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ABSTRACT

This manual presents the theory underlying the three-dimensional (3D) whole-core, pin-resolved neutron
transport calculation methodologies employed in the MPACT code. MPACT’s primary goal is to provide
accurate sub-pin power distributions in a computationally efficient manner. To accomplish this, MPACT
offers several different transport method options. The 2D/1D method, in which 3D problems are decomposed
into an axial stack of radial “slices,” is currently the most commonly used. In this option, two-dimensional
(2D) planar solutions are provided by the method of characteristics (MOC), and axial solutions are provided
via one-dimensional (1D) approximate diffusion, or P53 solutions. The radial and axial solutions are coupled
by (i) axial and radial transverse leakages, and (ii) a global 3D coarse mesh finite difference (CMFD) solve,
which provides both acceleration and stability to the solution iteration scheme.

The subsequent chapters of this manual present a range of topics, including MOC, CMFD, axial nodal
transport solvers, 2D/1D, self-shielding, depletion, thermal-hydraulics, and transient methods. Development
of the underlying theory of the 2D/1D method is presented, diagrams are included to highlight important
algorithmic flow, and important concepts are discussed as appropriate. This manual is intended to be self-
sufficient, but references to published articles and other materials are included for further reading.

MPACT is a relatively new code, with new capabilities and many computational methods that did not
exist until recently. This manual is an even newer document, with chapters written by several different code
contributors working under time constraints. For these reasons, the manual is not yet complete and finalized.
Future versions of this manual will address current deficiencies.
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CHAPTER 1. INTRODUCTION

MPACT is a three-dimensional (3D) full-core neutron transport code capable of calculating subpin power
distributions. Calculations are based on the Boltzmann transport equation for neutron fluxes for problems
in which the detailed geometrical configuration of fuel components such as the pellet and cladding are
explicitly retained. The cross section data needed for the neutron transport calculation are obtained directly
from a multigroup cross section library [89,90], which has traditionally been used by lattice physics codes to
generate few-group homogenized cross sections for nodal core simulators. Hence, MPACT assumes neither
a priori homogenization nor group condensation for the full core spatial solution.

The 3D MPACT transport solution can be obtained using the method of characteristics (MOC) [4], [68],
which employs discrete ray tracing within each fuel pin. However, for practical reactor applications, the di-
rect application of MOC to 3D core configurations requires an excessive amount of memory and computing
time due to the very large number of rays.

For practical 3D full-core calculations, MPACT commonly uses an approximate “2D/1D” method that treats
the radial (x and y) variables differently from the axial (z) variable. In particular, the radial dependence of
the solution is calculated using transport theory, and the axial dependence is calculated using diffusion or
P3 theory. The 2D/1D method requires the core to be divided into a vertical stack of axial slices with a
thickness of A, ~ 5-10 cm. Each axial slice is divided radially into coarse spatial cells with boundaries
that usually constitute the pin cell boundaries, for which A, = Ay ~ 1.5 cm. Then, each coarse radial cell
(pin cell) is divided into 50-100 fine radial cells, which resolve the angular flux in the fuel, cladding, and
moderator regions.

The 2D radial transport calculations are formulated using the 2D MOC method on the fine radial spatial
cells within each slice. The 1D axial diffusion or P3 calculations are formulated using the nodal expansion
method (NEM) on the coarse radial spatial cells and extend axially through every slice. The fine- and
coarse-grid equations are coupled through transverse leakages, and the equations are structured so that upon
convergence, the fine-grid scalar fluxes — integrated over a coarse spatial cell — exactly yield the coarse-grid
scalar fluxes. The approximate 1D axial calculation is used because most spatial heterogeneity in the reactor
core occurs in the radial direction instead of the axial direction. Therefore, the neutron flux itself should
have strong spatial variations in the radial direction, but only weak spatial variations axially. Alternatively,
a full 3D MOC solution can be performed if warranted and if computational resources are available.

