U3Si, ou de l'U-Zr, en forme de barre unique ou me"me
de faisceau d'e"16ments. Le code calcule les parametres de la formule des quatre facteurs et produit
6galement les sections efflcaces nucllaires a utiliser dans les codes de diffusion des neutrons dans
les coeurs finis. POWDERPUFS-V incorpore e"galement un calcul de Involution des parametres
de cellule en fonction de la combustion massique. Le pr6sent rapport discute des possibilites de
calcul du code.
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1. INTRODUCTION

The purpose of this document is to provide a general description of the capabilities of
POWDERPUFS-V, the cell code* which has been most commonly used for the design and
analysis of the current generation of CANDU® reactors. Figure 1.1 shows the relevance of
POWDERPUFS-V in the scheme of physics computer codes for CANDU reactors.

1.1 Purpose, Capabilities and Limitations of Program

The CANDU reactor consists of an array (lattice) of fuel channels. A unit lattice cell refers to a
single fuel channel and the appropriate amount of moderator surrounding it (see Figure 1.2).
The purpose of a cell calculation* is to provide details on the cell-averaged nuclear cross
sections, isotopic composition, power distribution across the fuel bundle, and reactivity
coefficients as functions of fuel burnup. The nuclear cross sections are further used as input for
core and fuel management calculations.

The POWDERPUFS-V lattice code evolved during the 1960's and early 1970's from the lattice
recipes of Duret and Mariott (Reference 1) and is applicable to CANDU-type reactor lattices
only. Relative to the earlier cell codes of Reference 1, POWDERPUFS-V incorporates many
improvements in lattice theory, a more up-to-date library, and additions and modifications to
expand the capabilities and versatility of the program.

The program has the following capabilities:

a) It calculates the four-factor parameters (e, p, n, f), the diffusion coefficients, the initial
conversion ratio, the reactivity and the isotopic composition as functions of fuel irradiation.

b) Finite-reactor calculations and fuel-management studies are generally performed by means of
two-group diffusion codes in two or three dimensions. The program produces two-group
constants (also known as lattice parameters) as functions of fuel irradiation for use in these
codes.

c) Using the reaction-rate-averaging feature of the program, "point model" calculations of
reactor parameters and burnup can be made as a function of fuel irradiation for "batch" and
"bi-directionally" fuelled reactors. This is useful in predicting the average exit burnup of the
fuel for a given CANDU design. Moreover, it also gives lattice parameters appropriate to the
equilibrium fuelling condition.

d) Using the perturbation feature, the program can be used to calculate the reactivity effect of
instantaneous changes in the fuel, coolant and moderator temperatures, and coolant and
moderator densities. The isotopic fuel composition used in the perturbed case is that
generated by the preceding reference case; thus the calculated reactivity effects are those
arising from the changes in the cross sections associated with the perturbation only. This
calculation is essential in predicting various reactivity coefficients and other important
quantities such as the reactivity change on loss of coolant. Moreover, the variation of
reactivity coefficients with fuel irradiation can also be calculated.

The terms cell code and cell calculation are used synonymously with lattice code (or lattice
parameter program) and lattice calculation, respectively.
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e) Unlike the conventional multi-group, multi-region codes, POWDERPUFS-V treats complex
processes such as resonance absorption by simple approximations, thus reducing the
computation time considerably. The program therefore lends itself to frequent use in survey
and optimization studies.

Since the program is tailored to CANDU lattices, most of the semi-empirical relations used in
the recipes have been fitted to cold clean experiments involving CANDU-type lattices only.
These relations will break down when applied to lattices significantly different from the
CANDU type. For this reason, the following limitations are inherent in the program:

a) The moderator must be reactor-grade heavy water.

b) Structural materials are limited to aluminium and Zr-alloy.

c) As the Westcott cross-section convention (Reference 2) is used, the neutron spectrum
characteristic must be fairly close to those of a Maxwellian spectrum. This means that only
natural-uranium fuels should be considered. The use of enriched fuels, whether the
enrichment be in U-233, U-235, or Pu-239, will, for such fuels, generally lead to a harder
spectrum, and results must be treated with caution. Moreover, since self-shielding is not
treated in Pu-239 and treated only crudely in Pu-240, the fuel must not contain appreciable
amounts of either isotope.

1.2 Lattice Representation

Figure 1.2 shows a cross-section of a typical CANDU lattice. The fuel bundle and coolant are
contained within the pressure tube. Between the pressure tube and the calandria tube is a gas
annulus. The amount of moderator to be included in the lattice cell will depend on the lattice
pitch. For CANDU-type bundles in commercial use to the present time, the fuel elements are
equally spaced on concentric circles.

Figure 1.3 shows the model of the lattice cell used in the POWDERPUFS-V calculation. It can
be seen that the fuel elements (fuel and sheath) and most of the coolant have been homogenized
into one region. In the program, the homogenized region radius is the radius of a circle having
an area equal to the cross sectional area enclosed by a rubber band touching the sheath of each
outermost element and wrapped around the bundle at its midplane. The choice of this value
makes it necessary to introduce an annulus of coolant between the homogenized region and the
pressure tube.

Not shown in Figure 1.3 are the bundle end regions which contain end caps and end plates but no
fuel. In POWDERPUFS-V, the total quantity of fuel and cladding material per bundle has been
homogenized over the length of the bundle. The lattice cell is thus divided into three separate
regions, viz. the homogenized fuel region, the annulus region, and the moderator region.

1.3 Basis of Method of Calculation

The following approach is used in POWDERPUFS-V:

a) A three-region lattice cell is assumed, as discussed in Section 1.2.

b) The program employs the conventional four-factor formula and assumes a two-group
leakage. Figure 1.4 shows the neutron cycle used in this program, which is in fact a
conventional neutron cycle for a critical thermal reactor.
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c) The Westcott convention (Reference 2) is used for calculating the microscopic cross sections
of the heavy fuel isotopes. For other materials, constant inputs or simple recipes are used.

d) The fission products are divided into two groups. One group contains three saturating fission
products characterized by very high absorption cross sections. The other group contains
three non-saturating (pseudo) fission products, each with a constant effective absorption
cross section.

e) Fast fission is taken into account in U-238 only.

f) The resonance capture in U-238 is assumed to take place in a resonance trap at a single
artificial energy (ER = 25 eV).

The program iterates on the spectral parameters (r,Tn) until convergence is achieved in the
following manner.

a) For a given set of initial conditions (physical temperatures, power level, geometric buckling,
etc.), an initial guess of the spectral parameters (r and Tn) is first made.

b) The microscopic cross sections of the heavy isotopes (for natural uranium, only U-235 and
U-238 are considered) are then calculated using the Westcott convention, viz.

In POWDERPUFS-V, the factors g(Tn) and S(Tn) are expressed as power series in the
neutron temperature.

c) At zero irradiation, the isotopic densities of the heavy isotopes correspond to those of natural
uranium. At non-zero irradiation, they have to be calculated by the burnup subroutine based
on the above a's. The macroscopic cross sections are then given simply by:

A A

2 = Nor
A

For materials other than the heavy isotopes, the 2 is given directly either as a constant or by
a simple recipe with a correction term for the spectrum effect. No calculation of a is
required for these materials.

d) Based on the above macroscopic cross sections, the first estimates for the lattice parameters
are calculated.

e) The values of r and Tn of the fuel are then calculated from the first estimate of the lattice
parameters via empirical relationships. Convergence is said to be reached when these values
of r and Tn agree (to within the chosen criteria) with the last estimates. If convergence is not
reached, the last values of r and Tn are used as initial estimates for the new iteration.

