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Abstract

Calculation of the neutron flux in a nuclear reactor core is ideally performed by solving
the neutron transport equation for a detailed-geometry model using several tens of
energy groups. However, performing such detailed calculations for an entire core is
prohibitively expensive from a computational perspective. Full-core neutronic
calculations for CANDU reactors are therefore performed customarily using two-energy-
group diffusion theory (no angular dependence) for a node-homogenized reactor model.
The work presented here is concerned with reducing the loss in accuracy entailed when
going from Transport to Diffusion. To this end a new method of calculating the diffusion
coefficient was developed, based on equating the neutron balance equation expressed
by the transport equation with the neutron balance equation expressed by the diffusion
equation. The technique is tested on a simple twelve-node model and is shown to

produce transport-like accuracy without the associated computational effort.

Keywords: Applied Reactor Physics, Transport Theory, Diffusion Theory, Diffusion
Coefficients, CANDU, Natural Uranium, Nuclear Reactors, PHWR
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1.0

INTRODUCTION
“The movement of neutrons can be treated as a transport process”

CANDU reactors consist of a horizontal, non-pressurized, calandria
vessel which contains the heavy-water moderator. The calandria is
penetrated axially by fuel channels consisting of two concentric tubes
separated by a gas gap: an inner tube called the pressure tube, and an
outer tube called the calandria tube. The pressure tubes hold the fuel
bundles, which are cooled by the flow of coolant at high temperature and
pressure. The coolant flows in opposite directions in adjacent channels.
For a CANDU 6 reactor, there are 380 fuel channels, each holding
twelve 37-element fuel bundles, approximately 50-cm long each. The

distance between channels (lattice pitch) is 28.575 cm.

The heat generation rate is directly determined by the neutron flux.
Calculation of the (angle-dependent) neutron flux in the core is ideally
performed by solving the neutron transport equation (linear Boltzmann
equation) for a detailed-geometry model using several tens of energy
groups. However, performing such detailed calculations for an entire
core is prohibitively expensive from a computational perspective. Full-
core neutronic calculations for CANDU reactors are therefore performed
customarily using two-energy-group diffusion theory (no angular
dependence) for a node-homogenized reactor model. A node consists
usually of a parallelepiped one lattice pitch by one lattice pitch (one
lattice cell) by one bundle length. Such a two-group node-homogenized
model represents the last step in a succession of approximations (in
decreasing order of accuracy):

1. many-energy-group heterogeneous transport

2. two-energy-group heterogeneous transport

3. two-energy-group node-homogenized transport

4

. two-energy-group node-homogenized diffusion.

Modelling & Computational Science
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Numerical calculations reveal that the largest error is incurred when
going from approximation 3 to approximation 4. The work presented
here is concerned with reducing the loss in accuracy entailed by going
from approximation 3 to approximation 4 by appropriately adjusting the
values of the diffusion coefficients. To that end a new method of
calculating the diffusion coefficient was developed, based on equating
the neutron balance equation expressed by the transport equation with
the neutron balance equation expressed by the diffusion equation.

The technique is tested on a simple twelve-node model and is shown to
produce transport-like accuracy without the associated computational
overhead. While the emphasis is on reducing the numerical discrepancy
when moving from approximation 3 to approximation 4, the difference
between approximation 4 and approximation 1 has also been included

(Chapter 5-6) for completeness.

The scope of computations (Figure 1.1, adapted from [1]) is restricted to
steady state problems (postulating constant neutron distribution) and is
sufficient to establish the efficacy of the proposed method. Non-steady
state problems are normally reserved for post-accident design scenarios

and fuel management is a distinct research area of its own.
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Scope of Research

Figure 1.1 — Problem scope

As is standard practice with multi-parameter averaging methods, fine
representation of neutron energy serves as the starting point, which is
then replaced by a rather coarse energy representation of neutron
density. Experience shows that with care (and competence!), averaging
calculations can be sufficient for reactor design. Nonetheless, with
increase in the physical heterogeneity of cores, reducing gaps between
successive transport approximations has become imperative. This work
represents a much needed step in this direction, lest design and

regulatory demands outpace modeling capabilities.

In terms of “other possibilities”, highly detailed transport-theory-based
full-reactor-core calculations are beginning to be attempted using
deterministic codes such as UNIC from Argonne National Laboratory in
the US and some Monte Carlo codes, such as MCNP, developed at Los
Alamos National Laboratory, also in the US. To be applicable to full-
core calculations, these codes need to be run on large parallel

architectures, nearing 1E6 processors and the wall-clock time for such
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calculations is still of the order of days to weeks, making them

impractical for day-to-day design and analysis tasks.

. . pa—
High Level Overview o

e Direct

& ' Solution
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Obtain transport like

accuracywith diffusion
solution time

Internal Review

Figure 1.2 — Research Premise

The premise of this research (Figure 1.2) is that if computational gains
can be made by improving methods without using parallelization and

expensive computer architectures then perhaps deterministic methods
(such as multi-parameter-averaging techniques) represent a rewarding

area of research.
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2.0 THEORETICAL BACKGROUND

In this chapter we present the theoretical aspects of neutron transport
and diffusion. We start (in Section 1) by presenting the derivation of the
differential and integral forms of the transport [linear Boltzmann]
equation. The differential form shall be converted to the integral form,

the two being equivalent from a mathematical point of view.

Analytical solutions to the steady-state continuous-energy differential
and integral can be obtained under highly restrictive conditions but are of
little use for practical applications. Instead, one can use numerical

methods.

The discretization of the energy variable leads to the multigroup
approximation (derived in Section 2.1.3). After presenting the multigroup
energy treatment, the reader is then introduced to the spatial and
angular discretization of the transport equation. Given the cost of using
direct and detailed transport solutions, the practice of using multi-
parameter averaging techniques (i.e. energy condensation and
homogenization) is then formally introduced to the reader. For
completeness a brief point on the alternative “probabilistic” Monte Carlo
approach is made.

With requisite theoretical background having been covered in the
transport domain, the next stop for the reader shall be the diffusion
equation. By then this brief coverage of transport and its approximation,
diffusion, shall be sufficient to embark on “the statement of the problem”
(Chapter 3).

21 Continuous-energy differential transport equation

The integro-differential (or simply “differential”) form of the neutron

transport equation is highly complicated as it involves both derivatives

Modelling & Computational Science
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and integrals of the flux. The starting point of the transport equation [1] is

a balance relation for neutrons in a finite volume.

Note: Q s a vector quantity

Defining control volume C; bounded by surface oC (Fig. 2.1)

Consider particles located in C traveling in direction Q (within a d*Q
interval), with a speed equal to V, (within a dV, interval).

37

A
Y C

v

Figure 2.1 - Particle balance in a control volume

The number of particles in domain C with speeds around V, and travel

direction around omega.
[Incr.v, @.av,d2apcr 2.1
C

Defining the following:

Change in the number of particles in C during At
d°A = [d*r[n(r,V,,Q,t+ At —n(r,V,,Q,)]dV,d*Q 2.2
C

Net number of particles streaming out of C during At obtained by

integrating the outward particle current over oC

Modelling & Computational Science
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d*B = [d’r(Q: N)g(r,V,, Q,)dV,d*Qat 2.3
oc

N is the unit vector, normal to 6C , and pointing outside oC at point r.

Using divergence theorem to transform Eq. (2.3) into

d°B = [d°rV-Qg(r.V,,Q,t)dV,d*Qat 24
C

Number of collisions in C during Atis

dSC — Id3r|:z(r,vn)[\/nn(r1vn,Q’t)dvndZQ]At 25
C

The coefficient capital sigma X is called the total macroscopic cross

section and has units of cm™.

Definition of Macroscopic Cross Section (X))

z“X(r’vn) = Z Ni (r)o-iX (Vn)

N. = number density for nuclide species i

n =number of different nuclides
N, =atom (number) density of nuclide i

o' =microscopic cross section of reaction x for nuclide i

Assume macroscopic total cross section X is independent of Q and t.

Number of new patrticles created in C during Atis
d*D = [d°r[Q(r.V,.Q.Hav,d*Qat 2.6
C

Where Q(r,V,,Q,t)is the neutron source density.

Modelling & Computational Science
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The particle balance is written
d*A=-d’B-d°C+d°D 2.7
The integral over the control volume can be discarded from the four
terms (by taking the limit C->0), leading to

n(r,v,,Q,t+At)—n(r,V,,Q,t) 2.8

At

=-V-Qg¢(r,V,,Q,t)-Z(r,V, )V, n(r,V,, Q)]

+Q(r,V,, Q1)
Taking the limit as At — 0 and introducing the angular flux,
o(r,V,,QQt)=n(r,V,,Qt)V, as the dependent variable, we obtain the
differential form of the transport equation.

10 2.9
\/_a(r’\/”’g’t) +V-Qp(r,V,, Qt)+Z(r,V,)e(r,V,,Qt)

=Q(r,V,,Q,t)
Using the identity V-wf (r) =w-Vf (r), Eq (2.9) can be rewritten as
Vig(r,vn,Q,t) +Q-Vg(rV,,Qt)+2(r,V,)e(r,V,,Q,t) 2.10
=Q(r.V,,Q1)

In steady-state conditions, the equation reduces to

Q-Vo(rV,, Q) +2(r,V,)g(r,V,, Q) =Q(r,V,,Q) 2.11

Equation (2.10) is the basic formulation of the linear Boltzmann

equation.

Modelling & Computational Science
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211

Continuous-energy integral form of the transport equation

The characteristic form of the transport equation

Expressing the streaming operator Q.-V¢ over the characteristic, a

straight line of direction Q corresponding to the particle trajectory, yields

what is referred to as the characteristic form of the transport equation.

At each time of its motion, the particle is assumed to be at distance s
from a reference position r on its characteristic, so that its actual position

is r+sQattime t+s/V,.

The streaming operator can be transformed using the following

derivation.

We write

d o dyo o dto 2.12

= + + +—
ds dsox dsoy dsoz dsot

With
dsQ = dr = dxi + dyj + dzk 2.13

Taking the dot product of dsQ = dr = dxi +dyj +dzk with i, we
obtaindsQ-i =dx. Similarly dsQ- j =dyand dsQ-k =dz . After substitution
into Eq. (2.12), we obtain

d 0 :
£=(Q'|)&+(Q‘ )]

10 2.14

ot

0
—+
oy

=Q-V+

Qilito
oz V, ot vV

n

Substituting Eq. (2.14) into Eq. (2.10), we obtain the backward

characteristic form of the transport equation:
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§¢(r +SQ,V,, Qt+s/V,))+Z(r +sQ,\V,)g(r +sQ,V,, Q,t+s/V,) 2.15
S
=Q(r+sQ,v,, Q,t-s/V,)
Equation (2.15) can also be written in the forward form as
2.16

—§¢(r -sQ,V, ,Q,t-s/V,)+Z(r—sQ,V,)g(r —sQ\V, ,Qt-s/V,)
S

=Q(r-sQ\Vv,,Q,t-s/V,)

The integral form of the transport equation

For a given value of the source density Q(r,V,,Q,t), integrating the

angular flux along its characteristic gives the integral transport equation.

Introducing an integrating factor e *®*) where the optical path (7 ) is
defined as a function of the macroscopic total cross section
>(r,V, ) using

- | 2.17
(s,\V,) = jds S(r-s’.V,)
0

We compute the following relation:

aﬁ[e“S’V“)]qﬁ(r—sQ,Vn,Q,t—s/vn)z 2.18
S

—-2(r—sQ,V,)
e—r(S,Vn) a
xg(r-sQ,VvV,,Qt-s/V,) +6—¢(r -sQV,,Q,t-s/V,)

S

Using the identity
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ds,. . 2.19
Eldsg(shg(s)

Substitution of Eq. (2.16) into Eq. (2.19) leads to

—aﬁ[e"(s'v")]ﬂr _sQV,, Qt—s/V,) = 2.20
S

e "EWQr—sQV,, Q,t—s/V,)

Equation (2.20) can be integrated between 0 and «, so that

—Tds%[e’(S’V")];/}(r—sQ,Vn,Q,t—s/Vn)z 2.21
0

ste‘T(S'V"’Q(r -sQ,V,, Q,t-s/V,)
0

or
p(r.V,, Qt) = 2.22

J‘dse*"S'V“’Q(r -sQ\V, . Q,t-s/V,)
0

Equation (2.22) is the integral form of the transport equation for the

infinite-domain case.

A particle from source Q(r,V.,Q) will travel with an exponential

attenuation factor in direction Q and contribute to the flux at pointr.

If the domain is finite, it is possible to integrate only over the s values
corresponding to a value of r’ inside the domain. In this case, the integral

form of the transport equation is written
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21.2

$(r,V,, Q1) =e " Cg(r—bQ,V,,Q,t-b/V,) 2.23

b
Idse"(s'V“’Q(r -sQV,,Qt-s/V,)
0

Where ¢(r —bQ,V,,Q,t—b/V,) can be assimilated to a boundary flux.

The integral form of the transport equation is generally limited to

isotropic sources in the laboratory frame, so that

QY 2. == Q(r.V,.0) 224
4

Boundary conditions

Boundary 6V surrounds domain V

We introduce N(r,), the outward normal at r, € 6V . Solution of the

transport equation in V requires the knowledge of the angular flux

o(r,,V,,Q,t) for Q.-N(r,) <0.

The incoming flux j is related to the outgoing flux via the albedo

boundary condition. Written as

P(r, V., Q1) = Bo(r,,V,,Q 1) with Q.-N(r,) <0 2.25

Q being the direction of the outgoing particle. For vacuum and reflective

boundary conditions the albedo gis equal to zero and one, respectively.

Specular reflection is when

Q-'N(rs)z_Ql'N(rs) and (QXQ)N(rs)ZO 2.26
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A white boundary condition is a reflective boundary condition where
particles striking the boundary turn back to V with an isotropic angular

distribution.

o,V , Q1) 2.27

[ d*QQ - N()W(r,.V,.Q 1)
ﬂ Q' N(r)>0
[ dQ N,

Q' N(r,)>0

with Q.- N(r,) <0

Where pis the albedo.

When white boundary conditions are used, Eq (2.27) simplifies to

#(r,. V., 1) 2.28

ZE J.dZQ'[Q' . N(rs)](ﬁ(rs,Vn,Q',t) with Q.- N(I’S) <0

QN(r;)>0

In a periodic lattice where the flux on one boundary is equal to the flux

on another parallel boundary we have the periodic boundary condition:

o(r,V,, Qt) =o(r, + Ar,V,,Q,t) 2.29

Where Aris the lattice pitch.

A non-physical condition corresponding to the nonexistence of particles

on oV is referred to as the zero-flux boundary condition.
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Multigroup transport equation

The energy variable is discretized using what is known as a multigroup
treatment. The maximum energy of neutrons for the problem of interest
is denoted by E,. A new variable u is then defined called the lethargy

u=In(E,/E).E, is called the reference energy and is normally taken as

being above 10 MeV, which is a sufficiently large value to encompass all

neutrons present in a nuclear reactor.