To accelerate the iterative convergence of the whole-core transport calculation, MPACT uses the coarse
mesh finite difference (CMFD) acceleration method. The basic spatial mesh in the CMFD formulation is the
3D coarse spatial grid upon which the group constants are dynamically homogenized using the estimates of
the fine-grid scalar fluxes. The concept of dynamically homogenizing the group constants for each pin cell
is the basis of the effectiveness of the CMFD formulation. The intra-cell flux distribution determined from
the MOC calculation is used to generate the homogenized cell constants, and the MOC cell surface-averaged
currents are used to determine the radial nodal coupling coeflicients. An equivalence formalism guarantees
that, on convergence, the scalar flux obtained with CMFD is identical to the scalar flux obtained by the MOC
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calculation, integrated over a coarse cell. In addition to the acceleration aspect of the CMFD formulation,
CMED provides the framework for the 3D calculation in which the global 3D neutron balance is maintained
through the use of the MOC-generated cell constants, radial coupling coefficients, and the NEM-generated
axial coupling coefficients.

An outline of the remainder of this manual follows:

In Chapter 2, the steady-state linear Boltzmann (neutron transport) equation is introduced, along with
its standard multigroup approximation (in energy) and discrete ordinates approximation (in angle).

Chapter 3 briefly outlines how MPACT uses the algorithms described in the subsequent chapters of
the manual to solve eigenvalue, depletion, and transient problems.

Chapter 4 begins with the history of the 2D/1D method in MPACT. Then the 2D/1D method is de-
scribed, starting from the underlying Boltzmann transport equation. The unique feature of this method
is that the 2D transport equation describes neutron transport in the radial directions x and y, and the
diffusion or P3 equations approximately describe neutron transport in the axial direction z. The chapter
concludes with an outline of the basic iteration strategy used by MPACT to solve the 2D/1D equations.

Chapter 5 presents the method of characteristics (MOC) methodology for discretizing and solving the
2D linear Boltzmann (neutron transport) equation.

Chapter 6 describes the methods used in MPACT to spatially discretize the 1D axial (typically diffu-
sion or P3) equations.

Chapter 7 describes the 3D CMFD method used to accelerate the iterative convergence of the 2D/1D
solver.

Chapter 8 presents the general multigroup cross section calculation in MPACT.
Chapter 9 discusses MPACT’s treatment of energy resonance and self-shielding.
Chapter 10 presents the MPACT methodology for solving depletion problems.
Chapter 11 describes methods used in MPACT for solving transient problems.

Chapter 12 describes the multiphysics coupling in MPACT, including an internal simplified TH model,
coupling with external codes, and energy deposition treatments.

Chapter 13 describes MPACT’s additional capability to generate nodal cross sections to drive nodal
simulator calculations.

Chapter 14 provides brief discussions of some miscellaneous topics:
— Parallel Decomposition Mechanics
— Boundary Condition Treatment

— Rod Cusping Treatment
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CHAPTER 2. LINEAR BOLTZMANN TRANSPORT
EQUATION

2.1. THE BOLTZMANN EQUATION

This chapter provides a brief introduction to the 3D steady-state linear Boltzmann transport equation, the
solution of which determines the neutron (and photon) fluxes in nuclear reactor cores and shields. A detailed
derivation of this equation is beyond the scope of this manual; the equation is provided here, and some of its
properties are described. For a careful derivation, see the work by Prinja and Larsen (2010) [123].

To characterize a general 3D steady-state neutron transport process, six independent variables are required:
three components of the 3D spatial position vector:

x =02, (2.1a)

two angular variables (the polar cosine ¢ and the azimuthal angle w) to specify the 3D unit vector £ denoting

the direction of flight:
Q=(Q,,Q),Q) = (/1 -2 cosw, /1 —p2sinw, ), (2.1b)

and the kinetic energy E. These variables ultimately make it possible to specify the population of neutrons
(1) at an arbitrary point x in the system, (ii) traveling in an arbitrary direction of flight , and (iii) with an
arbitrary energy E.

If the spatial variables x, y, and z are displaced by incremental (very small) amounts dx, dy, and dz, then the
spatial vector x will sweep out an incremental hexahedral volume dV = dxdydz. Similarly, if the angular
variables u and w are displaced by incremental amounts du and dw, then the unit vector Q will sweep out a
dimensionless incremental rectangular element of area or solid angle dQ) = dudw on the unit sphere.