This iterative technique forms the basis of the calculation and physically means that the lattice
parameters must correspond to those of a self-consistent neutron spectrum. The sequence of
calculations is shown diagramatically in Figure 1.5. (Certain minor details such as the
calculation of Pu-240 self-shielding are not shown in the figure.)
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2. NEUTRON SPECTRUM CHARACTERISTICS

Since the Westcott convention is used in the cross-section formulation, the neutron spectrum is
characterized uniquely by the two parameters r and Tn. Even within the framework of the
Westcott convention, variations exist on the choice of the epithennal cut-off and the definition of
the fluxes. This results in variants of the Westcott convention such as the normal Westcott
convention, the divided Westcott convention and the fixed cut-off convention. Moreover, within
the normal Westcott convention, the flux may be defined in different ways. For this reason, it is
important to note from the following sections just exactly how the cross sections and fluxes are
defined. The present program employs the normal Westcott convention with the S4 option
(Reference 2) and defines the effective or Westcott flux as Nv0.

2.1 Cross-Section Formulation in Westcott Notation

The original work by C.H. Westcott on this cross section formulation has been described in detail
in Reference 2. However, because of its fundamental nature and its significance to this program,
a summary of the formulation is given below.

The effective cross section, 6", of a given nuclide must have the property that the reaction rate of
the nuclide is given by the product of a and Nv0 where v0 is 2200 m/s. The Westcott convention
for calculating effective cross sections is based on the following assumed form for the spectrum
in a reactor:

n(v) = N(l-f)pm(v) + Nfpe(v) (2.1)

where

N = total neutron density

f = fraction of the total neutron density in the epithermal spectrum

Pm(v) = - f 4 e - W v T F (2<2)

Pe(v) = v T / [ I ^ (2.3)

v j = velocity of a neutron having energy kT

The quantities pm(v) and pe(v) are the normalized Maxwellian and epithermal density
distribution functions, respectively. A(v) is an empirical function describing the way the
epithermal spectrum (which behaves as 1/E) joins the Maxwellian spectrum. It must therefore
satisfy A(v) -> 0 for E < nkT and A(v) -» 1 for E > îkT, where nkT represents the lower limit of
the 1/E spectrum and is neutron-temperature dependent. The choice of (X is arbitrary but the
preferred S4 convention has been adopted in this program. In this convention, u, = 3.681.
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The reaction rate per atom with a cross section a(v) is then given by:

Nv,

CO

â = I n (v) 0

o
00

= N (1-f) I

(v) vdv

CO

pm(v) vo (v)dv + NfvT /jT ^ o(v) dv

0 0
CO

= N(l-f) omvm + NfvTyjI I ^ o (v) dv

since

0 0

o

00 01

pm(v) vo (v) dv

(2.4)

(2.5)

,(v) vo (v) dv pro(v) vdv

Pm(v) VO (V) dv =

Pm(v) vdv I

0

00

Pm(v) dv = a • vra • 1 (2.6)

(v) vdv I pm(v) dv °

The quantities om and are vm are the mean cross section and velocity in the Maxwellian
spectrum, respectively. Hence:

Nvo0 = Nomvm + NfvTv/ji

.0

a ( v ) dv - (2.7)

Further, making use of the relation

dv = —L_ (See Equation 2.3)f A(v)
I v2

0

Equation (2.7) can be rewritten

Nvoo = Nomvm + NfvTv/JI I (^ o (v) - 5s
.0

(2.8)

Writing dE/E for 2dv/v and dividing by Nv0 gives:

a = (2.9)
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This may be written in the form:

o = o0 (g + rS) (2.10)

where

g = ^ (2.H)

r = *M (2.12)

oo

= f
o

-A /f f (2.13)

dE (2.14)

The following physical significances are worth noting. I is a resonance integral of the usual type
with an effective lower limit of u,kT and with a 1/v term subtracted. It is also known as the
'excess resonance integral', g is the ratio of the reaction rate in a pure Maxwellian spectrum, of
the (possibly non-l/v) absorber to that of a 1/v absorber of the same 2200 m/s cross section. In
other words, g is a measure of the 'non-1/v-ness' of the absorber in a Maxwellian spectrum.
Numerically, r is very close to f and indicates the fraction of the neutrons in the epithermal part
of the spectrum. It therefore is a measure of the 'hardness' of the spectrum. Typically, r ~ 0.05
for a CANDU lattice fuelled with natural UO2. It can be shown that, for a pure 1/v absorber,
g = 1 and S = 0.

2.2 Flux Convention

Two different fluxes have been introduced in the program. These are the Westcott flux and the
thermal flux.

A

The Westcott flux, cj), is defined by:

<j> = Nv0 (2.15)

such that:

Total reaction rate = <j) a = Nav 0 (2.16)

The total reaction rate is taken to mean the reaction rate in the whole spectrum, which includes
the Maxwellian and the 1/E parts. As the Westcott cross-section convention is used in the
program, the Westcott flux is used for the burnup calculation.

Within the program, the 'thermal' flux, (j), is defined by:
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This flux is to be used in conjunction with the 'thermal' cross section, given by:

It should be clear that the reaction rate given by (JXJ is also the total reaction rate.

(2.18)

The reason the thermal cross sections a and 2 are introduced is that the two-group
neutron-diffusion equations are generally written in terms of the thermal and fast fluxes and not
the 2200 m/s fluxes.

Using the relation:

1m. = /£L>

00

which may be derived by observing that vm = I vpm(v) dv, and that the integral on the right

o
/4T~

yields / —~r- v0, one notes that:
Y Jt l o

$ = Nvm (2.20)

It is worth mentioning that the Maxwellian flux, which is defined by:

$ m = nmvm (2.21)

A _

differs from both (() and (j). It is the true average flux in the Maxwellian spectrum.

2.3 Calculation of Spectral Index r

The method used for the calculation of r is due to E. Critoph and is as follows. The neutron flux
spectrum in the fuel is first written in the desired form

= vn(E)

/2E
m

gy

where the properties vm = J m J t" and nm = N(l - f) have been used. Further, writing (j)m for

nmvm, the equation reduces to:
1 n(E) n«_.

T f̂) ^T (2"22)
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When expressed as function of E, Equation (2.1) becomes:

1/2
A.

} E3/2 |

Thus

/IJJCT \ 1 / 2 A

I 4 I E3/2|

(2.24)

where

= y-fr^ I"i6 ) (2.25)
, s 1/2

Further, one notes that r = I — I f, so that

~ r (1 + P) (2.26)

where we have used the approximation (1 + P) « 1/(1 — f). The approximation sign arises
since:

1-f

The right-hand side is equal to _ only when u, = 5.093. However, because f is numerically

very small (~ .05) for well-thermalized reactors, the numerator is close to unity even for |i
different from 5.093. Therefore the approximation noted above may be used.

Substituting for P in Equation (2.24) gives:

(2.27)

Equating this form to the spectrum derived assuming a uniform slowing-down density over the
cell or an energy just above thermal allows the determination of the value of r in terms of the
four-factor parameters and other quantities of the lattice. This relationship will not be given
explicitly here.