The lethargy is zero for the neutrons of energy E,and increases as

neutrons slow down.

We divide the energy domain 0 < E <E,into G groupsW_ , so that

Wg ={u;u,, <u<u,}={E;E, <E<E_,};9=1G where 2.30
u, =In(g,/E;)and u, =0.

Before proceeding, we will note that the angular flux is, in fact, a
distribution with respect to neutron speed, lethargy or energy and hence:
(u,r,Q)du =gV, ,r,Q)dV, =g4(E,r,Q)dE 2.31

The group values of the flux, cross section, differential cross section and

source density are defined as

Uy 2.32
8, (r, Q) = [dug(r,u,Q)

Ug_g

Ug 2.33
g, (1) = [dug(r,u)

Ug4
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2.34
&g (), j dux(r, u)g(r,u)

gl

2.35
(=,, ()¢ (r) = Idu JduZ (ru<«u)g(r,u)
And

2.36
(Q(r, ), j duQ(r,u, Q)

g -1

The multigroup cross-section components are defined in such a way as

to preserve the values of the reaction rates. We write

1 2.37
zg(r>=m(2<r)¢(r>)g
1 2.38
z:I’g<—h Z:sl h
ctrgen (1) = ¢h()( (NN)),.
And
VE, (D)= ¢gl()vzfj(r)¢(r) 239

The transport equation for neutrons can be written in multigroup form,
leading to a set of G-coupled integro-differential equations.
Multigroup steady-state transport equation

The multigroup and differential form of the steady-state transport
equation in group g is written
Q-Vg, (r,Q)+Z,(r)g, (r, Q) =Q, (r,Q) 2.40

The characteristic form of Eq. (2.40) is
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d 2.41
E¢g(l’+SQ,Q)+Zg (r +5Q)g, (r +sQ,9Q)
=Q, (r +sQ,Q)
Integral infinite-domain:
() 2.42
$,(r, Q) :J'dse "Q, (r—sQ,Q)
0
Finite domain:
. ) 2.43
B, (r, Q) =e ™ >¢g(r—bQ,Q)+jdse '9Q, (r-sQ,Q)
0
Optical path in group g is
2.44

z,(s) :jds 2, (r=sQ)

We have obtained an eigenproblem taking the form of a set of coupled

differential equations.
Numerical methods for neutron transport equation

Monte Carlo

Monte Carlo is a stochastic "probabilistic" method that relies on the use
of random number generators. The life of a large number of neutrons is
simulated from emission until death. While uncertainties cannot be
reduced to zero, it has the advantage of easy implementation wherein
the Boltzmann equation is not represented explicitly, and no multilevel
averaging technique is required when representing the geometry and

energy distribution within a reactor core.
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The number of simulations required for a "run" can be quite high at
times, and as such it necessitates the parallelization of computations via

additional processing muscle.

The Collision Probability Method

Probabilistic Monte Carlo methods are extremely expensive, and time
consuming for practical applications. The Collision Probability method is
very robust and in wide use for solving the transport equation. The
integral transport equation is the starting point for the Collision
Probability method. The Collision Probabilities method offers the
geometrical advantages of Monte Carlo, with the efficiency of

deterministic methods.

Assuming isotropic sources, spatial discretization of the integral
transport equation in multigroup form leads to the Collision Probability
method. When dealing with unstructured meshes this method is
advantageous. In the case of an infinite lattice of identical cells, Collision
Probabilities can be defined over an infinite domain. Collision
Probabilities can also be defined over a finite domain, requiring that

boundary conditions be added to close the domain.

Integrating Eq. (2.42) over the solid angles to obtain integrated flux ¢, (r)

) 1, % 2.45
¢g(r)=4jﬂd Q¢g(r,Q)=Ei|;d Q{dse '9Q, (r - sQ)

The optical path z,(s) given by Eq (2.44).
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Introducing the change of variable r'=r—sQwith d*r'=s?d*Qds. We
obtain

e . 2.46
Q,(r)

1 ¢ 5
¢g(r)=5£d g

With s=|r—r].

When dealing with identical cells (or an infinite lattice) repeating
themselves with periodic boundary conditions or in a symmetric fashion,
the above form of Transport is used.

Let us now partition the unit cell into regionsV;.

Symbol V,” is used to represent the infinite set of regions V, belonging

to all the cells in the lattice.

Suppose the sources of secondary neutrons are uniform and equal to

Q,, on each region V.
After multiplication by X (r) and integration over each regionV;, Eq.

(2.46) can be written

e779 (s) 247
SZ

\;|.jd3r29(r)¢g(r) =$V.[jd3rzg(r)ZQi,ngd3r'

If g is exclusively a scattering and fission source (both proportional to the
flux).
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ics 2.48
Qi,g :Z sOlgeh¢L|h "'_(?f
With the fission source in Eg. (2.48) defined as
|flgSS _lgzvzf Jh¢|h 2.49

Where y, is the fission spectrum and X, is the macroscopic fission

cross section of nuclide j for neutrons in group h.

The equations become homogeneous and the problem becomes an

eigenvalue problem:

1 1
[ar= (0, (N =~ [d 2, (02 3 S aigendin 1 2o 2 inth
V; V; i h eff h

e
jd3r -
f S

Equation (2.47) can be simplified to

J 19¢Jg ZQIQ i"ij.g 2.50

Where

3 2.
bo = [0, >
[d%rz, (g, (1) 2.52
i7i9 v,
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And

o0 2.53

When neutrons are born isotropically and uniformly in any of the regions

V; of a lattice, undergoing their first collision in region V; of a unit cell,

the collision probability is p; , .

Reduced CPs can be defined from Eq (2.53), if the total cross section

%, (r) is constant and equal to X, /in regionV;:

P. ~74(5) 2.54
Pii.g =Lv9:ijld3r .[dsre
' > 47V

ig v Vi

52

Reduced CPs generally remain finite in the limit where ¥, = tends to be

zero. This ensures the correct behaviour of the collision probability
theory in cases where some regions of the lattice are voided.

Reciprocity and conservation properties:

PioVi = Pji Vi 2.55

And

Z PioZig =1 Vi 2.56
j

Using the reciprocity property, Eq. (2.50) can be further simplified to
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23
2.3.1

?.q =ZQL9 Pij.g 2.57
i

In the case of a domain surrounded by a surface oD, collision probability

techniques can also be applied.

Free path lengths are restricted to finite lengths defined inside oD and

Eq. (2.53) is used as the basic integral transport equation.

Further approximations to the neutron transport equation
Group Condensation

The usual number of energy groups necessary for a detailed
representation of neutron transport is a few tens. This can still present
serious computation-time challenges so oftentimes the number of
energy groups is reduced to only a few (2-4) by grouping many fine
groups g into a larger group, G. The process is called group

condensation.

Calculation of Condensed Macroscopic Cross Sections for Each Region

o= p, 2.58
geG
S50, 2.59
< — geG
G CDG

The condensed Flux is the sum (not the average) of several fine-group

fluxes.

Overbar denotes average over several fine energy groups

For each region r we then have:

Modelling & Computational Science




Transport-Theory-Equivalent Diffusion Coefficients for Node-Homogenized

Page:

2.3.2

Neutron Diffusion Problems in CANDU Lattices 22
G = Z¢rg 260
geG
ergfﬂrg 2.61
zx — geG
rG cDrG

The coarse-group flux is called the few-group flux

Homogenization

To further reduce the size of the computational problem, oftentimes,
larger regions of the reactor, called nodes, are “homogenized”, a
process by which macroscopic cross sections are volume averaged

using flux weighting to preserve the integral reaction rate.

Flux and Cross Section Homogenization

Ve =2V, 2.62
reR
Zv >, 2.63
e _reR
RG VR
Z D, 2.64
Y
RG CI) V

The hat denotes average over regions.

Homogenized and condensed (collapsed) flux and cross sections

Zvr Z(Drg 2.65

2 __reR geG

o
RG v,

zzer(Dm r 2.66

2 reR geG
@ —

RG -
Y RGVR

Modelling & Computational Science




Transport-Theory-Equivalent Diffusion Coefficients for Node-Homogenized

Page:

Neutron Diffusion Problems in CANDU Lattices 23

233

Diffusion Approximation

Diffusion Equation

In practice, for full-core calculations one uses the diffusion equation
using a small number of energy groups, with homogeneous properties in
each nodes. Just like the transport equation, the diffusion equation
expresses the neutron balance but does not account for the angular
dependence of the flux. Diffusion is not always applicable, especially

near boundaries, absorbers and sources.

Certain approximations used in deriving the diffusion equation include
assuming the angular flux to being linearly anisotropic, having a slow
change in flux in space. Other assumptions include having isotropic
sources. As such the diffusion approximation yields proper fluxes at the
core (i.e. fuel pins) but not in places where properties change

significantly (i.e. boundaries).

In deriving the diffusion equation, use of Fick’'s Law has been made. The
law expresses that the net neutron current shall be along the direction of

greatest decrease in neutron flux.

Consider an arbitrary volume V of neutrons (one speed and
monoenergetic) as a starting point. Using the condition of continuity [3],

the total number of neutrons in our arbitrary volume is:

: . 2.67
% I n(r,t)dV = productionrate - absorbtion rate - leakage rate. 6
\Y
The total rate of production of neutrons:
production rate = js(r,t)dv 2.68
\Y
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The rate of absorption in terms of the neutron flux:
absorptionrate = [, ¢(r,t)dV 2.69
\Y

The net rate of flow of neutrons outward through dA
leakage ratesz (r,t).ndA 2.70
A

Inserting equations (2.68), (2.69), (2.70) into (2.67)

ijn(r,t)dv :js(r,t)dv —jza¢(r,t)dv -jJ (r,t).ndA 2.71
dtV \ \ A
Transforming the surface integral to a volume integral using the
divergence theorem
jJ(r,t).n dA=IdivJ(r,t).dV 2.72
A \%
Equation (2.71) turns into:

2.73

% j n(r,t)dv = j s(r,t)dVv — j > A(r.t)ydv — j divd(r,t).dv

Since integrands are the same in equation (2.73)

%:s(r,t)—zagﬁ(r,t)—divJ(r,t) 2.74

Equation (2.74) is called the equation of continuity

When sources are independent of time:

divd(r,t) + 2, 4(r,t)—s(r)=0 2.75
Equation (2.75) is the steady-state equation of continuity

Fick’s Law:

Fick’s law can be derived in a number of ways. In what follows, we will

follow a derivation based on the integral transport equation.
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i

dv

Scattered

Neutrons

Figure 2.2 — Diagram for Fick’s Law

Fraction of the total solid angle subtended by dA atdV -

dA, cos 4 2.76
4ar?

Number of neutrons scattered per second in dv which head toward dA, .
X ¢(r) cos A, dV 2.77
4ar’®

The number of neutrons which does reach dA, per second
e "Z (r) cos SdA dV 2.78
4nr?
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The total number of neutrons which flow downward through dA, per
second
27 wl2 o 279
z dAZ I j J'e " g(r) cos 9sin ddrd Id ¢
¢=09=0r=0

The number of neutrons passing per second in the negative z-direction

(can be shown for x and y as well) through a unit area

27 7wl2 o 2.80

J; =§—I _[ _[e é(r) cos 9sin Jdrd 9d g

=0 9=0r=0

If ¢(r) varies slowly with position, expanding in Taylor’s series

2.81
¢(r>=¢o+x(‘;—fj +y(35j (dfj o

X, Y, and z in spherical coordinates:

X=rsingcosep y=rsingsing z=rcos< 2.82

Inserting equation (2.81) into (2.80)

27 wl2 o 283
J; J' J. J'ezr[% (—j rcos&}cos&sin&drdego

7y 9=0r
Giving:
;T S(d¢j 2.84
L4z, Tox | d o
J+_Es_¢o_£(%) 2.85
o4z 6\ dz ),
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Net flow of neutrons

2.86
aion (%)
0

A
Vector J:
) ) > 2.87
J=iJ, +jJ, +kJ, =——grad
<t My 2 3239 @
Fick's Law:
J=-Dgrad ¢ 2.88
Where:
D22 2.89
- 3x?

Inserting equation (2.88) into (2.75)

div D grad ¢_za¢+s:2_'t‘ 2.90

Since flux is given by g=nv.

1dg 2.91
* D 2 -
(DVg)-2.p+s v dt

If flux is independent of time:
V- (DVg)-Z,4+s=0 2.92

Equation (2.92) is the steady state, one-group, diffusion equation. It can

be extended to its multigroup form:

v-(D,V4,)-=,.8, +s, =0
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Finite-difference discretization of the multigroup diffusion equation

The mesh-centered finite-difference method is often implemented in
reactor physics codes for solving the neutron diffusion equation. The
basic idea is to solve a Partial Differential Equations’s spatial and time
derivatives using finite differences. Once a mesh is chosen, spatial
integration of parallelepipeds is carried out using constant nuclear

properties.
Exterior Node Interior Nodes Exterior Node
! % |
4 A
Left . . . Right
Boundar i-1 I i+1 Boun%lar
y y
¢ e
i-1/2 i+1/2
Xi—1 XI

Figure 2.3 — Mesh Indexing

Where the non-constant mesh size is denoted by h,

h=&—ﬁ4

Where h is defined as the difference between the center of a mesh, and

the center of a previous mesh.