The macroscopic cross sections are defined by the following:

%4(x, E)ds = the incremental probability that a neutron at point x, with energy E,

traveling an incremental distance ds, will experience a collision with a nucleus, (2.2a)
Y¢(x, E)ds = the incremental probability that a neutron at point x, with energy E,

traveling an incremental distance ds, will scatter off a nucleus, (2.2b)
2, (x, E)ds = the incremental probability that a neutron at point x, with energy E,

traveling an incremental distance ds, will be captured by a nucleus, (2.2¢)
2 ¢(x, E)ds = the incremental probability that a neutron at point x, with energy E,

traveling an incremental distance ds, will initiate a fission event with a nucleus. (2.2d)
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These cross sections satisfy

2(x,E) =Zy(x,E) + Z,(x, E) + Zp(x,E) . (2.3)

The macroscopic differential scattering cross section is defined by

Y(x, Q" - Q, E" — E)dsdQdE = the incremental probability that a neutron at (x, Q’, E”),
traveling an incremental distance ds, will scatter into
dQ about Q and dE about E. 2.4)

This cross section satisfies

f f (%, Q" - Q E — E)dQdE = X,(x,E) . (2.5)
0 4r

Also, the fission spectrum is defined by

x(x, E)dE = the incremental probability that a fission neutron, emitted

at x, will have energy between E and E + dE. (2.6)

The fission spectrum satisfies

fo N Y, E)E = 1. 2.7)

It is assumed that in all problems, the material cross sections and fission spectrum are specified at each
spatial point x in the physical system of interest.

Next, all neutrons that (i) are geometrically located in a volume increment dV about a point x, (ii) travel
within a solid angle dQ about the direction Q, and (iii) have energies between E and E + dE are considered.
The angular neutron density N(x, Q, E, t), a function of six independent variables, is defined by

N(x,Q, E)dVdQdE = the incremental number of neutrons in
dVdQdE about the phase space point (x, Q, E) . (2.8)

The angular flux y(x, Q, E) is now defined by
Y(x,Q,E)=vN(x,Q,F), 2.9
where v = 2E/m = neutron speed. i has the following physical interpretation:

Y(x, Q, E)YdVdQdE = the incremental rate at which path length is
generated by neutrons in dVdQdE about (x, Q, E) . (2.10)

(The rates at which neutrons interact with matter are directly proportional to ¢.)

In the following linear Boltzmann equation for ¥(x, , E), it is assumed that a convex spatial domain V is
given and that all the material cross sections are known for all points x € V:

Q- -Vy(x,Q,E) +Zi(x, EW(x,QF) = f f (x, Q- Q E — E(x,Q,EdQ dE’
0 4

N x(x, E)

VI r(x, ENW(x, ', ENdQ dE’
4nkefff0 L ! v

xeV, Qedn, 0<E< . (2.11a)
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Eq. (2.11a) must be solved subject to the “vacuum” boundary condition:

U(x,QE)=0, x€dV, Q- n<0,0<E<o0, (2.11b)

Egs. (2.11a) and (b) constitute an eigenvalue problem for the eigenfunction y(x, Q, E) and the criticality
eigenvalue k.g. The smallest positive eigenvalue kg is sought so that Eqgs. (2.11a) and (b) have a solution
Y(x,Q, E) > 0. (Problems of this type are most commonly solved by MPACT.) Furthermore, the solution,
v(x, Q, E), of the eigenvalue problem in Eqgs. (2.11a) and (b) is unique up to an arbitrary constant. Therefore,
an additional equation is needed to define a normalization condition for (x, 2, E). Because MPACT is used
to model reactors, this normalization condition is usually given in terms of total power:

Py = f f f kX r(x, E)(x,Q, E)YdQdEdx , 2.11¢)
VvV JO 4r

where Py, is the thermal power of the reactor, and « is a factor that represents the average energy release
per fission. The normalization condition can be expressed in other ways, such as in terms of the total
neutron population or total neutron production rate. However, the method through which the normalization
is expressed is less important its existence.

For 3D neutron transport equations to be computationally solved by a deterministic method, it is necessary
to discretize each of the six independent variables, thereby turning Eqgs. (2.11a) and (b) into a (typically
very large) algebraic system of equations. Discretizing the energy, direction, and spatial variables presents
different types of problems. The energy variable is discussed first below.

2.2. THE MULTIGROUP APPROXIMATION

The multigroup approximation to the neutron transport equation is almost universally used to discretize
the continuous energy variable E. The structure of the resulting multigroup transport equations is closely
related to that of the original transport equation, the difference being that the energy variable is discrete rather
than continuous. (Integrals over E are replaced by sums over energy groups.) Several important identities
of the original continuous-energy scattering operator are preserved in the multigroup approximation. The
multigroup transport equations are derived below, and some of their properties are discussed.