2.4 Calculation of Neutron Temperature

The model used for the calculation of the effective neutron temperature of the fuel and annuli
regions is due to E. Critoph and is based on the assumption that the effective neutron
temperature in the fuel can be written as:

Tn,F = TM + ATMh + ATph + oc (Tc - TM) + « F O F - TC) (2.28)

where

TB T c and TM

ATMh

are the physical temperatures of the fuel, coolant and
moderator respectively,

is the hardening in the moderator due to the intensity of the
slowing down flux,

is the hardening in the fuel due to preferential absorption in the
fuel,

represents the re-thermalization effect (increase in neutron
temperature) of raising the temperature of the fuel and coolant
from TM to Tc ,

ttF (TF - Tc) represents the re-thermalization effect of raising the fuel
temperature from Tc to Tp

All these quantities are evaluated in the program based on semi-empirical relationships and they
allow the evaluation of the temperatures in terms of the lattice parameters.

ac(Tc-TM)
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3. CROSS-SECTION CALCULATION

3.1 Heavy Isotopes

As indicated in Section 2, the effective absorption and fission cross sections of the heavy fuel
isotopes are calculated according to the normal Westcott convention, i.e.,

a(r,Tn) = ao[g(Tn) + rS(Tn)] (3.1)

Within the program, the g(Tn) factors for a given isotope and a given process are given in terms
of a polynomial expansion, viz:

m
g(Tn) = ^ a/IV1 (3.2)

The number of terms, m, required in the expansion varies between isotopes and between
processes but is normally 8 or 9.

The S(Tn) factors are given either in terms of a polynomial expansion, i.e.,

S(Tn) = 2 bjTlf1 (3.3)
i = l

or in terms of the resonance integral, RI, i.e.,

S(Tn) = / S §1 (3.4)

The coefficients aj, ty and RI (if applicable) for fission and absorption for all the isotopes are
stored in the library. However, the cross sections of the fission products are treated differently,
and details of their treatment will be deferred to Section 6.

3.2 Pu-240 Self-Shielding

Due to the broad resonance peak which Pu-240 exhibits at ~ 1.0 eV, this isotope experiences a
significant self-shielding effect. This is accounted for semi-empirically by introducing a factor,
a, in the effective absorption cross section. Thus

aa = oo g + r S 7 r = J = = = (3.5)
L / I + N240J

so that aa decreases with increasing N240-

The value of a used in this equation is calculated using a variant of a method originated by
Kushneriuk (Reference 3).

Since oa 240 enters into the bumup equations for solving Nj (including N240), the change in

aa 240 will change N240 which in turn changes Oa 240- An iterative procedure must therefore be

performed until the mutual feedback effect between oa 240 and N240 vanishes. To achieve this,

the program iterates through the burnup solution until

952164/450
rouben
95/11/13

l/35_ttxt



11

(N240) new - (N240) old
< convergence criterion.

(N240) new

In other words, the program solves for N240 (by solving the burnup equations) for every new

aa 240 until the fractional change in N240 between two successive iterations is less than an input

criterion. The final values of 6a 240 and N240 are then used to calculate the lattice parameters.
This iteration procedure is applied for every irradiation step except the zeroth when N240 = 0.
Further, it is assumed that the "converged" cxa 240 at the end of each exposure interval applies for
all of that interval. This approximation is good provided the size of the interval chosen for the
burnup calculation is not too large.

Although self-shielding in Pu-239 can be treated in exactly the same way, its effect is not
significant for the case of natural U or UO2 fuels. For this reason, self-shielding corrections to

°a 239 n a v e n°t been included in the present program.

3.3 Fuel, Coolant and Structural Materials

To calculate the relative absorptions in the homogenized region (fuel + sheath + some coolant),
the annulus region (coolant + pressure tube + calandria tube) and the moderator region, the
macroscopic cross sections for these materials are necessary. These are input as constants in the

A

data library, either as 2 or as 2. However, certain materials have cross sections which are
sensitive to the neutron spectrum characteristics and, in the case of D2O, sensitive to the purity
also. For these materials, simple recipes are used in the code.

For example, the Westcott absorption cross section for Zr-2 is evaluated as a simple expression
in the spectral parameter r. This expression is derived from reactivity measurements made on
Zircaloy-2 pressure tubes of 4.14 mm thickness.

The absorption cross section for Zr-Nb is taken to be proportional to that for Zr-2. The transport
cross sections for the possible coolants HB-40 and H2O are written as simple expressions in the
neutron temperature.

The absorption, moderator, and transport cross sections for D2O are evaluated (as is also the case
for the H2O expressions) using expressions of a form based on the work of R.G. Jarvis
(Reference 4).

The code also incorporates the capability to calculate the density of pure D2O moderator as a
function of the moderator temperature r, using a lOth-order polynomial relation.
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4. CALCULATION OF FOUR-FACTOR PARAMETERS

One of the basic tasks of POWDERPUFS-V is to calculate the four-factor parameters, from
which the homogenized cell cross sections are evaluated.

Equations for the four-factor parameters are derived based on the models referenced in the
following sections. Very detailed equations used in the code will, in general, not be given.

4.1 Fast-Fission Factor e

In POWDERPUFS-V, e is defined as the number of fast neutrons escaping the homogenized fuel
region into the moderator (for the first time) per neutron produced in thermal fission. Only fast
fission in U-238 is considered.

The method of calculating e is based on the theoretical formulation given by B.I. Spinrad
(Reference 5) and on a model similar to that of Fleishman and Soodak (Reference 6), where an
explicit derivation of e is given in terms of collision probabilities.

Based on the above work, the equation used for e is:

, = 2c
(4.1)

where single (double) prime cross sections are averaged over the fission spectrum above (below)
1.4 MeV, the subscripts, f, i, and c refer to fission, inelastic scattering and capture, respectively,
and

y = fast-fission ratio (also calculated by the program)

2 (v2f).
vth = L /__ , where i runs over all thermally fissile isotopes (4.2)

Kh += 2-f (4.3)

2< = [ K ) F u e l + K) C o o l a n t + K ) S h e a t J / nrl (4.4)
2f, 2j and 2c are also defined by equations similar to equation (4.4), and fX (taken as 0.561)
is the fraction of fission neutrons with energy in excess of 1.4 MeV.

The fast-fission ratio 7 is defined as the ratio of fast to thermal fissions. It is calculated based on
a formula of Pershagen (Reference 7) for a heterogeneous fuel bundle, with the interaction
between fuel bundles taken into account in an empirical manner analogous to that used by Green
and Bigham (Reference 8).

4.2 Resonance Escape Probability p

The resonance escape probability, p, is defined as the probability that a neutron, ejected out of
the homogenized fuel region at high energies in an infinite lattice assembly, will escape
resonance capture while slowing down to thermal energy.
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The calculation of p is based on the method of E. Critoph (Reference 9) and is summarized as
follows. In a heterogeneous reactor, neutrons are captured in the resonance region in the rod*
from which they originated as fast neutrons and also from neighbouring rods. An expression for
p can therefore be written as:

( 1 - p ) = ( l - p 0 ) + ( 1 - P l ) (4.5)

where po = probability, in an infinite lattice, that a neutron will escape resonance
capture in the rod in which it was born

Pi = probability, in an infinite lattice, that a neutron will escape resonance
capture in rods other than the one in which it was born.

Further, if one assumes that the probability for a resonance energy neutron to be captured in any
one rod is proportional to the local resonance energy slowing down density, then

l - P = ( l - P o )
qL (ri'ER) j . n(r \ ML r2'"KJ j . (4 g-)

where n(ri) is the number of fuel rods (bundles) at distance ri from the 'reference' rod and
qL 0"i, ER) is the resonance energy slowing down density at ri. Equation (4.6) forms the basis of
the method for calculating p. Resonance capture is considered in U-238 only.