Continuity of Currents:
Assuming that the flux, as well as the current is continuous at the

interface between two mesh boxes:
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_ + 2.93
o) o, (%)
dX i+1/2 dX i+1/2
Evaluating the double derivative:
Using the center difference approximation
d’o) _1 (‘L‘I’] _(dﬁj+ 294
dXZ i hi dX i+1/2 dX i-1/2
One needs to evaluate (di)j and (dgj
dX i+1/2 dX i-1/2
Interior Meshes:
Approximating
_ B 2.95
(dﬂj ~ Pra =P (backward difference)
dX Jiar h; /2
N B 2.96
[‘L‘Dj ~ Lia=Pisz (forward difference)
dX i+1/2 hi+l/2
Substituting (2.95) and (2.96) into (2.93) we get
2D, 2D,, 2.97
_(cDi+1/2 _(Di) = —l(q)m _(Di+l/2)
hi hi+l
where isolating for @,,,,, gives
hi+lDiCDi — hi Di+1q)i+1 2.98
Diyyp =
hi+l Di + Ir-]i Di+l
Substituting (2.98) into (2.95) we get
(dﬂj _ 2D, (9, - D)) 2.99
dX Jiar h,,D; +h D,y
Similarly we get:
2.100

(dﬁj+ _ 2Di—l(CDi _cDi—l)
dx Ji 4, h.D;, +h;,D,

Modelling & Computational Science




Transport-Theory-Equivalent Diffusion Coefficients for Node-Homogenized

Page:

Neutron Diffusion Problems in CANDU Lattices 30
Recasting (2.99) and (2.100)
do ) —h, 2.101
(d_j = _ai,i+1(q)i+1 _CDi)
X i+1/2 Di
-D ) 2.102
Where a;;,, = D, 2Diy
’ hy h.,D; +hD;,
do —h, 2.103
(d_) = _Iai,i—l(q)i _cDi—l)
X i-1/2 Di
-D 2D. 2.104
Where a,; , =— L
’ hi hi Di—l + hi—l Di
Substituting (2.101) and (2.103) into (2.94) we get:
d’0) 1|-h ~h, 2.105
a2 | = h_[Fiai,m(q)m _(Di)_Fiai,i—l((Di _q)il):|
d2® ~h, 2.106
dx? | = hi_Di[ai,i+1(q)i+1 _CDi) - ai,i—l(q)i _CDi—l)]
d2d -1 2.107
[ a2 ]i :Ei[ai,m(q)nl —0;) -, (D, _(Di—l)]
If D term is assumed to be constant
4 - D, 2D, 2.108
e hi hi+1Di + hi Di
a _—-D; b 2 2.109
e hy D h,+h
“ -D, 2 2.110
q =qia=—
’ hy h,+h

If D term is assumed to be constant
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a = D, 2D, 2.111
e hi hi Di + hi—lDi
-D, D, 2 2.112

iy = _
h D h+h

-D, 2 2.113
h h+h,

a*

=& =

Changing Notation (Simpler Notation) Refer to (2.110) & (2.113)

2 — 2.114
[d q)J =_1[aix+(q)

dX2 D. i+1 _q)i)_ai#(q)i _CDH)]

Expanding

2 —
[?jx?j = 51 [aix+cDi+1 - aiHcDi - ai>(7(1)i + aiqu)i*l]
i )

2.115

2.116

d?d ~1r . . N .
(dxz l ZE[ai q)i+1_(ai +a )CDi+ai (DH]

Substituting (2.110) & (2.113) into above equation [D’s cancel out]:
Interior Nodes 2.117

d*®

)

21

_h_ihi+l+hi -

_(3 1,2 1 Jq)ig L o
hy hig+h hyhy+hy h b +h,

Boundary Meshes:
The solutions must satisfy boundary conditions of the type:

. _(jﬁ} 2.118
boundary — | “ 4.
@ boundary
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i 2.119
Let g = E(EJ
D\ ®
Hence y=Dg 2.120
The outward current-to-flux ratio:
w_UJy uJi, 2.121
D, D,
In the above, “u” is the sign of the outward normal to the external
boundary. It is -1 for the left boundary and +1 for the right boundary.
Applying finite-differencing technique to the boundary node:
[dE)u —-u CDE+U/2 -0, 2.122
AX 12 h, /2
Boundary current:
J(—u) =U_Db(q)llnj+u/2_q)b) 2.123
b+u/2 hb /2
Boundary condition is now written:
j/u _ Db (q)gw/z _q)b) 2.124
= —
?b®b+ul2
2D, ®, 2.125
(Db+u/2 = h_—
L,y +2D,
Substituting (2.125) into (2.122), the first derivative of 2.126
the flux for the boundary becomes
(dgj_u _ q)b T hb au®
- - b *b
dX b+u/2 &4_& Db
o2
" -1 2.127
a, =

Modelling & Computational Science




Page:

Transport-Theory-Equivalent Diffusion Coefficients for Node-Homogenized
Neutron Diffusion Problems in CANDU Lattices 33

Setting y =Dg in (2.124)

u_ _(q)gw/z _q)b) 2.128
p= h
?bq)ﬁwm
Hence we get
. 1 2.129
a, = -
h, i+ o
D,A" 2D,
' -Dy 2.130
BT h
hy| —+-2>
B2

Hence the second-order partial derivative for a boundary mesh can now

be expressed as

d*® 1. v 2.131
( dXz jb Z_Eb[ab—uqbb—u _(ab +a, )(Db]
The D term cancels out when substituting (2.130) in (2.131)
Left Boundary
d2o 2 1 2.132
2 o @,
dx* ). hh,+h,
— E 1 +£ 1 (I)i
h h,, +h b { hi(®,4,) N hiJ
(q)i _q)i—llz)
d2o 2 1 ® 2.133
dx* ) h h+h °
2t .2 4 ’,
h h,+h h ( h (Pyy,) +h ]
(CDl _CDH/z) '
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Right Boundary
d’®d 2 1 2.134
= | = D,
dx , h, h, +h
— E 1 +£ 1 (I)i
h h+h, h ( h (®,,) 4 hiJ
((Di _q)i+1/2)
d2d 2 1 2.135
2 = q)n—l
dx ) h,h +h
2zt 2 L
h h

+ (O
n hn +hn—1 n ( hn ((I)n+1/2) +h J
((Dn _(Dn+l/2) "
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3.0

31

STATEMENT OF THE PROBLEM AND OBJECTIVE

"Each problem that | solved became a rule which served afterwards to
solve other problems" (Rene Descartes)

As explained previously, in order to reduce the computation time, a
number of successive approximations are made to the fine-geometry,
many-group transport equation. These approximations are expected to
introduce errors. To estimate the magnitude of the errors introduced by
each approximation step, a geometrically small test model was
developed, one for which detailed transport calculations as well as

approximate calculations can be performed and results compared.

Test Model

A test model consisting of twelve regions in a row is used. Eleven of the
nodes are fuel nodes (corresponding to different burnups) and one node
is the reflector node, as shown in Fig. 3.1. Boundary conditions are of

the reflective type on the W side and of the vacuum type on the E side.
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Figure 3.1 — Test Model

Each node is divided into 8 computational meshes. Transport
calculations are performed using the Collision Probability (CP) method
as implemented in the code DRAGON. Diffusion calculations are

performed using Black-Stallion, a finite-differences diffusion code.

A standardized input for a 37-element CANDU natural uranium bundle
was used for generating the cross section parameters for natural
uranium fuel. Neutronics evaluation was performed using the code
DRAGON and the IAEA-WLUP (WIMS Library Update Project) 69-group
microscopic cross section library. Calculations were performed for
different fuel configurations. Irradiated fuel was simulated using depleted
Uranium fuel (0.4% U235). The fast and thermal flux were calculated for
both 69 (detailed geometry) and 2 energy group (detailed and coarse)
simulations. Comparison of transport results (DRAGON 3.05) with

Diffusion was based on Black-Stallion.
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Data generated by DRAGON is parsed and cross sections are interfaced

with Black-Stallion through the use of a custom written script.

Extensive testing of DRAGON and Black-Stallion was carried out and
repeated after integrating enhancements to Black-Stallion as well after
having incorporated use of cross sections generated by DRAGON.
Validation includes comparison with analytical solutions as well as
benchmarking of Black-Stallion. For the validation cases, the results are
in full agreement between DRAGON, Black-Stallion and “back-of-the-

envelope” analytical calculations.

3.2 Configurations

Three configurations were studied:

i.  Simple case with uniform fresh fuel

74 - : i -

W E
. 1Y A5 3 x 4
Fresh Fuel
ii. Intermediate case incorporating varied burnup
FRESH
w @@ seece oGl -

Depleted Fuel

iii.  Extreme case incorporating abrupt shift in burnup

FRESH

I
w @®e oo ee ool :

Depleted Fuel
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3.3

These tests were designed to highlight the discrepancy that arises when
moving from Transport to Diffusion under different fuel loading
scenarios. Under such arrangements the shift from detailed to coarse
geometry along with a reduced number of energy groups was studied.
The resulting observation is that the major source of inaccuracy is
transitioning from homogenized transport to homogenized diffusion;
energy groups not being an issue. The extreme case illustrates the
discrepancy between transport and diffusion in a manner that permits us

to generalize the above observation (Refer Figures 3.21-3.26).

DRAGON representation of the model

DRAGON transport code can handle exact (or almost exact)
representations of core geometry [2]. As a general rule, physics data
libraries (an input to the transport code) are context-independent,
however the same does not hold true for neutron cross sections which
are dependent on burnup and spatial geometrical parameters. The
methodology and approach to generation of cross sections was to use a
multi-fuel-region model, having already tested a single-fuel-region model

during the initial stages.

CANDU-6 lattice cell contains 37-element natural-uranium bundle and
pressurized heavy-water coolant in a pressure tube enclosed within a
calandria tube. A region of unpressurized heavy water (moderator) at

relatively low temperature surrounds the calandria tube (Figure 3.2).
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Pressure Tube

Fuel

Coolant

Calandria Tube

Annulus Gas

Fuel Sheath

Figure 3.2 — Lattice Cell Elements

Eleven detailed fuel regions (each comprised of a lattice cell) were
modelled (Figure 3.3), the right most fuel region being bounded by a
reflector region. Different configurations were designed by varying the

position of fresh and depleted fuel cells.

Figure 3.3 — Model with Fuel and Reflector

In place of a time and resource intensive full core simulation, the
transport model takes advantage of symmetry and as such is
representative of flux (or power) profile that is seen in a full core model.
The lattice cell (Figure 3.4) was modelled with a length of 28.575 cm in
both the X and Y direction. This includes the coolant, moderator,
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cladding material, and a gap. The reflector has a length of 60 cm. Fuel

parameters for the model have been reproduced in Table 3.1

Figure 3.4 - Lattice Cell representation in DRAGON

The fuel cell was split in a x-y pattern (Figure 3.5) as opposed to a radial

one.

Figure 3.5 — Mesh Splitting
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In terms of boundary conditions (Figure 3.6), a reflective boundary

condition was chosen in the X-, Y- and Y+ direction whereas a void

boundary was chosen in the X+ direction. When a surface has zero re-

entrant angular flux it is referred to as a void boundary.

|
|
refl refl
I = = =
I
| refl refl
|
|

refl refl

void

refl refl

Figure 3.6 — Boundary Conditions

In order to obtain the flux at the interfaces, two tiny vertical mesh strips

were created in each lattice cell. The flux at the interface is the average of

the flux in the tiny strips between two adjacent nodes. The reflector

(Figure 3.7) also has two tiny vertical mesh strips at both ends.

Figure 3.7 — Reflector (Heavy Water)
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Fuel material Natural UO,

Initial uranium compositions weight percent
234U 0.0054
235U 0.7110
238U 99.2836
Fuel density 10 g/cm3
Fuel temperature 1100 K
Element radius 0.6 cm
Number of fuel pins 37
Inner fuel ring radius (6) 1.4 cm
Middle fuel ring radius (12) 2.8 cm
Outer fuel ring radius (18) 4.3 cm
Cladding material Zr
Cladding radius 0.6 cm
Pressure tube Zr
Inner radius 5.1cm
Outer radius 5.6 cm
Calandria tube Zr
Inner radius 6.4cm
Outer radius 6.6 cm
Coolant D20
Atom purity 99.75 %
Density 0.8 g/cm3
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Temperature 550 K
Moderator D20
Atom purity 99.91 %
Density 1.1 g/lcm3
Temperature 350K
Fuel channel square pitch 28.575 cm

Table 3.1 — Fuel Properties

3.3.1  Diffusion Model (two-group, node homogenized)

A model with eleven fuel regions plus one reflector region (Figure 3.8)

was implemented in BLACK STALLION. Cross-sections from DRAGON

representing coarse geometry were utilized.

LA

VT Y

Fuel Reflector

Figure 3.8 — Diffusion Model Depiction
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3.4 Comparison of Different Approximations

3.41 Configuration |

Fast Flux
Fast Flux 1 2 3 4 5 6
69 gr. Detailed
Transport 2.90E+02 | 2.86E+02 | 2.78E+02 | 2.66E+02 | 2.50E+02 | 2.30E+02

2 gr. Detailed Transport | 2.94E+02

2.89E+02 | 2.81E+02 | 2.68E+02 | 2.51E+02 | 2.31E+02

2 gr. Homo. Transport 3.01E+02

2.96E+02 | 2.86E+02 | 2.72E+02 | 2.54E+02 | 2.32E+02

2 gr. Homo. Diffusion 2.86E+02 | 2.82E+02 | 2.74E+02 | 2.62E+02 | 2.47E+02 | 2.28E+02
Fast Flux 7 8 9 10 11 12

69 gr. Detailed

Transport 2.07E+02 | 1.81E+02 | 1.51E+02 | 1.19E+02 | 7.97E+01 | 5.81E+00

2 gr. Detailed Transport | 2.07E+02

1.80E+02 | 1.50E+02 | 1.18E+02 | 7.84E+01 | 5.61E+00

2 gr. Homo. Transport 2.05E+02

1.76E+02 | 1.44E+02 | 1.09E+02 | 6.66E+01 | 5.20E+00

2 gr. Homo. Diffusion 2.07E+02

1.82E+02 | 1.55E+02 | 1.25E+02 | 8.63E+01 | 5.91E+00

Table 3.2 — Configuration |, Fast Flux

Config | - Fast Flux

3.50E+02

3.00E+02
2.50E+02

=69 gr. Detailed

2.00E+02

Transport

Flux

1.50E+02

—— 2 gr. Detailed

1.00E+02

Transport

5.00E+01

2 gr. Homogenized

0.00E+00

Transport

01 2

- =2 gr. Homogenized
34567 8 9101112 Diffusion

Region

Figure 3.9 — Configuration |, Fast Flux
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Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion% | 492 | -471 | -432 | -366 | -271 | -1.36
Nodes 7 8 9 10 11 12
Transport vs. Diffusion% | (.53 3.31 7.5 147 | 2961 | 136

Root Mean Square (%)

10.93 %

Table 3.3 — Configuration I, Fast Flux, Error

Configl - (2 gr. homo) (transport vs
diffusion)

35

30 A

25

20 / \
: 15 / \F
- 10
=x 5 /

0 /
-10
1 2 3 4 5 6 7 8 9 10 | 11 | 12

=—&—FastFlux|-49|-47|-43|-3.7 -2.7|-1.4 /0.53|3.31| 7.5 |14.7|29.6|13.6

Figure 3.10 — Configuration I, Fast Flux, Error
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Thermal Flux

Thermal Flux

1 2 3 4 5 6

69 gr. Detailed
Transport

6.57E+02 | 6.47E+02 | 6.29E+02 | 6.02E+02 | 5.66E+02 | 5.22E+02

2 gr. Detailed Transport

6.48E+02 | 6.39E+02 | 6.20E+02 | 5.91E+02 | 5.54E+02 | 5.09E+02

2 gr. Homo. Transport

6.65E+02 | 6.54E+02 | 6.33E+02 | 6.02E+02 | 5.62E+02 | 5.12E+02

2 gr. Homo. Diffusion

6.33E+02 | 6.25E+02 | 6.07E+02 | 5.82E+02 | 5.48E+02 | 5.06E+02

Thermal Flux

7 8 9 10 11 12

69 gr. Detailed
Transport

4.69E+02 | 4.09E+02 | 3.43E+02 | 2.70E+02 | 1.99E+02 | 1.15E+02

2 gr. Detailed Transport

4.56E+02 | 3.97E+02 | 3.31E+02 | 2.60E+02 | 1.92E+02 | 1.10E+02

2 gr. Homo. Transport

4.54E+02 | 3.89E+02 | 3.18E+02 | 2.41E+02 | 1.68E+02 | 8.92E+01

2 gr. Homo. Diffusion

4.58E+02 | 4.03E+02 | 3.42E+02 | 2.77E+02 | 2.19E+02 | 1.38E+02

Table 3.4 — Configuration I, Thermal Flux

7.00E+02
6.00E+02
5.00E+02 =69 gr. Detailed
Transport
x 4.00E+02
E == 2 gr. Detailed
3.00E+02 Transport
2008402 2 gr. Homogenized
1.00E+02 Transport
0.00E+00 — 77— =2 gr. Homogenized
012345678 9101112 Diffusion