The multigroup approximation requires that a finite number G of energy bins or groups be chosen:
Enin = EGg < Eg-1 <-+- <Eg <Eg—1 << Ey <Ej = Epax

with E,,;, sufficiently small such that neutrons with energies less than E,;;,, are negligible, and with E,,,
sufficiently large such that neutrons with energies greater than E,,,, are negligible. The energy range E, <
E < Eq_ is the g™ energy group. 1Tt is customary to order the energy groups with the group index g
increasing as the energies decrease. Then the slowing-down of fast fission neutrons occurs through energy
groups with increasing indices.

For each 1 < g < G, we define:

ngl
We(x, Q) = Y(x,Q, EYdE
Eé’

= angular flux for group g, and (2.12a)

Eo
o) = f (x, E)E

Eg

= multigroup fission spectrum for group g . (2.12b)
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According to the preceding definitions and Eq. (2.7), the multigroup fission spectrum automatically satisfies

max

ng(x) Z f " ¢ EMIE = f X6, EMIE = 1.

mm

To proceed, we integrate Eq. (2.11a) over the g’ energy group, obtaining:

Eq 1
Q- Vy,(x,Q) + f %.(x, E)(x,Q, E)dE

G -1 (Eg_i
Z f f f Y, E — E,Q - Q)(x,Q, EdQ dE'dE
—1 4r

Xg(x) f f ’ '’ ’ ’
> E Q' ENdQ'dE
47Tke[f E 4,,V (6, EW(x, Q' E") ,

or:
[ Six, EY(x, @, E)IE
Q- Vi (x,Q) + | — o Ye(x, )
Je v, Q. E)AE
Eq- Ey_ ’ ’ ’ ’ ’
6 o [ T R E - B Qu(x @ EE dE o
= f — Yg(x, Q)dQ
go1 Vi f N y(x, Q' E)dE"
¥ » VZf(x ENy(x,Q,E")dE’
Xg( ) Z f lﬂg/(x, Q/)dgl ,
47Tkeff Ar ( Q, E’)dE'
or:
G
Q- VY (x, Q) + 5 (x, Q2. Q) = f S g (0 @, Qg (x, Q)dY
T
G
Xg(x) f A ’ ’ ’
+ = V2 r (X, QN (x,Q)dQ"
Arkesr g,zzl w S Ve
where:

) [ Je " Eix B, @, E)ME
2ig(x, Q) =

f“l//( ,Q,E)dE

R f ¢! ng 'Si(x,E’ > E,Q - Q)(x,Q E)IE'dE
g, 2, Q) = ng’fl W(x, Q' E"dE' ’
Eg/ b b

A [ [ VS e, E W (x, @, ENAE
981 o(x, Q) = | =2

[ ye, @, ENAE!
gl

(2.13)

(2.14)

(2.15a)

(2.15b)

(2.15¢)
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Exact boundary conditions can be obtained by integrating Eq. (2.11b) over the energy groups:

Ye(x,2)=0, x€dV,Q-n<0. (2.16)

Eqgs. (2.14) through (2.16) are an exact system of equations for the group fluxes. If the hatted coeflicients in
Egs. (2.15) were known, then Egs. (2.14) and (2.16) would, in the absence of spatial and angular discretiza-
tions, yield the exact group fluxes. However, based on Egs. (2.15), the hatted coefficients depend on the
solution of the continuous-energy problem and are not known.

In the multigroup approximation, an approximation for ¢ is specified and introduced into the right sides of
Egs. (2.15). The resulting approximate multigroup cross sections are then used in Eq. (2.14).

Specifically, in each of the bracketed terms in Eq. (2.15), we introduce the approximation:
U(x,Q,E)~¥Y(x,E)f(x,Q), (2.17)

where Y(x, E) is a specified neutron spectrum. The function f(x,€2) cancels out of each numerator and
denominator, and Eqgs. (2.15) yield the multigroup cross sections:

[ Je " B, E)(x, EME
gx) = | — , (2.18a)
f “'Y(x, E)dE

f ¢! ng T Y(x,E' - E,Q - Q)¥(x,E')dE'dE
Togg(x, Q- Q) = ZET——— , (2.18b)
Jel W BN

[ [ VS (e, BN (x, E')dE’

_ g

Y g(x) = T : (2.18¢)
Eg/ ’

Using these approximate multigroup cross sections in lieu of the hatted exact cross sections in Eq. (2.14),
we obtain the multigroup transport equations:

G

Q- Vig(x, Q) +Z; o(X)g(x, Q) = Z L T5g—eg(X, Q- Q) (x, Q)dQ
g=1v

Xg(¥) NI
4j;keﬁ Z f VE /(X)W (x, R)dQY

er,Qe47r, 1<g<@G. (2.19)

The multigroup fluxes ¢¢(x, £2) are obtained by solving Eqgs. (2.19) with the multigroup boundary conditions
(2.16).