4.3 Thermal Utilization Factor f

The thermal utilization factor, f, is defined as the ratio of the rate of thermal absorption in the
fuel to the total rate of thermal absorption in the cell. Thus,

f = A F (4.7)

where A is the absorption rate. The method of calculating f is due to McKay (Reference 11) and
assumes:

A = Sources - Net Outflow (4.8)
for a given region (annular geometry) in the cell. In essence, the calculation determines the
neutron incurrent and outcurrent densities at all annular interfaces within the unit cell. The
necessary calculational procedures, based on McKay's method, were developed by Selander and
incorporated in the predecessor (Reference 1) of this program.
The following idealizations are made:
a) The cell consists of three regions, a homogenized fuel region extending to ro, an annulus

region consisting of N (maximum 5 in present program) concentric annuli and a moderator
region extending from rn to b. Collision probability theory is applied to the homogenized
fuel and annulus regions while diffusion theory is applied to the moderator region.

b) The annuli are thin compared with the cell radius and the total mean free path of the
neutrons. They can be scattering and/or lightly absorbing (but not strongly absorbing); an air
annulus is also possible.

* homogenized fuel region in the present context
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c) Scattering collisions of neutrons entering an annulus and sources of thermal neutrons are
uniformly distributed in the annulus.

d) Collision, transmission and escape probabilities for one annulus are the same as those for a
plane slab of the same optical thickness.

e) Source neutrons and once collided neutrons that escape from an annulus do so uniformly
over the surfaces of the annulus.

f) Source and reflection coefficients for the moderator region are calculated by assuming the
moderator flux is given by diffusion theory with an approximate transport correction near the
boundary.

The thermal flux profile across the cell is also of interest. Strictly speaking, within the
framework of the "three-region" model adopted in POWDERPUFS-V, it is meaningful to speak
only of the average fluxes in the three regions. The fine structure within each given region is
lost through homogenization. However, it is possible, based on the theoretical formulation used,
to reconstruct the fine-structure flux distribution in all the regions. POWDERPUFS-V does this,
although it should be noted that these calculations, which do not form an integral part of the
program's four-factor evaluation, serve only to give an estimate of the flux profile across the
cell.

4.4 Thermal Reproduction Factor T)

The thermal reproduction factor, r\, is defined as the number of neutrons produced in thermal
fission per thermal neutron absorbed in the fuel. Thus,

where i extends over all fuel isotopes and fission products (both saturating and non-saturating).
The above equation can also be expressed as:

77T
i V l\

since the same multiplicative factor is used in the numerator and denominator in the conversion

of 2 to 2 .

In the case of a fuel with non-uranium component (e.g., UO2, U3S1, U-C and U-Zr), a modified
expression of 11 must be used:

n = T
1 V

a, non-uranium component

In the program, the second term in the denominator is defined as input constants for the different
fuel options which exist.
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Due to the rapid variation of Nj with burnup, r\ also shows great variation with burnup. This
behaviour is illustrated in Figure 4.1, in which the four-factor parameters are plotted as functions

of irradiation for Bruce A 37-element natural-UO2 fuel. The yield term S (vNaf). and the

absorption term 2 (Naa). are further shown in Figure 4.2. To explain the peaking in the yield

term, the values of (vNaf). for U-235, Pu-239, and Pu-241 are plotted in Figure 4.3. It is clear

that the peaking is due to the combined effect of a falling U-235 yield and a rising plutonium

yield. For completeness, the (Naa). for the various isotopes are also individually plotted in

Figure 4.4.
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5. CALCULATION OF REACTIVITY PARAMETERS

5.1 Reactivity and Material Buckling

Conventional definitions are used in the calculation of koo, keff, p and B^. They are as follows:

= epr]f

where Pf and Pt are the fast and thermal non-leakage probabilities, given by:

Pf=( l + Bj

P t = ( l + B\

in which Bg is an input geometric buckling.

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)
eff

and

n L2/ "•" * n
koo-1

- • * • *
(5.6)

5.2 Diffusion Coefficients, Diffusion Area and Slowing Down Area

The fast and thermal diffusion coefficients of the lattice cell are calculated from the same
expression, viz.,

1D =
cell

where

cell

^ Q + (VS t r)A + 'M

(5.7)

(5.8)
v 0 T VA T YM

represents the volume-weighted average value for the homogenized, annuli and moderator
regions. The fast transport cross-sections, 2tr,fast> are simply input constants with no correction
for spectral effects. The evaluation of the thermal transport cross sections, 2^ , has already been
discussed in Section 3.3.

The diffusion area of the lattice cell is calculated according to:

L2 ;= _1 [ JO + JA + JM 1
3 < 2 t r > cell y < 2 a > o < 2 a > A < S a > MJ

(5.9)
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in which f0, f& and f̂  are the fractional absorptions in the homogenized, annuli and moderator
regions, respectively, i.e.,

fo = A , A
A° , . .etc. (5.10)

Ao + AA + AM

The slowing down area of a unit cell is calculated from the expression:

Ls,cell = -3 < Y > <~V > (5-U)
•3 < ^ m > cell ^ ^tr.f > cell

in which < 2 m > cell and < 2 t r f > cell are the cell-averaged (by volume) moderation and fast
transport cross sections, respectively.

Similarly, the slowing down area of a pure moderator is given by:

L2S,M = .,_ L x (5-12)

The moderation cross sections are also input constants.

5.3 Initial Conversion Ratio, ICR

The initial conversion ratio is defined as the initial rate of formation of fissile isotopes (from
fertile material) per rate of consumption of fissile isotopes. It is therefore a measure of the
efficiency with which fertile material in the fuel is 'used'.

In POWDERPUFS-V, the fissile isotopes are U-233, U-235, Pu-239 and Pu-241, while the fertile
isotopes are Th-232, U-238 and Pu-240. All fertile isotopes are assumed to produce fissile
isotopes directly.

5.4 Burnup

The program produces the following four measures of the fuel burnup.

a) MWd/te fuel (Megawatt day per tonne of fuel)

Q((om) = Ad) * 2 J[l + 7(wn)] 2 [EN(a>n) 0f(G>n)].| (5.13)

The sum over i extends over all fissile isotopes and that over n extends over the number of
exposure steps up to com (= m * Aoo). E is the energy release per fission and is different
for different isotopes.

b) MWd/te U (Megawatt day per tonne of U-metal)

This is related to Q(0)m) by:

Mn

Q'(com) = Q(com) * ^£r= (5.14)

where Mp is the molecular weight of the fuel.
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c) FIFA (Fissions in fissile nuclides per initial fissile atom)
HI r -I

Aco * 2 2 [N(a)n) o f (o)n)].
2 N , ( o ) ( 5 1 5 )

i

d) DIHA (Destruction of heavy atoms per initial heavy atom)

A<0 . 2 2 [NtOJn) Of ((»„)].
MFAWW = ± '- (5.16)

j J

It should be noted that in the above two expressions, the sum over i extends over all fissile
isotopes, whereas that over j extends over all heavy isotopes.
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6. BURNUP EQUATIONS

6.1 Formulation of Burnup Equations

Burnup equations are a set of coupled differential equations linking the atom densities of the
heavy fuel isotopes and non-saturating fission products via the appropriate cross sections.
Solution of the equation set yields Nj as a function of irradiation w (product of flux and time).
Three sets of burnup equations are incorporated in the program although in practice only one set
is used.

a) Set A - Nine Equations

The burnup chain used for this set is shown diagramatically in Figure 6.1 and mathematically
in Table 6.1. Note that in this system, the isotope Np-239 is neglected. Although Np-239
has a relatively short half-life (2.35 days) and hence saturates quickly in its production, it
nevertheless has an observable effect in holding up the formation of Pu-239 during the initial
stage of fuel burnup. The neglect of this isotope would therefore lead to an incorrect
prediction of r\, keff, power, etc., shortly after the start of burnup. Where such effects are
important, this option should not be used.

b) Set B - Ten Equations

The burnup chain for this set is shown diagramatically in Figure 6.2 and mathematically in
Table 6.2. This set is essentially the same as Set A with the inclusion of Np-239.

c) Set C - 24 Equations

The burnup chain for this set is shown diagramatically in Figure 6.3 and mathematically in
Table 6.3. In this set, some of the relatively short-lived isotopes have also been included.
Due to the large number of equations involved, this option requires roughly six times longer
to run on a computer than option B. Moreover, in terms of reactivity effects, Set C does not
yield results significantly different from those given by Set B. This option is therefore used
only in cases where the effect of certain short-lived isotopes are to be studied.