Config | - Thermal Flux

Region

Figure 3.11 — Configuration I, Thermal Flux
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Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | .4.71 | -451 | -4.1 | -3.44 | -2.49 | -1.14
Nodes 7 8 9 | 10 | 11 | 12
Transport vs. Diffusion % | 0.76 | 3.52 | 7.74 | 14.82 | 30.31 | 54.31
Root Mean Square (%)
18.80 %
Table 3.5 — Configuration |, Thermal Flux, Error
Config 1 - (2 gr. homo) (transport vs
diffusion)
60
50 /'
40
S 30 /
° 20
10 /{
° ._._._.—I:I'"’.;
-10
1 2 3 4 5 6 7 & 9 10 | 11 | 12
=@—=Thermal Flux|-4.7|-45|-4.1|-3.4(-2.5|-1.1(0.76|3.52(7.74|14.8|30.3|54.3

Figure 3.12 — Configuration I, Thermal Flux, Error
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Fission Rate

Fission Rate 1 2 3 4 5 6
69 gr. Detailed
Transport 1.36E+00 | 1.34E+00 | 1.30E+00 | 1.25E+00 | 1.17E+00 | 1.08E+00

2 gr. Detailed Transport

1.37E+00 | 1.35E+00 | 1.31E+00 | 1.25E+00 | 1.17E+00 | 1.08E+00

2 gr. Homo. Transport

1.41E+00 | 1.38E+00 | 1.34E+00 | 1.27E+00 | 1.19E+00 | 1.08E+00

2 gr. Homo. Diffusion

1.34E+00 | 1.32E+00 | 1.29E+00 | 1.23E+00 | 1.16E+00 | 1.07E+00

Fission Rate

7 8 9 10 11

69 gr. Detailed Transport

9.71E-01 | 8.47E-01 | 7.09E-01 | 5.60E-01 | 4.11E-01

2 gr. Detailed Transport

9.66E-01 | 8.39E-01 | 7.00E-01 | 5.51E-01 | 4.04E-01

2 gr. Homo. Transport

9.61E-01 | 8.23E-01 | 6.72E-01 | 5.10E-01 | 3.54E-01

2 gr. Homo. Diffusion

9.68E-01 | 8.52E-01 | 7.24E-01 | 5.86E-01 | 4.61E-01

Table 3.6 — Configuration I, Fission Rate

1.60E+00
1.40E+00
1.20E+00
1.00E+00
8.00E-01
6.00E-01
4.00E-01
2.00E-01
0.00E+00

Fission Rate

Config | - Fission Rate

=69 gr. Detailed
Transport

—— 2 gr. Detailed
Transport

2 gr. Homogenized
Transport

L =2 gr. Homogenized
0123456 7 8 91011 Diffusion

Region

Figure 3.13 — Configuration I, Fission Rate
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Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | .4.70 | -4.53 | -4.13 | -3.43 | -2.50 | -1.17
Nodes 7 8 9 10 11

Transport vs. Diffusion % | 0,74 | 351 | 7.73 | 14.83 | 30.29

Root Mean Square (%)

10.83 %

Table 3.7 — Configuration I, Fission Rate, Error

Config 1 - (2 gr. homo) (transport vs
diffusion)

35

30

25

/

20

A

15

10

% Error

4

5
0 A—Q—/
5 %

>

-10

10 | 11

=—&—Fission Rate | -4.7 |-4.53|-4.13|-3.43

-2.5 |-1.170.7423.5077.73514.8330.29

Figure 3.14 — Configuration I, Fission Rate, Error
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3.4.2 Configuration Il

Fast Flux

Fast Flux 1 2 3 4 5 6

69 gr. Detailed

Transport 8.70E+02 | 5.42E+02 | 3.83E+02 | 2.84E+02 | 2.11E+02 | 1.57E+02
2 gr. Detailed Transport | 8.93E+02 | 5.51E+02 | 3.85E+02 | 2.83E+02 | 2.08E+02 | 1.52E+02
2 gr. Homo. Transport 9.89E+02 | 5.97E+02 | 3.86E+02 | 2.64E+02 | 1.81E+02 | 1.24E+02
2 gr. Homo. Diffusion 1.09E+03 | 6.28E+02 | 3.78E+02 | 2.40E+02 | 1.53E+02 | 9.68E+01
Fast Flux 7 8 9 10 11 12

69 gr. Detailed

Transport 1.16E+02 | 8.57E+01 | 6.24E+01 | 4.43E+01 | 2.77E+01 | 1.99E+00
2 gr. Detailed Transport | 1.11E+02 | 8.07E+01 | 5.78E+01 | 4.03E+01 | 2.47E+01 | 1.74E+00
2 gr. Homo. Transport 8.45E+01 | 5.73E+01 | 3.83E+01 | 2.49E+01 | 1.36E+01 | 1.02E+00
2 gr. Homo. Diffusion 6.15E+01 | 3.90E+01 | 2.48E+01 | 1.58E+01 | 9.27E+00 | 6.02E-01

Table 3.8 — Configuration Il, Fast Flux

Config Il - Fast Flux

1.20E+03
1.00E+03
=69 gr. Detailed
8.00E+02 Transport
=
E 6.00E+02 —— 2 gr. Detailed
Transport
4.00E+02
2 gr. Homogenized
2.00E+02 Transport
0.00E+00 =2 gr. Homogenized
012345678 9101112 Diffusion
Region

Figure 3.15 — Configuration Il, Fast Flux

Modelling & Computational Science




Transport-Theory-Equivalent Diffusion Coefficients for Node-Homogenized

Page:

Neutron Diffusion Problems in CANDU Lattices 51
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | 1017 | 512| -2.02| -9.12|-15.81 | -21.86
Nodes 7 8 9 10 11 12
Transport vs. Diffusion % | .27 28 | -31.89 | -35.28 | -36.38 | -32.03 | -41.27
Root Mean Square (%)
25.83 %
Table 3.9 — Configuration Il, Fast Flux, Error
Config Il - (2 gr. homo) (transport vs
diffusion)
20
10
0 \
S -10 \
% - N~
-30
40 ‘\‘—’/\r
-50
1,2 /3|4 |5 6 7 8|9 |10 11 12
—&—FastFlux|10.2|5.12| -2 |-9.1|-16 -22 |-27 |-32|-35|-36 | -32 | -41
Figure 3.16 — Configuration Il, Fast Flux, Error
Thermal Flux
Thermal Flux 1 2 4 5 6
69 gr. Detailed
Transport 1.75E+03 | 1.50E+03 | 1.13E+03 | 8.40E+02 | 6.24E+02 | 4.63E+02
2 gr. Detailed Transport | 1.75E+03 | 1.49E+03 | 1.12E+03 | 8.20E+02 | 6.02E+02 | 4.41E+02
2 gr. Homo. Transport 1.97E+03 | 1.61E+03 | 1.13E+03 | 7.73E+02 | 5.29E+02 | 3.62E+02
2 gr. Homo. Diffusion 2.18E+03 | 1.71E+03 | 1.11E+03 | 7.06E+02 | 4.48E+02 | 2.84E+02
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Thermal Flux 7 8 9 10 11 12
69 gr. Detailed
Transport 3.44E+02 | 2.53E+02 | 1.85E+02 | 1.31E+02 | 9.00E+01 | 4.86E+01

2 gr. Detailed Transport | 3.22E+02 | 2.34E+02 | 1.67E+02 | 1.17E+02 | 7.89E+01 | 4.16E+01

2 gr. Homo. Transport 2.47E+02 | 1.67E+02 | 1.12E+02 | 7.24E+01 | 4.50E+01 | 2.18E+01

2 gr. Homo. Diffusion 1.80E+02 | 1.14E+02 | 7.27E+01 | 4.62E+01 | 3.08E+01 | 1.71E+01

Table 3.10 — Configuration Il, Thermal Flux

Config Il - Thermal Flux

2.50E+03
2.00E+03 =69 gr. Detailed
3 1 50E403 Transport
2 == 2 gr. Detailed
1.00E+03 Transport
5 00E+02 2 gr. Homogenized
Transport
0.00E+00 . =2 gr. Homogenized
012345678 9101112 Diffusion
Region
Figure 3.17 — Configuration I, Thermal Flux
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | 1008 | 6.28| -1.38| -8.75|-15.45 | -21.56
Nodes 7 8 9 10 11 12
Transport vs. Diffusion % | .26.98 | -31.61 | -35.01 | -36.18 | -31.63 | -21.33

Root Mean Square (%)

23.56 %

Table 3.11 — Configuration Il, Thermal Flux, Error
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Config Il - (2 gr. homo) (transport vs
diffusion)
20
10
0
S
5 -10
R
-20 '\.\
-30 ‘\J
-40
1 2 3 5 6 7 8 9 |10 | 11 | 12
=@=Thermal Flux| 11 |6.28|-1.4|-8.8|-15 |-22|-27 |-32 |-35|-36|-32 |-21
Figure 3.18 — Configuration Il, Thermal Flux, Error
Fission Rate
Fission Rate 1 2 3 4 5 6
69 gr. Detailed Transport | 3.67E+00 | 1.98E+00 | 1.49E+00 | 1.11E+00 | 8.21E-01 | 6.10E-01
2 gr. Detailed Transport 3.76E+00 | 2.01E+00 | 1.50E+00 | 1.10E+00 | 8.09E-01 | 5.93E-01
2 gr. Homo. Transport 4.22E+00 | 2.16E+00 | 1.52E+00 | 1.04E+00 | 7.11E-01 | 4.86E-01
2 gr. Homo. Diffusion 4.68E+00 | 2.30E+00 | 1.49E+00 | 9.47E-01 | 6.01E-01 | 3.81E-01
Fission Rate 7 8 9 10 11
69 gr. Detailed Transport | 4.52E-01 | 3.34E-01 | 2.43E-01 | 1.73E-01 | 1.18E-01
2 gr. Detailed Transport | 4.33E-01 | 3.14E-01 | 2.25E-01 | 1.57E-01 | 1.06E-01
2 gr. Homo. Transport 3.31E-01 | 2.25E-01 | 1.50E-01 | 9.73E-02 | 6.02E-02
2 gr. Homo. Diffusion 2.42E-01 | 1.54E-01 | 9.76E-02 | 6.21E-02 | 4.11E-02

Table 3.12 — Configuration Il, Fission Rate
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Config Il - Fission Rate
5.00E+00
4.50E+00 ‘i
iggg:gg :q\ =469 gr. Detailed
1] -
E 3. 00E+00 \ Transport
S 2.50E+00 —— 2 gr. Detailed
E 2.00E+00 Transport
& 1.50E+00 _
1 00E+00 igr, Hon’;ogemzed
5.00E-01 ranspor
0.00E+00 — T T T 1 — == gr. Homogenized
012345678 91011 Diffusion
Region
Figure 3.19 — Configuration Il, Fission Rate
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | 1093 | 6.20| -1.47| -8.79|-15.48 | -21.58
Nodes 7 8 9 10 11
Transport vs. Diffusion % | -27.00 | -31.61 | -35.03 | -36.19 | -31.66

Root Mean Square (%)

23.76 %

Table 3.13 — Configuration Il, Fission Rate, Error
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Config Il - (2 gr. homo) (transport vs
diffusion)
20.00
10.00
" 0.00 \\
(=]
= -10.00
= -20.00 \\
-30.00 V
-40.00
1 2 3 4 5 6 7 8 9 10 | 11
=—&—FissionRate 10.93/6.20 -1.47|-8.79}-15.4|-21.5-27.0/-31.6|-35.0/-36.1]-31.6
Figure 3.20 — Configuration Il, Fission Rate, Error
3.4.3 Configuration Ill
Fast Flux
Fast Flux 1 2 3 4 5 6
69 gr. Detailed
Transport 2.76E+02 | 2.75E+02 | 2.74E+02 | 2.73E+02 | 2.71E+02 | 2.69E+02
2 gr. Detailed Transport | 2.74E+02 | 2.74E+02 | 2.73E+02 | 2.71E+02 | 2.70E+02 | 2.68E+02
2 gr. Homo. Transport 2.67E+02 | 2.67E+02 | 2.67E+02 | 2.67E+02 | 2.66E+02 | 2.66E+02
2 gr. Homo. Diffusion 9.18E+01 | 9.75E+01 | 1.09E+02 | 1.27E+02 | 1.54E+02 | 1.89E+02
Fast Flux 7 8 9 10 11 12
69 gr. Detailed
Transport 2.65E+02 | 2.61E+02 | 2.56E+02 | 2.59E+02 | 2.78E+02 | 2.19E+01
2 gr. Detailed Transport | 2.65E+02 | 2.62E+02 | 2.58E+02 | 2.64E+02 | 2.85E+02 | 2.22E+01
2 gr. Homo. Transport 2.66E+02 | 2.65E+02 | 2.65E+02 | 2.76E+02 | 2.78E+02 | 2.50E+01
2 gr. Homo. Diffusion 2.36E+02 | 2.98E+02 | 3.77E+02 | 5.04E+02 | 6.32E+02 | 5.03E+01

Table 3.14 — Configuration 11, Fast Flux
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Config Il - Fast Flux
7.00E+02
6.00E+02 A
5 00E+02 / =—4—69 gr. Detailed
/ Transport
= 4.00E+02
2 ! / —fi—2 gr. Detailed
3.00E+02 -0 %‘":";nﬁ-. Transport
2.00E+02 }/ ' 2 gr. Homogenized
1.00E+02 — Transport
0.00E+00 2 gr. Homogenized
01234567 8 9101112 Diffusion
Region
Figure 3.21 — Configuration lll, Fast Flux
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | .65 .61 | -63.49 | -59.11 | -52.23 | -42.39 | -28.99
Nodes 7 8 9 10 11 12
Transport vs. Diffusion % | 112 | 12.16 | 42.56 | 82.51 | 127.78 | 101.53

Root Mean Square (%)

66.28 %

Table 3.15 — Configuration Ill, Fast Flux, Error
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150

100

50

0

% Error

-50

-100

diffusion)