To complete the multigroup approximation, the multigroup capture and fission cross sections are defined
analogous to Egs. (2.18):

[ [T 5, (x, E)¥(x, E)E |

_ g

2y e(x) = ng_] S , (2.20a)
E, ’

[ [T 5 4(x, E)¥(x, E)E |
_ g

) = | S | (2.200)
E, ’
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Then, by Egs. (2.3), (2.18), and (2.20), the following identities hold for all g and g’:

ng_l [Zs(x, E)+2,(x,E) + Zg(x, E)] ¥(x, E)dE

E
Te(x) = — o
[z W(x, E)YdE
8
= 2sg(x) + 2y o (x) + Zp,(x) (2.21a)
and:

G

Z f Zigog(x, Q- Q)dQ = =X, (x). (2.21b)
g=1 g

Egs. (2.21) hold for any choice of W(x, E); they are the multigroup analog of the continuous-energy identities
of Egs. (2.3) and (2.5).

The key element in this derivation is the choice of the neutron spectrum ¥(x, E) in Eqgs. (2.17) and (2.18).
The determination of this spectrum requires experience and careful understanding of the problem to be
solved. A detailed description of this process cannot be given here.

The structure of the multigroup transport equations is similar to that of the continuous-energy transport
equation, the key difference being that in the multigroup equations, the energy variable is discrete rather
than continuous.

2.3. THE DISCRETE ORDINATES (Sy) APPROXIMATION

For general 2D and 3D problems, the angular variable Q is widely discretized using the discrete ordinates or
Sn approximation. For Cartesian geometries, this approximation consists of a system of angularly discrete
equations with a mathematical structure similar to the original transport equation. The principal difference
is that neutrons travel only in a specified finite number of directions on the unit sphere rather than in all
directions.

If N denotes the order of an angular quadrature set, then we let M denote the number of discrete angles €,
in the quadrature set, with 1 < m < My. An angular weight w,, is associated with each £,,,, which represents
the area of the cone on the unit sphere with a central axis of €,,. A function /(£2) is now represented as a
discrete quantity:

U(Qp) =Ym, 1 <m< My,

and angular integrals of ¥/(€2) are represented as quadrature sums:

My My
f4 WRAQ ~ ) Y QW = ) YW -
i m=1 m=1

Historically, determination of quadrature sets of discrete angles and weights for neutron transport problems
has received considerable attention. The general idea has been to choose quadrature sets such that (i) the
directions and weights are distributed as symmetrically as possible on the unit sphere, (ii) the angular weights
are positive, (iii) the approximation of an integral by a sum is exact when i is a low-order spherical harmonic
function, and (iv) the total number My of directions and weights is as small as possible.

The general details of the procedures by which angular quadrature sets are chosen in practice is beyond the
scope of this manual. However, some information about product quadrature sets is included, because they
play an important role in the 2D/1D method.
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In product quadrature sets, the angular variables u and w are individually discretized, as shown in Eq.
(2.1b): p on the interval —1 < u < 1 (typically using a Gauss-Legendre quadrature set), and w on the interval
0 < w < 27 (typically using a Chebyshev quadrature set). Thus, there is a 1D quadrature set for ¢ of order
N, (a ~ “axial”):

{(n, up)ll < n < Ny}, (2.22a)

where u, are the angular weights and a 1D quadrature set for w of order N, (r ~ “radial”):
{(@Wms vl <m < N}, (2.22b)

where v, are the angular weights. Therefore, Eq. (2.1b) gives the following 3D product quadrature set:

{(Qums Wam) |l £n <Nyl <m <Ny, (2.22¢)
where
Q= (\/1 — 122 COS Wy, AJ1 — 12 sin W, un) , (2.22d)
and

Wnm = UnVm - (2.22¢)

Product quadrature sets treat the polar direction differently from the radial directions; this feature conforms
well with the underlying methodology of the 2D/1D method.