Several points should be made regarding the burnup equations.

a) The notations used for the burnup equations are given in Table 6.4 and are consistent with
those used elsewhere in this manual. The very-short-lived intermediate isotopes (Th-233,
Pu-234, U-237, U-239, Np-240 and Pu-243) have all been ignored.

b) Westcott cross sections are used throughout and are assumed to be constant within any given
exposure interval, Aw. This assumption requires that Aco be made quite fine.

c) The transformation of U-238 due to the capture of resonance and fast neutrons is treated in a
semi-empirical way (Reference 12). Specifically, two parameters, A and E, are used, in
which A represents the resonance and fast neutron capture in U-238 per thermal absorption
in the fuel and E is the resonance neutron capture in U-238 due to neutrons born in
surrounding bundles.

952)64/450
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6.2 Method of Solution

Several methods exist for solving first-degree coupled differential equations. The method used
in POWDERPUFS-V is due to L. Pease (Reference 13) and employs a series expansion
technique. The following essential features of the method are worth noting.

The burnup equations may be written in matrix form, viz.,

N'(t) = -SN(t) + P (6.1)

where

N is a column matrix (i.e. vector) of the dependent variables n,, i = 1, 2 , . . . , M

S is a square matrix of order M with elements Sy, i,j = 1, 2 , . . . , M; and

P is a column matrix (i.e. vector) with elements Pi, i = 1 ,2 , . . . , M.

The initial conditions (fuel composition before start of burnup) are known, i.e.,

N(t = 0) = N0 (6.2)

Solution of equation (6.1), subject to initial conditions (equation (6.2)), can be written in the
form of a series expansion, viz.,

(-l)k Sk tkl XT , f » (- l)k Sk

N(t) [ °° (-
k=0

(6.3)
k! J "° [k=o (k+1)!

The success of this method therefore depends upon summing the infinite series by a finite
number of terms without introducing significant round-off errors. The choice of the best strategy
in the evaluation of the matrix series usually comes from experience through its use. The
algorithm used in POWDERPUFS-V is due to D.B. Miller and has the following advantages:

a) The algorithm multiplies matrices into vectors instead of other matrices. This reduces the
number of operations needed to integrate a set of equations in cases where the integration
interval is small enough, and

b) it greatly reduces the array storage area needed for program operation.

The burnup subroutine produces three measures of the number densities at any given irradiation
step:

a) Instantaneous Number Densities, N(o)j)

These are the number densities at the end point of exposure interval i.

b) Interval-Averaged Number Densities, N(Ao)j)

These represent the average value over the exposure interval i, i.e.,

N(w)do) (6.4)

c) Average-from-Zero Number Densities, N(wn)

These represent the average value over all irradiation intervals, i.e., from zero irradiation to
terminal irradiation, con



21

952164/450
rouben
95/12/03

]_35_text

N(con) = j i - N(o>) dco (6.5)

It should be evident from the definitions that, for small Aw, N(o>i)« N(Aoi>i), and for large con

(i.e., after long exposure), N(wn) will differ significantly from N(cOn) or N(Acon).

As will be shown later in Section 7, these three different types of number densities are necessary
for the calculations of different types of lattice parameters.

6.3 Treatment of Fission Products

The fission products are divided into two groups: the non-saturating group of low absorption
cross section, and the saturating group of very high absorption cross section.

6.3.1 Non-Saturating Fission Products

This group of fission products is treated by means of Hurst's model of pseudo-fission products
(References 14,15). In this model, there are assumed three pseudo-fission products (j = 1,2,3)
each with a constant effective cross section — 50,300 and 800 barns. Their yields from a given
fissile isotope (Yji) are, however, functions of the effective flux in the fuel and the spectral

parameter r y/T/T0.

This model enables the non-saturating fission products to be included in the burnup equations in
a simple way, see for example Table 6.1. In particular, the quantity

. ( a ) . ( a ) p m ( a ) p p p 2 ( a ) p p p 3 (6.6)

gives a reasonable estimate of the absorption load of these fission products.
3

The variation of 2 (Naa)i with irradiation has already been shown in Figure 4.4 where it can

3
be seen that 2 (Najj rises monotonically from 0 to 3 n/kb.

j = i

An important point that must be noted is that these pseudo-fission products are artificial fission
products, therefore their number densities do not bear any physical meaning.

The dependence of Yjj on <|)eff and r / T / T 0 has been tabulated by Walker (References 16,17)
for all the fissile isotopes of interest (see Section 10).

In the program, a two-dimensional Lagrangian interpolation routine is used to obtain Yji for any

setof((|>eff, r /T /To) .
Moreover, a factor of 1.07 is applied to the U-238 yield to adjust empirically for the effect of
U-238 resonances. The Pu-239 yield is multiplied by the factor 1.02 to allow for the
contribution from the fission products whose cross sections are not known.

6.3.2 Saturating Fission Products

The high-cross-section fission products considered are Rh-105, Cd-113, Xe-135, Sm-149,
Sm-151, Eu-155 and Gd-157. These are further divided into three groups:
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Rhodium group consisting of Rh-105 only;

Xenon group consisting of Xe-135 only; and

'Samarium' group consisting of all other stable (i.e., X = 0) high-cross-section fission
products, Cd-113, Sm-149, Sm-151, Eu-155 and Gd-157.

All three groups are assumed to reach their equilibrium concentration instantaneously and
therefore do not enter into the burnup equations.

At equilibrium, the differential equation governing the exposure variation of the concentration of
these groups is:

i /

where x denotes a given group and the summation is taken over all fissile isotopes. Rearranging
this equation yields:

f(
(6.8)

in which the effect of fast fissioning in U-238 is explicitly accounted for (Reference 18).
Equation (6.8) forms the basis on which the loads of all three fission products are calculated.
Note that X is zero for the stable 'Samarium' group. The absorption load of this group is
therefore flux independent (see equation (6.8)).

The effective flux in the fuel appearing in equation (6.8) is calculated according to:

• - " !=- T ' FT <6-9)

i \ ' i

where

is the ratio of the statistically weighted average flux to the maximumJ a v
<Pmax

flux in the core,

RT is the maximum heat rating of the highest rated bundle, (unit in kW
per cm length of bundle),

\i is the fraction of fission power transmitted to the coolant, and

is the volume of the fuel.

For a CANDU reactor, -£-21. can be estimated by:
9max

(6.10)

where a is the flux-squared-weighted average axial flux and p is the flux-squared-weighted
average radial flux. In the approximation that the axial distribution is a cosine function, a is
given by:
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rn/2
I c o s 3 (J) d(j>

'n/1 = 0.85 (6.11)
, n/2

I c o s 2 (j) d(j>
J-jt/2

can be estimated from a core simulation in the radial direction only, i.e.,

CORE

(6.12)

>*dV

*
where the integration over the whole core is in the radial direction only and (J) is the adjoint of
<{), the thermal flux distribution.
It should be noted that the fuel flux defined in equation (6.9) does not represent the simple
average fuel flux in the core. It is an "effective flux" suitable for the calculation of a
core-average fission-product load.
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7. TIME-AVERAGE LATTICE PARAMETERS

Three different types of lattice parameters are calculated by POWDERPUFS-V. These types are:

a) instantaneous,

b) homogeneous, and

c) reaction-rate-averaged.