Config Il - (2 gr. homo) (transport vs

VS

i

P

7 8 9

10

11

12

== FastFlux| -66 | -63

-59 | -52

-42 | -29

-11 |12.2 /426

82.5

128

102

Figure 3.22 — Configuration Ill, Fast Flux, Error

Thermal Flux

Thermal Flux

69 gr. Detailed
Transport

7.61E+02

7.60E+02

7.57E+02

7.54E+02 | 7.49E+02

7.42E+02

2 gr. Detailed Transport

7.39E+02

7.38E+02

7.36E+02

7.32E+02 | 7.27E+02

7.21E+02

2 gr. Homo. Transport

7.21E+02

7.21E+02

7.20E+02

7.20E+02 | 7.19E+02

7.18E+02

2 gr. Homo. Diffusion

2.53E+02

2.68E+02

3.00E+02

3.51E+02 | 4.23E+02

5.20E+02

Thermal Flux

10

11

12

69 gr. Detailed
Transport

7.33E+02

7.21E+02

7.08E+02

6.82E+02 | 5.90E+02

3.73E+02

2 gr. Detailed Transport

7.14E+02

7.06E+02

6.96E+02

6.75E+02 | 5.92E+02

3.72E+02

2 gr. Homo. Transport

7.17E+02

7.16E+02

7.14E+02

6.98E+02 | 6.08E+02

3.63E+02

2 gr. Homo. Diffusion

6.50E+02

8.19E+02

1.04E+03

1.29E+03 | 1.41E+03

1.02E+03

Table 3.16 — Configuration Ill, Thermal Flux
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Config Ill - Thermal Flux
1.60E+03
1.40E+03 /*f\
1.20E+03 / \ =69 gr. Detailed
1.00E+03 Transport
= / .
= 8.00E+02 - — =2 gr. Detailed
w | EFEETERTR e FY R _!—F_""!'_' § T
6.00E+02 / X —"'\L\ ransport
4.00E+02 M - \, 2 gr. Homogenized
2 00E+02 o . Transport
0.00E+00 2 gr. Homogenized
012345678 9101112 Diffusion
Region
Figure 3.23 — Configuration Ill, Thermal Flux
Error (%)
Nodes 1 2 3 4 5 6

Transport vs. Diffusion % | .64.92 | -62.75 | -58.31 | -51.28 | -41.26 | -27.57

Nodes

7 8 9 10 11 12

Transport vs. Diffusion % | .94 | 14.43| 45.45| 84.47 | 131.47 | 180.34

Root Mean Square (%)

79.56 %

Table 3.17 — Configuration Ill, Thermal Flux, Error
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Config Il - (2 gr. homo) (transport vs
diffusion)
200
150 /.,}
100
S
5 50
R
0
_50 W—r}
-100
1 2 3 4 5 6 7 8 9 [10 |11 | 12
=@=Thermal Flux| -65 | -63 | -58 | -51 | -41 | -28 |-9.4 (14.4|45.5(84.5(131 |180
Figure 3.24 — Configuration Ill, Thermal Flux, Error
Fission Rate
Fission Rate 1 2 3 4 5 6
69 gr. Detailed Transport | 1.01E+00 | 1.01E+00 | 1.00E+00 | 9.99E-01 | 9.92E-01 | 9.83E-01
2 gr. Detailed Transport 1.00E+00 | 9.99E-01 | 9.96E-01 | 9.91E-01 | 9.85E-01 | 9.76E-01
2 gr. Homo. Transport 9.75E-01 | 9.75E-01 | 9.75E-01 | 9.74E-01 | 9.73E-01 | 9.72E-01
2 gr. Homo. Diffusion 3.42E-01 | 3.63E-01 | 4.06E-01 | 4.74E-01 | 5.71E-01 | 7.03E-01
Fission Rate 7 8 9 10 11
69 gr. Detailed Transport | 9.71E-01 | 9.56E-01 | 9.38E-01 | 9.05E-01 | 1.24E+00
2 gr. Detailed Transport | 9.67E-01 | 9.56E-01 | 9.42E-01 | 9.16E-01 | 1.27E+00
2 gr. Homo. Transport 9.71E-01 | 9.69E-01 | 9.67E-01 | 9.48E-01 | 1.30E+00
2 gr. Homo. Diffusion 8.78E-01 | 1.11E+00 | 1.40E+00 | 1.75E+00 | 3.01E+00

Table 3.18 — Configuration Ill, Fission Rate
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3.50E+00

Config Il - Fission Rate

3.00E+00

2.50E+00

/

2.00E+00
1.50E+00

Fission Rate

m
1.00E+00 —"—"—"—"—';‘:;;/‘:,_‘.:r_(f
5.00E-01 -

=—4—69 gr. Detailed
Transport

——2 gr. Detailed
Transport

2 gr. Homogenized
Transport

0.00E+00 2 gr. Homogenized
0123456 7 8 91011 Diffusion
Region
Figure 3.25 - Configuration Ill, Fission Rate
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | -64.98 | -62.82 | -58.37 | -51.37 | -41.35 | -27.69
Nodes 7 8 9 10 11 12

Transport vs. Diffusion %

-9.54 | 14.24| 45.23 | 84.38 | 131.15

Root Mean Square (%)

62.78 %

Table 3.19 — Configuration Ill, Fission Rate, Error
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Config Il - (2 gr. homo) (transport vs
diffusion)
150.00
100.00 /
5 50.00
;E 0.00
-50.00 ‘___‘____,____./
O T T T4 s e l7 8 o0 m
—e—Fission Rate | -64. | -62. | -58. |-51. | -41.|-27.|-9.5 |14.2|45.2|84.3|131.

Figure 3.26 — Configuration lll, Fission Rate, Error

Objective

Numerical calculations reveal that the largest error is incurred when
going from two-energy-group node-homogenized transport
approximation to two-energy-group-node-homogenized diffusion
approximation. The work presented here is concerned with reducing the

loss in accuracy by appropriately adjusting the values of the diffusion

coefficients.

Diffusion theory (as well as the underlying Fick’s law) is not valid in the
vicinity of a surface or in the presence of a reflector. Assumptions made
about the angular flux tend to break down at the fuel-reflector interface.
Since diffusion theory is not accurate, this inaccuracy serves as a
motivation for coming up with a method that reduces the discrepancy
between diffusion and transport. There is a distinct possibility that
diffusion theory does not appropriately account for the leakage term. The
diffusion term comes into play when deriving the simplified diffusion

equation from the transport equation.
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4.0

4.1

METHOD

“The more complicated and restricted the method, the less the opportunity
for expression of one's original sense of freedom. Though they play an
important role in the early stage, the techniques should not be too
mechanical, complex or restrictive.” (Bruce Lee)

To reduce the difference between homogenized-node two-group
transport and diffusion results the approach is to manipulate the leakage
term with the expectation that one can match diffusion derived results
with transport derived results.

Equating the transport and diffusion leakage terms

For CANDU reactors, because of the small fuel-to-moderator/coolant
ratio and the relatively small discharge burnup [~7,500 kwd/kg(U)], the
two-group diffusion coefficients vary only approximately 1% with burnup
and only approximately 5% between a homogenized fuel node and a
moderator-only node. It is therefore reasonable to attempt to use a
constant group diffusion coefficient throughout the reactor. In that case

the two-group diffusion equations become (with standard notations):

- Dlvzq)l(r) +(Z (M) +Z, (7). (F) -2, (F)D,(F) 4.1

_ ki L5 (YD) +VE , (F)D, (F))

eff

- DZVZ(I)Z (M) + (2, (M) + 2, 1 (M)D,(F) —Z,,, (M) D, (T)

1 - - ~ =
= k_Zz(szl(r)q)l(r) +VZ ,(F)D,(T))

eff
The validity of the constant-diffusion-coefficient approximation is
ultimately determined by how close the solution of the set of equations
(4.1) is to the solution of the two-group transport equations.
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. . D, |.
Assuming that the two-group transport integral flux,{ }IS known, and

tr
1
tr
2
that it is sufficiently close to the diffusion integral flux in Eqg. 4.1,
"empirical” diffusion coefficients can be calculated [4] as ratios between
the weighted integral of the leakage term and the weighted integral of

the Laplacian of the flux:

[ WOIEa) + 2, ()R, () -2, o (M), (7)]dr 4.2
- ] OO OB )+, (0, (O

D, =

[ w(r)ve," (r)d*r

I W, (MI(Z 4 (F) + 251 (PP, () — 2y, (M@ (F)]dr

- [ WO O)R(0) 2 (DR, T

D, =

j w, (F)V2D," (F)d°r

The proposed method assumes that diffusion coefficients calculated
using Eq. (4.2) for a model consisting entirely of fresh fuel nodes (and a
reflector) can subsequently be used in any model, consisting of any
combination of fuel and reflector nodes. The assumption stems from the
expectation that variations in the "empirical” diffusion coefficients (with
fresh and between fuel nodes and reflector nodes) are small, just like

those in the "theoretical" (calculated as L) diffusion coefficients.

tr

To work out the diffusion term in a one-dimensional case we need to use
an approximation method to solve for the double derivatives. To obtain a
solution a discretization method such as finite differences can be used.

The convention used in this thesis is illustrated in Figure 2.3.
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5.0

5.1

CALCULATIONS AND RESULTS

‘Restlessness is discontent — and discontent is the first necessity of
progress.” (Thomas Edison)

Calculations

To test the validity of the proposed method, the same test model and

fuel configurations as in the preliminary study were used.

The diffusion calculations are similar to the ones performed in chapter 3
except that the corrected diffusion coefficient, calculated using equations

1

4.1-4.2, is used instead of the traditional diffusion coefficient ( ). In

tr
Egs. (4.2) all fuel nodes are assigned homogenized cross sections
corresponding to fresh fuel. The weight function is chosen to be equal to
unity everywhere except in meshes near boundaries, where it is chosen

to be zero, to avoid results being skewed by the presence of boundaries.
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4 N N N
Tarsser Non-Classical Application
Method of new 'D'
Configl:
// Simple
11 1/ Config !:
DRAGON Calculate 'D’ &
J L J\\ Intermediate
N\ Configlll:
Extreme
" J \ J O )
Figure 5.1 — Use of Empirical Diffusion Coefficient
5.2 Results
Section 5.3 represents the shift from step 3 to step 4 (Refer 1.0 —
Introduction)
Section 5.4 represents the shift from step 1 to step 4 (Refer 1.0 —
Introduction)
5.3 Comparison of two-group homogenized-node using diffusion (old,
new) and transport
5.3.1  Configuration |
Fast Flux
Fast Flux 1 2 3 4 5 6
2 gr. Homo. Transport 3.01E+02 | 2.96E+02 | 2.86E+02 | 2.72E+02 | 2.54E+02 | 2.32E+02
2 gr. Homo. Diffusion 2.86E+02 | 2.82E+02 | 2.74E+02 | 2.62E+02 | 2.47E+02 | 2.28E+02
Corrected Diffusion 3.00E+02 | 2.95E+02 | 2.86E+02 | 2.72E+02 | 2.54E+02 | 2.31E+02
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Fast Flux 7 8 9 10 11 12
2 gr. Homo. Transport 2.05E+02 | 1.76E+02 | 1.44E+02 | 1.09E+02 | 6.66E+01 | 5.20E+00
2 gr. Homo. Diffusion 2.07E+02 | 1.82E+02 | 1.55E+02 | 1.25E+02 | 8.63E+01 | 5.91E+00
Corrected Diffusion 2.05E+02 | 1.76E+02 | 1.44E+02 | 1.10E+02 | 6.74E+01 | 5.22E+00
Table 5.1 — Configuration I, Fast Flux
Config | - Fast Flux
3.50E+02
3.00E+02 —fras N
2.50E+02 Qv’_\f‘
. 2.00E402 | —4—2 gr. Homogenized
3 Transport
L 1.50E+02 _
== 2 gr. Homogenized
1.00E+02 Diffusion
5.00E+01 Corrected Diffusion
0.00E+00 — — .
012345678 9101112
Region
Figure 5.2 — Configuration |, Fast Flux
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % -4.92 4.71 -4.32 -3.66 271 -1.36
Transport vs. [C] Diffusion
% -0.17 -0.15 -0.13 -0.13 -0.11 -0.07
Nodes 7 8 9 10 11 12
Transport vs. Diffusion % 053 | 331 7.5 147 | 2961 | 136
Transport vs. [C] Diffusion
% -0.01 0.07 0.26 0.6 1.27 0.3
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Root Mean Square (%)
Original: 10.93 % | Corrected: 0.43 %
Table 5.2 — Configuration I, Fast Flux, Error
Config 1 - (2 gr. homo)(transport vs
diffusion - original, corrected)
35
30 X
25
- 20 / \
£ 15 / ¥
X 12 4
0
-5 m’
-10
11234567 8|9 10 11|12
—o—Original: Fast Flux |-4.9|-4.7|-4.3|-3.7|-2.7|-1.40.533.31| 7.5 14.729.613.6
—#—Corrected: Fast Flux|-0.2/-0.2/-0.1/-0.1-0.1-0.1| -0 0.070.26/0.6 1.27/ 0.3
Figure 5.3 — Configuration I, Fast Flux, Error
Thermal Flux
Thermal Flux 1 2 3 4 5 6
2 gr. Homo. Transport 6.65E+02 | 6.54E+02 | 6.33E+02 | 6.02E+02 | 5.62E+02 | 5.12E+02
2 gr. Homo. Diffusion 6.33E+02 | 6.25E+02 | 6.07E+02 | 5.82E+02 | 5.48E+02 | 5.06E+02
Corrected Diffusion 6.64E+02 | 6.53E+02 | 6.32E+02 | 6.01E+02 | 5.61E+02 | 5.12E+02
Thermal Flux 7 8 9 10 11 12
2 gr. Homo. Transport 4.54E+02 | 3.89E+02 | 3.18E+02 | 2.41E+02 | 1.68E+02 | 8.92E+01
2 gr. Homo. Diffusion 4.58E+02 | 4.03E+02 | 3.42E+02 | 2.77E+02 | 2.19E+02 | 1.38E+02
Corrected Diffusion 4.54E+02 | 3.89E+02 | 3.19E+02 | 2.42E+02 | 1.70E+02 | 9.09E+01

Table 5.3 — Configuration I, Thermal Flux
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Config | - Thermal Flux
7.00E402 -
6.00E+02 L""’m_\'w
5.00E+02 —J
—4—2 gr. Homogenized
3 4.00E+02 Transport
L 3.00E+02 _
== 2 gr. Homogenized
2.00E+02 Diffusion
1.00E+02 Corrected Diffusion
0.00E+00
01234567 89101112
Region
Figure 5.4 — Configuration |, Thermal Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % 10.17 512 -2.02| -9.12| -15.81| -21.86
Transport vs. [C] Diffusion
% -0.21 -0.01 0.05 0.11 0.2 0.25

Nodes 7 8 9 10 11 12
Transport vs. Diffusion% | -27.28 | -31.89| -35.28| -36.38| -32.03| -41.27
Transport vs. [C] Diffusion
% 0.31 0.36 0.45 0.66 1.3 0.32

Root Mean Square (%)