Applying an Sy approximation to the multigroup transport equations (2.19) and (2.16), we obtain:

G My
Qm ’ thm,g(x) + Zf,g(x)wm»g(x) = Z Z 2S,g’—>g(-":’ Qm’ : Qm)wm’,g’(x)wm’

g=1m'=1
G My

Xg(X)
e D0V W (X)W
g=1m'=1

xeV, 1<m<My, 1<g<G, (2.23a)

G My
Py = f DU K (Wi g ()W dx (2.23b)

v g=1 m=1
Ung®) =0, x€dV, Q,-n<0. (2.23¢)

Again, these multigroup discrete ordinates equations retain the basic structure of the original Boltzmann
transport equation. The main difference between Egs. (2.23) and the original transport Eq. (2.11a) is that in
Egs. (2.23), the energies at which neutrons can exist are discrete (not infinite), and the directions in which
neutrons can travel are also discrete (not infinite).

The 2D/1D method approximates the 3D multigroup transport Eq. (2.19) in a manner that leads to (i) a 2D
“radial” transport equation, coupled to (ii) a 1D “axial" transport equation. The multigroup and discrete
ordinates approximations described above can be directly applied to both of these equations. (However,
the 1D axial transport equation is typically approximated by a 1D low-order Py equation; this reduces the
computational cost and has only a minor effect on accuracy.) After a brief summary of the algorithms used
in MPACT in Chapter 3, the 2D/1D method is discussed in Chapter 4.
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CHAPTER 3. SUMMARY OF ALGORITHMS

This chapter summarizes the algorithms MPACT uses to solve three different types of problems. These
algorithms employ different capabilities in MPACT that are described in the subsequent chapters of this
manual. For readers who are already knowledgeable about nuclear reactor physics, this chapter provides a
brief introduction to the subsequent chapters of the manual, along with a description of how the capabilities
in these chapters work together in MPACT. For readers who are not yet knowledgeable, this chapter can be
skipped until a later time.

o eigenvalue problems: Algorithm 1 describes the process by which MPACT solves the steady-state
eigenvalue problem for kg and ¢. In Algorithm 1, the user can choose (1) between 2D/1D and 2D,
(2) whether or not to use CMFD, Gauss-Siedel, or Jacobi iteration in energy, and (3) whether or not to
include thermal feedback. However, it should be noted that the 2D/1D problem cannot be run without
CMED. The primary details for this algorithm can be found in Chapters 4, 5, 7, and 12.

o depletion calculations: Algorithm 2 describes MPACT’s depletion calculation. A predictor-corrector
algorithm is used to produce improved estimates of the nuclide compositions at each time step. More
details are available in Chapter 10.

o transient calculations: Algorithm 3 describes the process by which MPACT performs a transient
calculation. A multi-level solver (point kinetics, CMFD, MOC) efficiently solves the fixed-source
transient problem while minimizing the number of transport sweeps required. More details are avail-
able in Chapter 11, and a graphical flow chart of the iteration (see Figure 11.7) is provided.
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Algorithm 1: Algorithm for solving an eigenvalue problem in MPACT.

1: Update macroscopic cross sections from resonance treatment (subgroup) calculations (Chapter 9).
2: Guess initial source (¢*) and eigenvalue (kgzg).

3: while ¢ and ki’ff) not converged do

4:  if considering feedback, then

5 Using the current estimate of solution, evaluate feedback equations (Chapter 12).
6 if update resonance parameters, then
7: perform subgroup calculations (Chapter 9).
8 end if
9 Update the macroscopic cross sections.
10:  end if
11:  if using CMFD, then
12: Generate coarse-grid quantities from the fine-grid fluxes and leakages.
13: Solve the CMFD eigenvalue problem iteratively to obtain an updated eigenvalue (kg;;l)) and
coarse-grid scalar flux. (Chapter 7 for more information).
14: Update the fine-grid scalar flux/fission source (¢""*1/2).
15:  end if
16:  if 2D/1D, then
17: Obtain the radial leakages from the CMFD solution.
18: Solve the 1D axial equation, Eq. (4.10), to update the scalar fluxes.
19:  end if

20:  Update the axial leakage from CMFD.

21:  if Gauss-Siedel, then

22: Obtain ¢"*1 by performing transport sweep(s) on the 2D radial transport equations, Eq. (4.12), as
described in Algorithm 6.