The last two types involve averaging lattice parameters of all irradiation and are therefore also
known as time-average lattice parameters.

7.1 Method of Calculation

7.1.1 Instantaneous Lattice Parameters, 2JN

In this option, the lattice parameters are calculated in a point-wise fashion. Thus,

= N(a>i) • ofco,) (7.1)

where N(cOj) represents the (instantaneous) isotopic densities at irradiation point CO; and 0(0);
the microscopic cross section at (Oj. In practice, however, irradiation steps are finite intervals so
that N(cOj) really refers to the number densities at the end point of interval i while o(o)j) is
assumed to be constant within interval i. No averaging is done in this option.

7.1.2 Homogeneous Lattice Parameters,

The lattice parameters at any terminal irradiation, oon, are calculated according to:

2H0(a)n) = N(55n) * o(o>n) (7.2)

where

N(con) = j±- I N(oo)d(o (7.3)
Jo

represents the average number density over all irradiation intervals, i.e., from zero irradiation to
terminal irradiation ton.

7.1.3 Reaction-Rate-Averaged Lattice Parameters, 2RR

In this option, the lattice parameters at any terminal irradiation, ton, represent an average overall
irradiation intervals. Specifically,

2RR(Un). q » . ) + 2 K > n + - +
Moreover,

2(0);) = N(5BJi)*a(a>i) (7.5)
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where

~~ ' 1 N(w)dto (7.6)

represents the interval-averaged number density of interval i. The averaging procedure given by
equation (7.4) is also applied to the structural materials, coolant and moderator.

The difference between the homogeneous and reaction-rate-averaged lattice parameters should
be obvious. In the homogeneous option, the number densities are averaged, whereas in the
reaction-rate-averaged option, the lattice parameters themselves are being averaged. One should
further note that since the fuel composition has a deciding influence on the neutron spectrum
characteristics (r and Tn), the microscopic cross sections 0(0);) are different for the three options
for any given irradiation (Oj > 0.

7.2 Prediction of Reactivity and Burnup at Exit Irradiation

The objectives of calculating time-average lattice parameters are two-fold:

a) to predict the average fuel burnup that can be attained, i.e. the average exit burnup,

b) to determine the average fuel properties and spectral characteristics of a reactor that is
operating in a steady state or equilibrium fuelling condition.

The ideal averaging scheme is to spatially average with flux weighting the instantaneous
properties of the fuel throughout the whole reactor. Since this is not possible in a lattice
program, an approximation has to be used, which is given by equation (7.4). This procedure, in
effect, assumes that fuel of all irradiations is present at every point in the reactor. It has been
shown (References 19 and 20) that this approximation gives a reasonably good representation of
a reactor that is fuelled bi-directionally such as the CANDU. For this reason, the
reaction-rate-averaged calculation is often referred to as the homogeneous approximation to a
reactor which is operated continuously with on-power, bi-directional, once-through fuelling.
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8. INSTANTANEOUS PERTURBATION

An instantaneous perturbation refers to the reactivity effect associated with an "instantaneous"
change in some operational parameters, e.g. "instantaneous" changes in moderator, fuel, and/or
coolant temperature under various irradiation conditions.

The perturbation is accomplished by running two cases in succession. The first case is a normal
(reference) case having irradiation steps from 0 to oon. In the second (perturbation) case, the
burnup equations are not solved again but instead the isotopic densities generated in the previous
reference case are used in the calculation of lattice parameters, with changes in the temperature
of the component of interest (say fuel) for irradiation steps from 0 to (on. The difference in
reactivity between the first and second cases can then be used to calculate the fuel temperature
coefficient of reactivity for every irradiation step from 0 to wn. In general, these coefficients
vary with the fuel irradiation. From the operation point of view, these coefficients are
particularly important for fresh and equilibrium fuels.

To obtain coefficients for equilibrium fuel, one can use the reaction-rate-averaged option for the
normal (reference) case having irradiation steps up to the exit irradiation. In the
reaction-rate-averaged option, the isotopic densities generated in the reference case are saved at
each irradiation step, so that the averaged lattice parameters (see discussion in Section 7.1) can
be calculated in the perturbation case as well.

The same procedure can be used to obtain reactivity effects of certain "non-instantaneous"
changes in the reactor components, or operating conditions. The more important of these are:

a) reactivity release following a reactor shutdown,

b) reactivity release following a total loss of coolant,

c) reactivity worth of boron introduced in the moderator,

d) reactivity worth of individual components of the saturating fission products,

e) reactivity coefficients of moderator purity and coolant purity.
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9. TWO-GROUP DIFFUSION-CODE PARAMETERS

In the two-group context, the fast-group (group-1) cross sections, 21 ? refer to the slowing-down
group. The thermal-group (group-2) cross sections, 22. nave been denoted by 2 throughout this
manual and represent the thermal-spectrum-averaged values. T and <I> are related to the

A A

Westcott quantities 2 and 4>, respectively, by:

2 =

and

so that

4> 2 = O 2 = total reaction rate

(see Section 2.2).

Diffusion codes, such as EQUIPOISE (Reference 21), EXTERMINATOR (Reference 22),
WHIRLAWAY (Reference 23), and RFSP (Reference 24) base their formulation as follows:

V- D2 V <D-2a>2 <D + 2 R a ^ = 0 (9.1)

r i fv2 2f2 * + v l 2 f l ^ 1
V - D , V ¥ - 2a>1 + 2 R J ^ + ^—^ x = ° (9>2)

L ' ' J A.

where X is the eigenvalue, and <I> and W are the thermal and fast fluxes, respectively. 2 R J is the
removal (down-scattering) cross section from group 1 to group 2.

In the four-factor formulation used by POWDERPUFS-V, the fast fission rate is not calculated
explicitly, but instead is evaluated relative to the thermal process only. Thus the production of
fast neutrons per thermal neutron absorption is given as 6T)f. The source term for the fast group
equation (equation (9.2)) therefore reduces to:

r^2_* (9.3)

where

v2 2 f t 2 = 2^2 er)f = 2 a 2 ^ (9.4)

The fast-group cross sections, 2 a x and 2 R t l , can be determined from the following relations:

2 a l + 2 R 1 = -j- (Diffusion theory) (9.5)

£ 2 _ — = p (Definition) (9.6)
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giving

and

= p

i
In summary, the two-group diffusion parameters for the lattice cell appropriate to this
formulation are calculated according to:

D2 \
2a,2 = L 2

2 a i = (1 - P) ^

2 2f,2

where E

and D2 3

3 <

< I

1

c 2

1

1
i

>

P ^
T 2

s

cell

(9.7)

(9.8)

(9.9)

In a reactor simulation, it is usually necessary to simulate the reflector region as well. The
two-group diffusion parameters for the reflector region are calculated by simple recipes:

'a,2,R

-R.1.R

- y
a.moderator * a. == y

a,2,moderator

D,

D2,R
-tr,2,R

D,
8.66

(9.10)

where 2
t r 2 R

andL 2
R = {126 - 4(100 - (9.11)
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where AP is the purity of the reflector in atom percent.

In the program, the physical properties (density PR, temperature and purity) of the reflector are
assumed to be the same as those of the moderator.