Original: 25.83 % | Corrected: 0.48 %

Table 5.4 — Configuration I, Thermal Flux, Error
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Config 1 - (2 gr. homo)(transport vs
diffusion - original, corrected)
60 »
50
- 40 /
: 30 A
w 20
® 10 N
0 w—.ﬁil#
-10
11234 5/ 6|7/|8|9/[10/11 12
=& Qriginal: Thermal Flux |-4.7|-4.5-4.1|-3.4|-2.5|-1.10.763.527.7414.830.3554.3
=—— Corrected: Thermal
Flux -0.2/-0.2-0.1/-0.1-0.1-0.1 -0 |0.10.280.591.181.82
Figure 5.5 — Configuration I, Thermal Flux, Error
Fission Rate
Fission Rate 1 2 3 4 5 6
2 gr. Homo. Transport | 1.41E+00 | 1.38E+00 | 1.34E+00 | 1.27E+00 | 1.19E+00 | 1.08E+00
2 gr. Homo. Diffusion | 1.34E+00 | 1.32E+00 | 1.29E+00 | 1.23E+00 | 1.16E+00 | 1.07E+00
Corrected Diffusion 1.41E+00 | 1.38E+00 | 1.34E+00 | 1.27E+00 | 1.19E+00 | 1.08E+00
Fission Rate 7 8 9 10 11
2 gr. Homo. Transport | 9.61E-01 | 8.23E-01 | 6.72E-01 | 5.10E-01 | 3.54E-01
2 gr. Homo. Diffusion | 9.68E-01 | 8.52E-01 | 7.24E-01 | 5.86E-01 | 4.61E-01
Corrected Diffusion 9.61E-01 | 8.24E-01 | 6.74E-01 | 5.13E-01 | 3.58E-01

Table 5.5 — Configuration I, Fission Rate
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Config | - Fission Rate
1.60E+00
1.40E+00 kA TN
1.20E+00 h""l.,-. -
% 1.00E+00 o ; —4—2 gr. Homogenized
ng 2 00E-01 ‘\.l Transport
2 6.00E-01 : —8—2 gr. Homogenized
= 4 00E-01 - Y Diffusion
2.00E-01 . Corrected Diffusion
0.00E+00
012 345¢6 7 891011
Region
Figure 5.6 - Configuration I, Fission Rate
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % -4.70 -4.53 -4.13 -3.43 -2.50 117
Transport vs. [C] Diffusion
% -0.15 -0.12 -0.18 -0.14 -0.14 -0.06
Nodes 7 8 9 10 11
Transport vs. Diffusion % 0.74 3.51 7.73 | 14.83 | 30.29
Transport vs. [C] Diffusion
% -0.01 0.11 0.27 0.58 1.16

Root Mean Square (%)

Original: 10.83 % | Corrected: 0.41 %

Table 5.6 — Configuration |, Fission Rate, Error
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Config 1 - (2 gr. homo)(transport vs
diffusion - original, corrected)
35.00
30.00
25.00 /r
= 20.00
2 15.00 /
i 10.00
B 5.00 A
0.00 W
-5.00
-10.00
1,2 3|4|5/6 7 8 |9/|10/11
—&—Original: FissionRate 14.704.534.133.432.50:1.170.743.517.7314.830.29
—l— Corrected: Fission Rate 0.150.12:0.180.140.14:0.060.010.110.27|0.58[1.16
Figure 5.7 — Configuration I, Fission Rate, Error
5.3.2 Configuration Il
Fast Flux
Fast Flux 1 2 3 4 5 6
2 gr. Homo. Transport 9.89E+02 | 5.97E+02 | 3.86E+02 | 2.64E+02 | 1.81E+02 | 1.24E+02
2 gr. Homo. Diffusion 1.09E+03 | 6.28E+02 | 3.78E+02 | 2.40E+02 | 1.53E+02 | 9.68E+01
Corrected Diffusion 9.87E+02 | 5.98E+02 | 3.86E+02 | 2.65E+02 | 1.82E+02 | 1.24E+02
Fast Flux 7 8 9 10 11 12
2 gr. Homo. Transport 8.45E+01 | 5.73E+01 | 3.83E+01 | 2.49E+01 | 1.36E+01 | 1.02E+00
2 gr. Homo. Diffusion 6.15E+01 | 3.90E+01 | 2.48E+01 | 1.58E+01 | 9.27E+00 | 6.02E-01
Corrected Diffusion 8.48E+01 | 5.75E+01 | 3.85E+01 | 2.50E+01 | 1.38E+01 | 1.03E+00

Table 5.7 — Configuration Il, Fast Flux
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Config Il - Fast Flux
1.20E+03
1.00E+03 —!\
8.00E+02 \‘ —4—2 gr. Homogenized
5 6.00E+02 )| Transport
b \'\ .
4 00E+02 "ﬁ =il gr, Homogemzed
—\” Diffusion
2.00E+02 _";,w. _ Corrected Diffusion
i‘*—“‘;‘ . L Tu_ oy
0.00E+00 T e ey Y
01234567 8 9101112
Region
Figure 5.8 — Configuration Il, Fast Flux
Error (%)
Nodes 1 2 3 4 5 6

Transport vs. Diffusion % 10.17 512 | -2.02| -9.12| -15.81| -21.86

Transport vs. [C] Diffusion
% -0.21 -0.01 0.05 0.11 0.2 0.25

Nodes 7 8 9 10 11 12

Transport vs. Diffusion % 2728 | -31.89| -35.28| -36.38| -32.03| -41.27

Transport vs. [C] Diffusion
% 0.31 0.36 0.45 0.66 1.3 0.32

Root Mean Square (%)

Original: 25.83 % | Corrected: 0.48 %

Table 5.8 — Configuration I, Fast Flux, Error
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Config Il - (2gr. homo)(transport vs
diffusion - original, corrected)
20
10
0
2 -10
s -20
®
230 \
40 M
-50
1,12 (3|4 /56|78 /|9 /|10 1112
—&—0riginal: Fast Flux 110.2/5.12| -2 |-9.1|-16 |-22 |-27 |-32 |-35 |-36 |-32 |-41
= Corrected: Fast Flux [-0.2| -0 |0.05/0.11/0.2 0.25(0.310.360.450.66| 1.3 0.32
Figure 5.9 — Configuration II, Fast Flux, Error
Thermal Flux
Thermal Flux 1 2 3 4 5 6
2 gr. Homo. Transport 1.97E+03 | 1.61E+03 | 1.13E+03 | 7.73E+02 | 5.29E+02 | 3.62E+02
2 gr. Homo. Diffusion 2.18E+03 | 1.71E+03 | 1.11E+03 | 7.06E+02 | 4.48E+02 | 2.84E+02
Corrected Diffusion 1.97E+03 | 1.61E+03 | 1.13E+03 | 7.74E+02 | 5.30E+02 | 3.63E+02
Thermal Flux 7 8 9 10 11 12
2 gr. Homo. Transport 2.47E+02 | 1.67E+02 | 1.12E+02 | 7.24E+01 | 4.50E+01 | 2.18E+01
2 gr. Homo. Diffusion 1.80E+02 | 1.14E+02 | 7.27E+01 | 4.62E+01 | 3.08E+01 | 1.71E+01
Corrected Diffusion 2.48E+02 | 1.68E+02 | 1.12E+02 | 7.29E+01 | 4.56E+01 | 2.22E+01

Table 5.9 — Configuration Il, Thermal Flux
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Config Il - Thermal Flux
2.50E+03
2.00E+03 -—!\
< 1.50E+03 \\ —4—2 gr. Homogenized
3 \ Transport
r 0
1.00E+03 \ ——2 gr. Homogenized
5 00402 \ Diffusion
.00E+ Vs
n TN N Corrected Diffusion
0.00E+00 g
01234567 89101112
Region
Figure 5.10 — Configuration I, Thermal Flux
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % 1098 | 6.28| -1.38| -8.75| -15.45| -21.56
Transport vs. [C] Diffusion
% -0.14 -0.07 0.04 0.1 0.18 0.24
Nodes 7 8 9 10 11 12
Transport vs. Diffusion % | 2698 | -31.61| -35.01| -36.18| -31.63| -21.33
Transport vs. [C] Diffusion
% 0.28 0.38 0.43 0.67 1.2 1.86

Root Mean Square (%)

Original: 23.56 % | Corrected: 0.70 %

Table 5.10 — Configuration Il, Thermal Flux, Error
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Config Il - (2gr. homo)(transport vs
diffusion - original, corrected)
20
10 4~
§ 0
5 -10
X -20
-30 \\‘/
-40
11234 5/ 6|7/|8|9/[10/11 12
=& QOriginal: Thermal Flux| 11 6.28-1.4|-8.8|-15|-22|-27|-32|-35|-36|-32|-21
=—— Corrected:Thermal
Flux -0.1/-0.10.04/0.1 0.180.240.280.380.430.67/1.2 1.86
Figure 5.11 — Configuration Il, Thermal Flux, Error
Fission Rate
Fission Rate 1 2 3 4 5 6
2 gr. Homo. Transport | 4.22E+00 | 2.16E+00 | 1.52E+00 | 1.04E+00 | 7.11E-01 | 4.86E-01
2 gr. Homo. Diffusion | 4.68E+00 | 2.30E+00 | 1.49E+00 | 9.47E-01 | 6.01E-01 | 3.81E-01
Corrected Diffusion 4.22E+00 | 2.16E+00 | 1.52E+00 | 1.04E+00 | 7.12E-01 | 4.87E-01
Fission Rate 7 8 9 10 11
2 gr. Homo. Transport | 3.31E-01 | 2.25E-01 | 1.50E-01 | 9.73E-02 | 6.02E-02
2 gr. Homo. Diffusion | 2.42E-01 | 1.54E-01 | 9.76E-02 | 6.21E-02 | 4.11E-02
Corrected Diffusion 3.32E-01 | 2.25E-01 | 1.51E-01 | 9.79E-02 | 6.09E-02

Table 5.11 — Configuration Il, Fission Rate
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Config Il - Fission Rate
5.00E+00
4.50E+00 -
4.00E+00 —j\
& 3.00E+00 —&—2 gr. Homogenized
< 2 50E+00 k Transport
E igg?gg \ ——2 gr. Homogenized
[ . + | Diffusi
1.00E+00 Na - sien
5 00E-01 -\_ﬁ-’* — Corrected Diffusion
0.00E+00 R
01234567 891011
Region
Figure 5.12 - Configuration Il, Fission Rate
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % 10.93| 6.20| -147| -8.79| -1548| -21.58
Transport vs. [C] Diffusion
% -0.16 -0.04 0.05 0.08 0.18 0.24

Nodes 7 8 9 10 11
Transportvs. Diffusion% | _27.00| -31.61| -35.03| -36.19| -31.66
Transport vs. [C] Diffusion
% 0.31 0.36 0.43 0.68 1.21

Root Mean Square (%)

Original: 23.76 % | Corrected: 0.47 %

Table 5.12 — Configuration Il, Fission Rate, Error
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Config Il - (2gr. homo)(transport vs
diffusion - original, corrected)
20.00
10.00
- 0.00
B
= -10.00
® -20.00 \\
-30.00 V
-40.00
112 |3|4a|s5|6 |7 8|9]|10|11
—4#=—Original: Fission Rate 10.93.20/1.478.7915.421.527.031.635.036.131.6
—— Corrected: Fission Rate}0.160.040.05/0.080.18/0.24/0.31/0.36/0.43/0.68[1.21
Figure 5.13 — Configuration Il, Fission Rate, Error
5.3.3 Configuration Il
Fast Flux
Fast Flux 1 2 3 4 5 6
2 gr. Homo. Transport 2.67E+02 | 2.67E+02 | 2.67E+02 | 2.67E+02 | 2.66E+02 | 2.66E+02
2 gr. Homo. Diffusion 9.18E+01 | 9.75E+01 | 1.09E+02 | 1.27E+02 | 1.54E+02 | 1.89E+02
Corrected Diffusion 2.63E+02 | 2.63E+02 | 2.64E+02 | 2.64E+02 | 2.64E+02 | 2.65E+02
Fast Flux 7 8 9 10 11 12
2 gr. Homo. Transport 2.66E+02 | 2.65E+02 | 2.65E+02 | 2.76E+02 | 2.78E+02 | 2.50E+01
2 gr. Homo. Diffusion 2.36E+02 | 2.98E+02 | 3.77E+02 | 5.04E+02 | 6.32E+02 | 5.03E+01
Corrected Diffusion 2.66E+02 | 2.66E+02 | 2.67E+02 | 2.81E+02 | 2.84E+02 | 2.53E+01

Table 5.13 — Configuration Ill, Fast Flux
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Config Il - Fast Flux

7.00E+02
6.00E+02
5.00E+02
—4—2 gr. Homogenized
E 4.00E+02 Transport
L 3.00E+02 _
== 2 gr. Homogenized
2.00E+02 Diffusion
1.00E+02 Corrected Diffusion
0.00E+00
01234567 89101112
Region
Figure 5.14 — Configuration Ill, Fast Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % -65.61 | -63.49 | -59.11| -52.23| -42.39| -28.99
Transport vs. [C] Diffusion
% -1.45 -1.4 -1.25 -1.09 -0.81 -0.48

Nodes 7 8 9 10 11 12
Transport vs. Diffusion % -11.2| 12.16| 4256 8251 127.78| 101.53
Transport vs. [C] Diffusion
% -0.06 0.44 1.01 1.78 241 1.42

Root Mean Square (%)

Original: 66.28 % | Corrected: 1.29 %

Table 5.14 — Configuration Ill, Fast Flux, Error
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Config Il - (2gr. homo)(transport vs
diffusion - original, corrected)
150
100 //\k
S 50
° 0
-50
-100
1123 |4|5|6|7|8)|9/|10]11 12
—#—Original: Fast Flux |-66|-63|-59|-52|-42|-29|-11(12.242.682.5/128/102
——Corrected: Fast Flux |-1.5|-1.4-1.3|-1.1|-0.8|-0.5|-0.1/0.44/1.01]1.782.41[1.42
Figure 5.15 — Configuration Ill, Fast Flux, Error
Thermal Flux
Thermal Flux 1 2 3 4 5 6
2 gr. Homo. Transport 7.21E+02 | 7.21E+02 | 7.20E+02 | 7.20E+02 | 7.19E+02 | 7.18E+02
2 gr. Homo. Diffusion 2.53E+02 | 2.68E+02 | 3.00E+02 | 3.51E+02 | 4.23E+02 | 5.20E+02
Corrected Diffusion 7.10E+02 | 7.11E+02 | 7.11E+02 | 7.12E+02 | 7.14E+02 | 7.15E+02
Thermal Flux 7 8 9 10 11 12
2 gr. Homo. Transport 7.17E+02 | 7.16E+02 | 7.14E+02 | 6.98E+02 | 6.08E+02 | 3.63E+02
2 gr. Homo. Diffusion 6.50E+02 | 8.19E+02 | 1.04E+03 | 1.29E+03 | 1.41E+03 | 1.02E+03
Corrected Diffusion 7.17E+02 | 7.20E+02 | 7.22E+02 | 7.10E+02 | 6.22E+02 | 3.74E+02

Table 5.15 — Configuration Ill, Thermal Flux
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Config lll - Thermal Flux
1.60E+03
1.40E+03
1.20E+03 ﬁ
1.00E+03 ¥ —4—2 gr. Homogenized
E 8.00E+02 AT Transport
6.00E+02 L .'-_'_"\’.\; ——2 gr. Homogenized
4.00E+02 N Diffusion
2.00E+02 Corrected Diffusion
0.00E+00
01234567 89101112
Region
Figure 5.16 — Configuration IIl, Thermal Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion% | 492 | -62.75| -58.31| -51.28| -41.26| -27.57
Transport vs. [C] Diffusion
% -1.43 -1.37 -1.24 -1.04 -0.77 -0.43

Nodes 7 8 9 10 11 12
Transport vs. Diffusion % 94| 1443| 4545| 84.47| 131.47| 180.34
Transport vs. [C] Diffusion
% -0.02 0.48 1.06 1.7 2.34 3.02

Root Mean Square (%)

Original: 79.56 % | Corrected: 1.48 %

Table 5.16 — Configuration 1ll, Thermal Flux, Error
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Config Il - (2gr. homo)(transport vs
diffusion - original, corrected)

200
150 //'
§ 100
5 50
X 0
-50
-100
1 /2|34 |5 6|7 |8 |9 |10 /11|12
=& Qriginal: Thermal Flux |-65 |-63 |-58 |-51 |-41|-28 |-9.4[14.4145.584.5(131|180
== Corrected: Thermal
Flux -1.41-1.4}-1.2| -1 |-0.8-0.4| -0 0.481.061.7 2.343.02
Figure 5.17 — Configuration Ill, Thermal Flux, Error
Fission Rate (s™)
Fission Rate 1 2 3 4 5 6
2 gr. Homo. Transport | 9.75E-01 | 9.75E-01 | 9.75E-01 | 9.74E-01 | 9.73E-01 | 9.72E-01
2 gr. Homo. Diffusion | 3.42E-01 | 3.63E-01 | 4.06E-01 | 4.74E-01 | 5.71E-01 | 7.03E-01
Corrected Diffusion 9.61E-01 | 9.62E-01 | 9.63E-01 | 9.64E-01 | 9.66E-01 | 9.68E-01
Fission Rate 7 8 9 10 11
2 gr. Homo. Transport | 9.71E-01 | 9.69E-01 | 9.67E-01 | 9.48E-01 | 1.30E+00
2 gr. Homo. Diffusion | 8.78E-01 | 1.11E+00 | 1.40E+00 | 1.75E+00 | 3.01E+00
Corrected Diffusion 9.71E-01 | 9.74E-01 | 9.77E-01 | 9.64E-01 | 1.33E+00

Table 5.17 — Configuration I, Fission Rate
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Config Il - Fission Rate

3.50E+00

3.00E+00
o 2.50E+00 /r
T =—4— 2 gr. Homogenized
né 2.00E+00 Transport
2 1.50E+00
] #»  =—@=—2gr. Homogenized
% 1.00E+00 ettt - Diffusion

5.00E-01 - Corrected Diffusion

0.00E+00

0123456 7 8 91011
Region
Figure 5.18 - Configuration Ill, Fission Rate
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | 6498 | -62.82| -58.37 | -51.37| -41.35| -27.69
Transport vs. [C] Diffusion
% -1.44 -1.37 -1.24 -1.04 -0.78 -0.43

Nodes 7 8 9 10 11 12
Transport vs. Diffusion % 954 | 14.24| 4523| 84.38| 131.15
Transport vs. [C] Diffusion
% -0.01 0.48 1.05 1.70 2.35

Root Mean Square (%)

Original: 62.78 % | Corrected: 1.25 %

Table 5.18 — Configuration Ill, Fission Rate, Error
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Config Il - (2gr. homo)(transport vs
diffusion - original, corrected)
150.00
100.00 /
S 50.00
° 0.00
5000 |- ot
-100.00
1,2 /3|4|5/6 7 |8|9/10]11
—&—Qriginal: FissionRate |-64.|-62.|-58.|-51.|-41.|-27.|-9.5(14.2|45.2/84.3/131.
—— Corrected: Fission Rate |-1.4|-1.3|-1.2|-1.0 -0.7 |-0.4 |-0.0 0.48|1.05/1.70/2.35
Figure 5.19 — Configuration lll, Fission Rate, Error
54 Comparison of “exact” transport results with two-group
homogenized node diffusion (old, new)
5.41 Configuration |
Fast Flux
Fast Flux 1 2 3 4 5 6
69 gr. Detailed
Transport 2.90E+02 | 2.86E+02 | 2.78E+02 | 2.66E+02 | 2.50E+02 | 2.30E+02
2 gr. Homo. Diffusion 2.86E+02 | 2.82E+02 | 2.74E+02 | 2.62E+02 | 2.47E+02 | 2.28E+02
Corrected Diffusion 3.00E+02 | 2.95E+02 | 2.86E+02 | 2.72E+02 | 2.54E+02 | 2.31E+02
Fast Flux 7 8 9 10 11 12
69 gr. Detailed
Transport 2.07E+02 | 1.81E+02 | 1.51E+02 | 1.19E+02 | 7.97E+01 | 5.81E+00
2 gr. Homo. Diffusion 2.07E+02 | 1.82E+02 | 1.55E+02 | 1.25E+02 | 8.63E+01 | 5.91E+00
Corrected Diffusion 2.05E+02 | 1.76E+02 | 1.44E+02 | 1.10E+02 | 6.74E+01 | 5.22E+00

Table 5.19 — Configuration I, Fast Flux
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Config | - Fast Flux
3.50E+02
3.00E+02 g q
2.50E+02 Qr_-,\_‘
. 2.00E402 | —4—69 gr. Detailed
3 \,‘!\ Transport
L 1.50E+02 ) _
== 2 gr. Homogenized
1.00E+02 Diffusion
5.00E+01 Corrected Diffusion
0.00E+00
012345678 9101112
Region
Figure 5.20 — Configuration |, Fast Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % -1.37 -1.33 -1.36 -1.43 -1.17 -1.00
Transport vs. [C] Diffusion
% 3.45 3.22 2.96 2.33 1.63 0.30

Nodes 7 8 9 10 11 12
Transport vs. Diffusion% | 006 | 074 | 248 | 479 | 822 | 1.72
Transport vs. [C] Diffusion
% -1.02 -2.58 -4.79 -7.78 | -15.48 | -10.16

Root Mean Square (%)

Original: 3.03 % | Corrected: 6.28 %

Table 5.20 — Configuration I, Fast Flux, Error
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Config 1 - (69gr. hetro transport vs
2gr. homo diffusion - original,
corrected)
10.00
5.00
5 0.00 A
= -5.00
S -10.00
-15.00 \/r
-20.00
1234 /5|6|7 |89 10[11|12
——Original: Fast Flux  |-1.3/-1.3/-1.3|-1.4/-1.1|-1.0|-0.00.742.484.798.2211.72
—#—Corrected: Fast Flux 3.45(3.222.962.331.630.30-1.0|-2.5|-4.7 -7.7|-15. -10.
Figure 5.21 — Configuration |, Fast Flux, Error
Thermal Flux
Thermal Flux 1 2 3 4 5 6

69 gr. Detailed
Transport

6.57E+02 | 6.47E+02 | 6.29E+02 | 6.02E+02 | 5.66E+02 | 5.22E+02

2 gr. Homo. Diffusion

6.33E+02 | 6.25E+02 | 6.07E+02 | 5.82E+02 | 5.48E+02 | 5.06E+02

Corrected Diffusion

6.64E+02 | 6.53E+02 | 6.32E+02 | 6.01E+02 | 5.61E+02 | 5.12E+02

Thermal Flux

7 8 9 10 11 12

69 gr. Detailed
Transport

4.69E+02 | 4.09E+02 | 3.43E+02 | 2.70E+02 | 1.99E+02 | 1.15E+02

2 gr. Homo. Diffusion

4.58E+02 | 4.03E+02 | 3.42E+02 | 2.77E+02 | 2.19E+02 | 1.38E+02

Corrected Diffusion

4.54E+02 | 3.89E+02 | 3.19E+02 | 2.42E+02 | 1.70E+02 | 9.09E+01

Table 5.21 — Configuration I, Thermal Flux
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Config | - Thermal Flux
7.00E+02
6.00E+02 Hj-w\,\
5.00E+02 N
~ 4.00E+02 \'\. —4—69 gr. Detailed
3 Transport
L 3.00E+02 - _
== 2 gr. Homogenized
2.00E+02 Diffusion
1.00E+02 Corrected Diffusion
0.00E+00
012345678 9101112
Region
Figure 5.22 — Configuration I, Thermal Flux
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % -3.60 -3.46 -3.52 -3.32 -3.19 -3.00
Transport vs. [T] Diffusion
% 1.12 0.87 0.45 -0.17 -0.89 -1.85
Nodes 7 8 9 10 11 12
Transport vs. Diffusion% | 238 | -153 | -0.18 | 249 | 997 | 19.88
Transport vs. [T] Diffusion
% -3.24 -4.95 -6.89 | -10.46 | -14.63 | -21.04

Root Mean Square (%)

Original: 6.93 % | Corrected: 8.44 %

Table 5.22 — Configuration I, Thermal Flux, Error
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Config | - (69gr. hetro transport vs 2gr.
homo diffusion - original, corrected)
30.00
20.00
5 10.00
= 0.00
B -10.00
-20.00
-30.00
112 |3|4|5|6|7|8|9]|10/11]12
=¢—Original: Thermal Flux |-3.6|-3.4/-3.5|-3.3|-3.1|-3.0}-2.3|-1.5-0.1[2.499.97[19.8
=—— Corrected: Thermal
Flux 1.120.870.45-0.1/-0.8|-1.8/-3.2|-4.9-6.8/-10.|-14.]-21.
Figure 5.23 — Configuration |, Thermal Flux, Error
Fission Rate (s™)
Fission Rate 1 2 3 4 5 6
69 gr. Detailed
Transport 1.36E+00 | 1.34E+00 | 1.30E+00 | 1.25E+00 | 1.17E+00 | 1.08E+00
2 gr. Homo. Diffusion 1.34E+00 | 1.32E+00 | 1.29E+00 | 1.23E+00 | 1.16E+00 | 1.07E+00
Corrected Diffusion 1.41E+00 | 1.38E+00 | 1.34E+00 | 1.27E+00 | 1.19E+00 | 1.08E+00
Fission Rate 7 8 9 10 11
69 gr. Detailed Transport | 9.71E-01 | 8.47E-01 | 7.09E-01 | 5.60E-01 | 4.11E-01
2 gr. Homo. Diffusion 9.68E-01 | 8.52E-01 | 7.24E-01 | 5.86E-01 | 4.61E-01
Corrected Diffusion 9.61E-01 | 8.24E-01 | 6.74E-01 | 5.13E-01 | 3.58E-01

Table 5.23 — Configuration I, Fission Rate
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Config | - Fission Rate
1.60E+00
140E+00 et
120400 | sy
E 1.00E+00 _\L‘"', =—4—69 gr. Detailed
S 8.00E-01 ‘\.l Transport
2 6.00E-01 : —8—2 gr. Homogenized
= 4 00E-01 Diffusion
2.00E-01 Corrected Diffusion
0.00E+00
012 345¢6 7 891011
Region
Figure 5.24 — Configuration I, Fission Rate
Error (%)
Nodes 1 2 3 4 5 6
Transport vs. Diffusion % -1.37 -1.37 -1.36 -1.25 -1.11 -0.84
Transport vs. [C] Diffusion
% 3.33 3.18 2.71 2.12 1.27 0.27
Nodes 7 8 9 10 11
Transport vs. Diffusion % -0.32 0.58 2.09 4.68 12.17
Transport vs. [C] Diffusion
% -1.06 -2.73 -4.98 -8.32 -12.91

Root Mean Square (%)

Original: 4.09 % | Corrected: 5.26 %

Table 5.24 — Configuration |, Fission Rate, Error
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Config | - (69gr. hetro transport vs 2gr.
homo diffusion - original, corrected)
15
10 2
h 5
o
5 0
X 5
-10 -
-15
11234 |5 6|7 8|9 10|11
—&—Original: FissionRate  11.3%1.371.361.251.11:0.840.3D.572.094.6732.17
—— Corrected: Fission Rate3.3343.18.712.124.274.2661.062.734.988.3212.9
Figure 5.25— Configuration I, Fission Rate, Error
5.4.2 Configuration Il
Fast Flux
Fast Flux 1 2 3 4 5 6
69 gr. Detailed
Transport 8.70E+02 | 5.42E+02 | 3.83E+02 | 2.84E+02 | 2.11E+02 | 1.57E+02
2 gr. Homo. Diffusion 1.09E+03 | 6.28E+02 | 3.78E+02 | 2.40E+02 | 1.53E+02 | 9.68E+01
Corrected Diffusion 9.87E+02 | 5.98E+02 | 3.86E+02 | 2.65E+02 | 1.82E+02 | 1.24E+02
Fast Flux 7 8 9 10 11 12
69 gr. Detailed
Transport 1.16E+02 | 8.57E+01 | 6.24E+01 | 4.43E+01 | 2.77E+01 | 1.99E+00
2 gr. Homo. Diffusion 6.15E+01 | 3.90E+01 | 2.48E+01 | 1.58E+01 | 9.27E+00 | 6.02E-01
Corrected Diffusion 8.48E+01 | 5.75E+01 | 3.85E+01 | 2.50E+01 | 1.38E+01 | 1.03E+00

Table 5.25 — Configuration Il, Fast Flux
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Config Il - Fast Flux
1.20E+03
1.00E+03 ——*\
A\
8.00E+02 \\‘ —4—69 gr. Detailed
é 6.00E+02 '\\ Transport
A\ ——2 gr. Homogenized
4.00£+02 ‘ Diffusion
2.00E+02 _\'—
.00E+ ﬁm Corrected Diffusion
0.00E+00 1 L
01234567 89101112
Region
Figure 5.26 — Configuration Il, Fast Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion% | 2532 | 1579 | -1.34 | -1552 | -27.47 | -38.21
Transport vs. [C] Diffusion
% 13.47 | 10.26 0.75 -6.72 | -13.73 | -20.85

Nodes 7 8 9 10 11 12
Transport vs. Diffusion % | 47,05 | -54.47 | -60.26 | -64.31 | -66.50 | -69.73
Transport vs. [C] Diffusion
% -26.99 | -32.88 | -38.31 | -43.52 | -50.14 | -48.20

Root Mean Square (%)