952164/450
rouben
95/11/13

l/35_ttxl



30

10. REFERENCES

1. M.F. Duret and R. Marriott, "A Computer Program for Reactor Studies", AECL-911,
1959 October.

2. C.H. Westcott, "Effective Cross-Section Values for Well-Moderated Thermal Reactor
Spectra", AECL-1101, corrected 3 r d edition, 1960 November, addendum 1964 March.

3. S.A. Kushneriuk, "The Average Nuclide Composition in Irradiated Natural Uranium
Metal Fuel Rods", AECL-2086,1964 September.

4. R.G. Jarvis, "A Review of Diffusion Parameters for Thermal Neutrons in Light and
Heavy Water with an Appendix on the Thermal Neutron Absorption in Boron",
AECL-2072,1964 August.

5. B.I. Spinrad, "Fast Effect in Lattice Reactors", Nuclear Science and Engineering L.
pp. 455-460,1956.

6. M.R. Fleishman and H. Soodak, "Methods and Cross Sections for Calculating the Fast
Effect", Nuclear Science and Engineering 7, pp. 217-227,1960.

7. B. Pershagen, as quoted in D.W. Hone et al, "Natural Uranium Heavy Water
Lattices, Experiment and Theory", AECL-622,1958.

8. R.E. Green and C.B. Bigham, "Lattice Parameter Measurements in ZED-2",
AECL-1814,1963.

9. E. Critoph, "Comparison of Theory and Experiment for a) Lattice Properties of D2O-U
Reactors, b) Central Rod Experiments, c) Foreign Rod Experiments", AECL-350,1956,
reprinted with revisions 1960.

10. W.E. Graves, "Measured Slowing Down Distribution at the Indium Resonance from a
Line Source of Fission Neutrons in Heavy Water", Nuclear Science and Engineering \2,
pp. 439-441, 1962.

11. CD. McKay, 'The Calculation of Thermal Utilization by a Collision Probability Method
including Scattering and Sources in the Annuli Surrounding the Fuel", AECL-1474,
1961.

12. M.F. Duret, "The Effect of Bi-Directional Fuelling on Reactivity", AECL-1235,1961.

13. L. Pease, "DEEMS - A Fortran Program for Solving the First Degree Coupled
Differential Equations by Expansion in Matrix Series", AECL-1898,1963.

14. D.G. Hurst, "Calculated Cross Sections of Irradiated Fission Products", AECL-346,
1956.

15. D.G. Hurst, J.M. Kennedy and W.H. Walker, "Cross Sections and Yields of
Pseudo-Fission-Products", AECL-715,1958.

16. W.H. Walker, "Yields and Effective Cross Sections of Fission Products and
Pseudo-Fission-Products", AECL-1054,1960.

17. W.H. Walker, "The Effect of New Data on Reactor Poisoning by Non-Saturating Fission
Products", AECL-211,1964.

952164/450
rouben
95/12/03

l_35_iext



31

18. W.H. Walker, "Fission Product Poisoning from Fast Fission of U-238", AECL-1537,
1962.

19. L.A. Smith and RJ. Atchison, "Bi-directional Fuelling in CANDU - Variation in Lattice
Constants Through Burnup", AECL-833,1959.

20. M.F. Duret, "The Effect of Bi-directional Fuelling on Reactivity", AECL-1235,1961.

21. T.B. Fowler and M.L. Tobias, "EQUIPOISE-3: A Two-Dimensional, Two-Group,
Neutron Diffusion Code for the IBM-7090 Computer", ORNL-3199, TID-4500.

22. T.B. Fowler, M.L. Tobias and D.R. Vondy, "EXTERMINATOR: A Multigroup Code for
Solving Neutron Diffusion Equations in One and Two Dimensions", ORNL-TM-842.

23. T.B. Fowler and M.L. Tobias, "WHIRLAWAY: A Three-Dimensional, Two-Group
Neutron Diffusion Code for the IBM-7090 Computer", ORNL-3150.

24. B. Rouben, "Overview of Current RFSP-Code Capabilities for CANDU Core Analysis",
TANSAO 72, p. 339,1995 June.

952164/450
roubeo
95/12/03

1.35 Jexl



32

11. GLOSSARY

The following is a list of symbols appearing in the report (see also Table 6.4).

Symbol
Subscript

Superscript

Unit
a
c
s
e
i
f
m
tr
th
tot
0
0

n
g
H
A
M
F
C
V
Sh
N

R
S

u
1
2
25
28
49
40
>

r
A

Definition
absorption
capture
scattering or slowing down
elastic scattering or epithermal
inelastic scattering
fission or fast
moderation or Maxwellian or material
transport
thermal
total
homogenized fuel region
standard temperature
refers to neutron temperature when used as Tn

geometrical
hardened (spectrum)
annulus region
moderator region
Fuel
coolant
void
sheath
total neutron density or total number of annuli
(in the annulus region);
annuli are designated k = 1 , . . . , N
removal or resonance or reflector
scattering or slowing down
unhardened (spectrum)
group 1 (fast group) when used with 4> or 2
group 2 (thermal group) when used with (J) or 2
U-235
U-238
Pu-239
Pu-240, etc.
fast group
thermal group
resonance neutrons
Westcott cross section
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Symbol

A0

B2
m

Unit

Pbb

Pc(rn>

Pf

Pt

RT

RIe

Ro

Tc

cm
-2

i - 2

C(TF)

Di

D2

DIHA

Ei

Er

FIFA

F

H

ICR

L2

L2

MF

NA

VJ.11

-

cm"1

cm"1

-

MeV/fission

eV

-

-

kW cm2s

—

cm2

cm2

g

moles
i _

g/cm3

kW/cm

cm

°C

Definition

Number of absorptions per second per unit length in the
homogenized fuel region

Geometric buckling of the reactor core

Material buckling of the lattice cell

Doppler temperature coefficient

Mean fast diffusion coefficient of the lattice cell

Mean thermal diffusion coefficient of the lattice cell

Destruction of heavy atoms per initial heavy atom

Energy release per fission of isotope i

Resonance energy

Fissions in fissile isotopes per initial fissile atom

Ratio of Westcott fuel flux to thermal cell flux

Ratio of bundle fission power to thermal cell flux

Initial conversion ratio

Thermal diffusion area

Slowing-down area within the cell

Mass of fuel in fuel element per unit length

Avogadro's Number (0.60222 x 1024)

Number density of isotope i

Probability that a neutron of resonance energy will be at the
location of its birth

Collision probability in region n

Probability that a neutron arising from an isotropic source
distribution inside region n will escape that region without
collision

Fast neutron non-escape probability

Thermal neutron non-escape probability

Maximum power rating of the fuel

Effective resonance integral

Radius of homogenized region

Average coolant temperature in the reactor
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Symbol

TF

Tn,F

V0

VF

Vsh

VC,0

Vv

V;

Unit

°C

°C

cnr

cnr

cnr

crcr

cnr

cm

ATMh

a

ac (Tc - TM)

a F (T F -T c )

Y
Yo=

e

°C
-

°C

°c

-
-

c-1

Definition

Flux-weighted mean physical fuel temperature for the core

Mean physical moderator temperature

Mean neutron temperature in the homogenized fuel region

Volume of the homogenized fuel region per unit length,
(averaged over bundle)

Volume of fuel per unit length

Volume of sheath material per unit length

Volume of coolant inside homogenized region per unit length

Volume of void per unit length

Yield of fission product j from fissile nuclide i

Thermal utilization factor, also used to denote fraction of
neutrons which are epithermal

Resonance escape probability

Slowing-down density distribution in pure moderator for a line
fission source

Slowing-down density distribution in the lattice cell from a line
fission source

Radius of homogenized region

Epithermal index of region n, i.e., Westcott-r

Hardening of thermal spectrum in fuel due to neutron
absorption

Hardening in moderator due to intensity of slowing-down flux.

Pu-240 self shielding factor

Represents the rethermalization effect of raising the
temperature of the fuel and coolant from TM to Tc

Represents the rethermalization effect of raising the fuel
temperature from Tc to Tp

Fast-fission ratio (of fuel bundle or rod) in finite medium

Fast-fission ratio in infinite moderator

Fast fission factor

Thermal reproduction factor

Decay constant for radioactive nuclide i

Average number of fast neutrons produced in thermal fission of
isotope i
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Symbol

PF

P

Pm(v)

Pe(v)

o0
A

0

a
A

2

Unit

g/cm3

barns

barns

barns

cm
-l

cm"1

n/cm2/s

n/cm2/s

n/cm2/s

n/kb
(neutrons per

kilobarn)

MWh/kgU
or MWd/tU

Definition

Density of fuel

reactivity, defined as ^

Normalized Maxwellian neutron density distribution

Normalized epithermal neutron density distribution

2200 m/s microscopic cross section

Westcott microscopic cross section

Thermal-spectrum-averaged microscopic cross section

Westcott macroscopic cross section

Thermal-spectrum-averaged macroscopic cross section

Westcott flux

Thermal (Maxwellian)-spectrum-averaged flux

Fast flux

Fuel irradiation in terms of effective flux in fuel

Fuel burnup
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Table 6.1
Burnup Equations of Set A (Six Isotopes and Three Pseudo Fission Products, no Np-239)
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= - a a 2 8N 2 8 - Av256Q5N25 - Av 4 9a f 4 9N 4 9 - Av4 1a f 4 1N4 1 - E

d N 2 5

"df = "

3- - i - r = -o a 4 9
N 49 + oa28N28 + Av25on5N25 + Av49af49N49

+ Av41of41N41 + E

dN.n
4-

5- - ^ f = - o a 4 1 N 4 1 + aa40N40

d N 4 2 A A

6- ~ ^ f = - o a 4 2 N 4 2 + ac41N41

(Yj>49 + YYjj28)af49N49 + (Yj)41 + YYJ)28)af41N41 forj = 1,2,3
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Table 6.2
Burnup Equations of Set B (Seven Isotopes and Three Pseudo Fission

Products, Np-239 Included)

d N A A A A

-AZT = ~ Oa28N28 ~ Av25°f25N25 ~ Av49Of49N49 - Av41O f41N41 - E

3- " ^ f = - f 0^9 + - ^ ) N 3 9 + O^gN^ + AV25OJ25N25 + Av49Of49N49

+ Av41af41N41 + E

4- ^ f = " &-9N49 + ^ N49

5- - ^ = - o a 4 0 N 4 0 + aa39N39 + ac49N49

dN
6- - ^ = - ^ N ^ + aa40N40

7- "^

= - ^ j N j + (Yj>25 +

+ (Yj>49 + 7Y j i 2 8)a f 4 9N4 9 + (Yj>41 + YY j>28)a f41N41 forj = 1,2,3
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Table 6.3
Burnup Equations of Set C (21 Isotopes and Three Pseudo Fission Products)

2. ^ N13 + cc02N02

Xf N
13

oc l3N13 + ac23N23 + ^ N48

5-

, - E

9- a? -fr] N38 + °c37N37

» •
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Table 6.3 (continued)

12. T £ - " °,49N49 + ^ N39 4- crf8N48

IST = -°«>N« + °»N*> + ° ^ « + T

15. ^ f - - aa42N42 + oc41N41

16. ^ 5 1 = _ a a 5 1 N 5 ] + -AL N 4 1

dN<;0 A

^ 2 1 N« + 0.923

21. ^ = - U * + ^ N M + ac53 + ac63N6

22.-24. 5 1 = - a ^ + 2 (Yj4 + yYj)28) aflN; forj = 1,2,3
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Table 6.4
Notations Used in Burnup Equations

Nj* = number density of isotope i, atoms X 10"21/g-fuel

(0 = fuel irradiation in terms of effective flux in fuel, neutrons per kilobarn

oai = Westcott absorption cross section of isotope i, kilobarns

ofi = Westcott fission cross section of isotope i, kilobarns

acj = a a i- afi = Westcott capture cross section of isotope i, kilobarns

on2n = Westcott cross section of (n,2n) process in U-238, kilobarns

Xj = decay constant for isotope i, s"1

<J) = Westcott neutron flux in fuel, neutrons cm"2 s'1

Vj = neutron yield per fission of isotope i

Yy** = yield of pseudo fission product j from fissions in isotope i

Y = fast-fission ratio

A = PbbPf (1-p) £ + (1-p') e'

E = (1-Pbb) e (1-p) Pf SB

= fraction of all resonance energy neutrons in a rod which were born in the rod
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Table 6.4 (continued)

Pf = non-leakage probability for the fast group

p = resonance escape probability

£ = fast-fission factor

(1 - p') e' = fraction of fast neutron captures in U-238

SB = effective yield of resonance neutrons from fissions in surrounding
bundles

* Two-digit convention: the first (second) digit of i refers to the last digit of the atomic
(mass) number of the isotope in question. Thus, N28 refers to U-238.

** j refers to the pseudo-fission products 1,2 or 3 with aa 's equal to 50, 300 and 800 barns,
respectively.
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Figure 1.1 A Simplified Chart of the Physics Analysis of CANDU Reactors
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FUEL ELEMENT

D2O PRIMARY COOLANT

PRESSURE TUBE
QAS ANNULUS

D2O MODERATOR

CALANDRIA TUBE

Figure 1.2 Cross-Section of a Typical CANDU Lattice Cell
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REGION:
1
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Figure 1.3 Model of Lattice Cell Used in POWDERPUFS-V
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FUEL COMPONENT NON-FUEL
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OUTSIDE REACTOR
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EFFECTS
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FISSION
IN FUEL

I
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CAPTURE .
IN FUEL '

I

1 NEUTRON

I
(1-0

THERMAL ABSORPTION
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AND MODERATOR

I
I
I

I
r?e<1-Pf)

-OFAST
LEAKAGE

LEAKAGE BETWEEN
' RESONANCE AND

THERMAL ENERGIES

Figure 1.4 Neutron Cycle Diagram for POWDERPUFS-V
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NON-FUEL
COMPONENTS
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[g(T) + rs;(T) ]
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MUST BE GIVEN FOR
FIRST STEP; CALCULATED
FROM BURNUP SUBROUTINE
FOR SUBSEQUENT STEPS
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t
*?. e. t>. f, k f f AND
OTHER LATTICE PARAMETERS

1 t

J RECALCULATED

NO TEST
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CONVERGENCE

YES

NEXT EXPOSURE STEP

Figure 1.5 Order of Calculations in POWDERPUFS-V
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Figure 4.1 Variation of Four-Factor Parameters with Irradiation
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Figure 4.2 Variation of the Yield and Absorption Terms with Irradiation

952154/450
roubcn
95/11/13

42/53 J igs



49

37-ELEMENT NATURAL U0 2 FUEL

2.0 3.0

IRRADIATION (n/kbl

Figure 4.3 Variation of Individual Components of the Yield Term with Irradiation
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Figure 4.4 Variation of Individual Components of the Absorption
Term with Irradiation
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Figure 6.1 Burnup Chain of Set A - Six Isotopes and Three
Pseudo Fission Products
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Figure 6.2 Burnup Chain of Set B - Seven Isotopes and Three
Pseudo Fission Products
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Figure 6.3 Burnup Chain of Set C - 21 Isotopes and Three
Pseudo Fission Products
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