Original: 46.17 % | Corrected: 30.23 %

Table 5.26 — Configuration II, Fast Flux, Error
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Config Il - (69gr. hetro transport vs
2gr. homo diffusion - original,
corrected)
40.00
20.00
= 0.00
= -20.00
X -40.00
-60.00 ——s
-80.00
1 /2 (3|4 /5|6 |7 |8|9/|10[11|12
—&—O0riginal: Fast Flux 25.3/15.7|-1.3|-15.|-27.|-38.-47.|-54.|-60.|-64.|-66.|-69.
——Corrected: Fast Flux [13.4/10.20.75/-6.7|-13.|-20.|]-26.|-32.|-38.|-43.|-50.|-48.
Figure 5.27 — Configuration Il, Fast Flux, Error
Thermal Flux
Thermal Flux 1 2 3 4 5 6
69 gr. Detailed
Transport 1.75E+03 | 1.50E+03 | 1.13E+03 | 8.40E+02 | 6.24E+02 | 4.63E+02
2 gr. Homo. Diffusion 2.18E+03 | 1.71E+03 | 1.11E+03 | 7.06E+02 | 4.48E+02 | 2.84E+02
Corrected Diffusion 1.97E+03 | 1.61E+03 | 1.13E+03 | 7.74E+02 | 5.30E+02 | 3.63E+02
Thermal Flux 7 8 9 10 11 12
69 gr. Detailed
Transport 3.44E+02 | 2.53E+02 | 1.85E+02 | 1.31E+02 | 9.00E+01 | 4.86E+01
2 gr. Homo. Diffusion 1.80E+02 | 1.14E+02 | 7.27E+01 | 4.62E+01 | 3.08E+01 | 1.71E+01
Corrected Diffusion 2.48E+02 | 1.68E+02 | 1.12E+02 | 7.29E+01 | 4.56E+01 | 2.22E+01

Table 5.27 — Configuration I, Thermal Flux
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Config Il - Thermal Flux

2.50E+03

2.00E+03

1.50E+03 —4—69 gr. Detailed

3 Transport

1.00E+03 ——2 gr. Homogenized
Diffusion

5.00E+02
Corrected Diffusion

0.00E+00

01234567 89101112
Region
Figure 5.28 — Configuration I, Thermal Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion% | 2445 | 1410 | -1.93 | -15.96 | -28.19 | -38.70
Transport vs. [C] Diffusion
% 12.46 7.43 -0.16 -7.87 | -15.04 | -21.65

Nodes 7 8 9 10 11 12
Transport vs. Diffusion % | .47.61 | -55.02 | -60.63 | -64.76 | -65.79 | -64.82
Transport vs. [C] Diffusion
% -27.82 | -33.72 | -39.35 | -44.39 | -49.35 | -54.33

Root Mean Square (%)

Original: 45.68 % | Corrected: 31.34 %

Table 5.28 — Configuration Il, Thermal Flux, Error
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Config Il - (69gr. hetro transport vs
2gr. homo diffusion - original,
corrected)
40.00
20.00
G 0.00
= -20.00
e -40.00
-60.00
-80.00
11234 5/ 6|7|8|9/[10/11 12
=—o— Original: Thermal Flux 24.4114.1|-1.9|-15.|-28.|-38.]-47 |-55.|-60.|-64.-65.|-64.
=—— Corrected:Thermal
Flux 12.47.43-0.1-7.8/-15.-21.-27.|-33.|-39.|-44.]-49 |-54.
Figure 5.29 — Configuration Il,Thermal Flux, Error
Fission Rate (s™)
Fission Rate 1 2 3 4 5 6
69 gr. Detailed Transport | 3.67E+00 | 1.98E+00 | 1.49E+00 | 1.11E+00 | 8.21E-01 | 6.10E-01
2 gr. Homo. Diffusion 4.68E+00 | 2.30E+00 | 1.49E+00 | 9.47E-01 | 6.01E-01 | 3.81E-01
Corrected Diffusion 4.22E+00 | 2.16E+00 | 1.52E+00 | 1.04E+00 | 7.12E-01 | 4.87E-01
Fission Rate 7 8 9 10 11
69 gr. Detailed Transport | 4.52E-01 | 3.34E-01 | 2.43E-01 | 1.73E-01 | 1.18E-01
2 gr. Homo. Diffusion 2.42E-01 | 1.54E-01 | 9.76E-02 | 6.21E-02 | 4.11E-02
Corrected Diffusion 3.32E-01 | 2.25E-01 | 1.51E-01 | 9.79E-02 | 6.09E-02

Table 5.29 — Configuration Il, Fission Rate
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Config Il - Fission Rate
5.00E+00
4.50E+00 -
4.00E+00 —j\
o 3.50E+00 3%
S 2.50E+00 \\ Transport
& 2.00E+00 N\ ——2 gr. Homogenized
*  1.50E+00 S Diffusion
1.00E+00
5 00E-01 Corrected Diffusion
0.00E+00
012345¢67 891011
Region
Figure 5.30 — Configuration Il, Fission Rate
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % 27.44| 1623| 020| -14.39| -26.87| -37.52
Transport vs. [C] Diffusion
% 14.71 9.41 1.74 -6.06 | -13.32 | -20.15

Nodes 7 8 9 10 11
Transport vs. Diffusion % | .4652| -53.97 | -59.89 | -64.05| -65.24
Transport vs. [C] Diffusion
% -26.52 | -32.46 | -37.99 | -43.27| -48.52

Root Mean Square (%)

Original: 43.04 % | Corrected: 27.56 %

Table 5.30 — Configuration Il, Fission Rate, Error
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Config Il - (69gr. hetro transport vs
2gr. homo diffusion - original,
corrected)
40
20
5 0
5 -20
B3 -40
-60
-80
11234 |5 6|7 8|9 10|11
—&— Original: FissionRate 27.446.28.20114.426.937.546.5 -54 59.9 -64 [65.2
—— Corrected: Fission Rate14.79.401.7446.0613.320.1/26.532.5 -38 143.348.5
Figure 5.31 — Configuration Il, Fission Rate, Error
5.4.3 Configuration Il
Fast Flux
Fast Flux 1 2 3 4 5 6
69 gr. Detailed
Transport 2.76E+02 | 2.75E+02 | 2.74E+02 | 2.73E+02 | 2.71E+02 | 2.69E+02
2 gr. Homo. Diffusion 9.18E+01 | 9.75E+01 | 1.09E+02 | 1.27E+02 | 1.54E+02 | 1.89E+02
Corrected Diffusion 2.63E+02 | 2.63E+02 | 2.64E+02 | 2.64E+02 | 2.64E+02 | 2.65E+02
Fast Flux 7 8 9 10 11 12
69 gr. Detailed
Transport 2.65E+02 | 2.61E+02 | 2.56E+02 | 2.59E+02 | 2.78E+02 | 2.19E+01
2 gr. Homo. Diffusion 2.36E+02 | 2.98E+02 | 3.77E+02 | 5.04E+02 | 6.32E+02 | 5.03E+01
Corrected Diffusion 2.66E+02 | 2.66E+02 | 2.67E+02 | 2.81E+02 | 2.84E+02 | 2.53E+01

Table 5.31 — Configuration Ill, Fast Flux
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Config Il - Fast Flux

7.00E+02
6.00E+02
5.00E+02 |
. 4.00E+02 —4#—69 gr. Detailed
3 Transport
L 3.00E+02 _
—fll—2 gr. Homogenized
2.00E+02 Diffusion
1.00E+02 Corrected Diffusion
0.00E+00
01234567 8 9101112
Region
Figure 5.32 — Configuration lll, Fast Flux
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion% | -66.70 | -64.56 | -60.26 | -53.47 | -43.19 | -29.62
Transport vs. [C] Diffusion
% -4.59 -4.40 -3.75 -3.28 -2.61 -1.32

Nodes 7 8 9 10 11 12
Transport vs. Diffusion% | -11.04 | 14.08 | 47.05 | 94.24 | 127.18 | 129.20
Transport vs. [C] Diffusion
% 0.27 1.83 414 8.30 2.09 15.28

Root Mean Square (%)

Original: 71.96 % | Corrected: 5.78 %

Table 5.32 — Configuration 1ll, Fast Flux, Error
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Config Il - (69gr. hetro transport vs
2gr. homo diffusion - original,

corrected)

150.00

100.00 -
S 50.00
w
- 0.00

-50.00

-100.00

112, 3|4 |56 /|7 8|9 |10/11 |12

=—4#—COriginal: Fast Flux |-66./-64.|-60.|-53./-43.|-29.|-11./114.0147.094.2/127.[129.
== Corrected: Fast Flux|-4.5|-4.4|-3.7|-3.2|-2.6/-1.3(0.27/1.83/4.148.302.09|15.2

Figure 5.33 — Configuration Ill, Fast Flux, Error

Thermal Flux

Thermal Flux 1 2 3 4 5 6

69 gr. Detailed

Transport 7.61E+02 | 7.60E+02 | 7.57E+02 | 7.54E+02 | 7.49E+02 | 7.42E+02
2 gr. Homo. Diffusion 2.53E+02 | 2.68E+02 | 3.00E+02 | 3.51E+02 | 4.23E+02 | 5.20E+02
Corrected Diffusion 7.10E+02 | 7.11E+02 | 7.11E+02 | 7.12E+02 | 7.14E+02 | 7.15E+02
Thermal Flux 7 8 9 10 11 12

69 gr. Detailed

Transport 7.33E+02 | 7.21E+02 | 7.08E+02 | 6.82E+02 | 5.90E+02 | 3.73E+02
2 gr. Homo. Diffusion 6.50E+02 | 8.19E+02 | 1.04E+03 | 1.29E+03 | 1.41E+03 | 1.02E+03
Corrected Diffusion 7.17E+02 | 7.20E+02 | 7.22E+02 | 7.10E+02 | 6.22E+02 | 3.74E+02

Table 5.33 — Configuration Ill, Thermal Flux
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Config Ill - Thermal Flux

1.60E+03
1.40E+03 ﬁ
1.20E+03
1.00E+03 \ —4#—69 gr. Detailed

é 8 00E+02 - : '! - Transport
6.00E+02 L—.‘.".} : "w_\_ ——2 gr. Homogenized
4.00E+02 \ Diffusion
2.00E+02 ~ Corrected Diffusion
0.00E+00

012 3 456 7 8 9101112

Region

Figure 5.34 — Configuration IIl, Thermal Flux

Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion % | 66,75 | -64.72 | -60.39 | -53.43 | -43.49 | -29.88
Transport vs. [T] Diffusion
% 670 | 641 | -612 | -553 | -461 | -358

Nodes 7 8 9 10 11 12
Transport vs. Diffusion% | 1128 | 1352 | 46.96 | 89.19 | 138.94 | 173.10
Transport vs. [T] Diffusion
% 213 | 020 | 202 | 413 | 541 | 014

Root Mean Square (%)

Original: 80.45 % | Corrected: 4.50 %

Table 5.34 — Configuration 1ll, Thermal Flux, Error
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Config Il - (69gr. hetro transport vs
2gr. homo diffusion - original,
corrected)
200.00
150.00 '44
G 100.00
= 50.00
e 0.00
50.00 gyt
-100.00
1234|567 8|9/|10(11|12
=& Qriginal: Thermal Flux |-66.|-64.]-60.]-53./-43./-29.-11.113.546.989.1[138/173.
=—— Corrected: Thermal
Flux -6.7/-6.41-6.11-5.5-4.6-3.5-2.11-0.22.024.135.410.14
Figure 5.35 — Configuration Ill, Thermal Flux, Error
Fission Rate (s™)
Fission Rate 1 2 3 4 5 6
69 gr. Detailed Transport | 1.01E+00 | 1.01E+00 | 1.00E+00 | 9.99E-01 | 9.92E-01 | 9.83E-01
2 gr. Homo. Diffusion 3.42E-01 | 3.63E-01 | 4.06E-01 | 4.74E-01 | 5.71E-01 | 7.03E-01
Corrected Diffusion 9.61E-01 | 9.62E-01 | 9.63E-01 | 9.64E-01 | 9.66E-01 | 9.68E-01
Fission Rate 7 8 9 10 11
69 gr. Detailed Transport | 9.71E-01 | 9.56E-01 | 9.38E-01 | 9.05E-01 | 1.24E+00
2 gr. Homo. Diffusion 8.78E-01 | 1.11E+00 | 1.40E+00 | 1.75E+00 | 3.01E+00
Corrected Diffusion 9.71E-01 | 9.74E-01 | 9.77E-01 | 9.64E-01 | 1.33E+00

Table 5.35 — Configuration Ill, Fission Rate
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Config Il - Fission Rate
3.50E+00
3.00E+00
o 2.50E+00 /r
T —4—G69 gr. Detailed
p 2.00E+00 ,‘ Transport
’% 1.50E+00 ‘", =2 gr. Homogenized
& 1.00E+00 ——M—A—‘M—‘%‘;—_—':vz Diffusion
5.00E-01 ‘ﬁ.;.“.’.,- Corrected Diffusion
0.00E+00
0123456 7 891011
Region
Figure 5.36 — Configuration Ill, Fission Rate
Error (%)

Nodes 1 2 3 4 5 6
Transport vs. Diffusion% | 6612 | -63.98| -59.56 | -52.56| -42.44| -28.45
Transport vs. [T] Diffusion
% -4.66 -4.45 -4.06 -3.46 -2.62 -1.48

Nodes 7 8 9 10 11
Transport vs. Diffusion % 954 | 1581 | 49.73| 93.09 | 142.60
Transport vs. [T] Diffusion
% -0.01 1.85 418 6.51 7.42

Root Mean Square (%)

Original: 66.88 % | Corrected: 4.23 %

Table 5.36 — Configuration 11, Fission Rate, Error
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Config Il - (69gr. hetro transport vs
2gr. homo diffusion - original,

corrected)
200
150
§ 100
= 50
R 0
50 g———"0
-100
112 (3|4 |5 |67 |89 |10/11
=—#—QOriginal: FissionRate 166.1-64 159.652.642.428.59.545.849.793.0942 .
== Corrected: Fission Rate +4.664.454.063.462.621.48 0.011.854.17%5.507.41E

Figure 5.37 — Configuration Ill, Fission Rate, Error
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6.0

6.1

INTERPRETATION OF RESULTS

“If your experiment needs statistics, you ought to have done a better
experiment.” (Ernest Rutherford)

Interpretation

Comparison between detailed-geometry many energy group transport,
detailed-geometry few energy group transport, homogenized-geometry
few energy group transport and few group homogenized-cell diffusion for
a model involving a few CANDU lattice cells and reflector was
performed. During this development it was found that detailed geometry
transport and homogenized transport results are very close. Emphasis
was shifted to comparing homogenized transport with homogenized-cell
diffusion. While diffusion (before correcting) is a promising computational
alternative to transport (Chapter 3), imperfections in the results

necessitated improvements to the diffusion approximation.

Results show that diffusion theory is insufficiently accurate when using

the traditional transport-derived diffusion coefﬁcienti . It was shown

tr
that correcting the diffusion coefficients (Chapter 5), to enforce the
transport-derived neutron balance leads to substantial gains(Refer

Tables 5.1-5.36) in accuracy for simple one-dimensional models.
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7.0

FUTURE WORK

These preliminary results need to be confirmed for two-dimensional
models. Additionally, developing an interpretation of the difference

between theoretical and empirical diffusion coefficients is desirable.

With ongoing developments in reactor technologies, it would be interesting
to apply this technique to a future generation of Canadian reactors.
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