23:  else if Jacobi, then

24: Obtain ¢! by performing transport sweep(s) on the 2D radial transport equations, Eq. (4.12), as
described in Algorithm 7.
25:  endif

26: end while
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Algorithm 2: Depletion algorithm in MPACT, also depicted in Fig. 10.5 of Chapter 10.
1: Set core power and nuclide compositions for #.
2: for t;intg, ..., tfipe do
3:  for predictor substeps j=1,...,J do

4: Perform depletion calculation for all nuclides. (See Fig. 10.1 for details.)

5:  end for

6:  Use Algorithm 1 to solve steady-state transport problem with updated material compositions.
7. for corrector substeps k = 1,...,K do

8: Perform depletion calculation for all nuclides. (See Fig. 10.1 for details.)

9:  end for

10:  Average compositions from predictor and corrector steps. These are the compositions for #;; .
11:  if updating resonance parameters, then

12: Perform subgroup calculation. (See Chapter 9.)

13:  end if

14:  Use Algorithm 1 to solve steady-state transport problems with updated material compositions.
15:  Set core power and nuclide compositions for #;; .

16: end for
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Algorithm 3: Algorithm for solving transient problems in MPACT. See Chapter 11 for more details.

1:

N RN

19:
20:

Perform initial steady-state forward transport and thermal hydraulics (TH) calculation (obtain
converged neutronics/TH steady-state solution)
Perform adjoint CMFD calculation, Eq. (11.33).
Begin transient calculation:
for ¢; in 10,MOC> - - - > Lfinal, MOC do
Perform predictor MOC transient fixed source problem (TFSP) solve (one coarse step of Alg. 4).
for L j in Lit,- s tim do
Linearly interpolate CMFD coeflicients to CMFD time step j (out of M intermediate steps per
MOC step).
Perform predictor CMFD solve (forward and adjoint), Egs. (11.32) and (11.33).
Calculate exact point kinetic equation (EPKE) parameters.
for tijk in Lijl,--slijN do
Linearly interpolate EPKE parameters to EPKE time step k (out of N fine steps per CMFD step)
Perform EPKE solve, Eq. (11.36), and Eq. (11.37).
end for
Correct CMFD solution with updated information from finer EPKE solve, Eq. (11.55).
end for
Correct transport solution with updated information from finer CMFD solve, Eq. (11.50).
Update pin powers and pass to TH solver
Perform TH solve
Update cross sections based on updated densities and temperatures from TH
end for
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CHAPTER 4. THE 2D/1D METHOD

4.1. HISTORICAL OVERVIEW

In the reactor physics community, the term 2D/ID denotes computational methods for solving 3D neutron
transport problems in which the 2D radial (x and y) and 1D axial (z) derivative terms are discretized differ-
ently. The motivation for this is that in light-water reactors (LWRs), the geometry of the core is complicated
in the radial (x and y) directions, but relatively simple in the axial (z) direction. Thus, the spatial behavior
of the neutron flux should be complicated in the radial directions, but simpler in the axial direction. A 3D
spatial discretization scheme that makes proper use of the relatively simple axial behavior of the neutron
flux could be advantageous.

For realistic 3D neutron transport problems, computational methods that treat the radial and axial variables
differently were first proposed and implemented by two groups in Korea during 2002-2007 [28], [23], [29],
[27], [301, [79], [98], [25], [104], [22], [24].

e The group at the Korea Advanced Institute of Science and Technology (KAIST) (N. Z. Cho, G. S.
Lee, C. J. Park, and colleagues) developed the “2D/1D fusion” method for the CRX code [28], [29],
[27], [30], [25], [104]. In this method, the 3D Boltzmann transport equation is solved by discretizing
the radial derivative term on a fine 2D radial spatial grid and the axial derivative terms on a coarse
radial spatial grid. (Again, a coarse radial grid is usually Cartesian, with one coarse cell consisting of
a pin cell. The fine radial grid is not Cartesian; it consists of about 50-100 fine cells per coarse (pin)
cell, with boundaries of the fine cells conforming to the circular edges of the fuel, cladding, and the
outer edges of the coarse cell.) Unlike the fine and coarse radial spatial grids, there is only one coarse
axial grid. Typically, a single coarse 2D radial cell consists of a pin cell, which is about 1.5 cm in
diameter. The width of a single axial cell is typically much larger, on the order of 5-10 cm.

e The other group at the Korea Atomic Energy Research Institute (KAERI) (J. Y. Cho, H. G. Joo,
K. S. Kim, and S. Q. Zee and colleagues), developed a different planar MOC solution-based 3D
heterogeneous core method for the DeCART code [23], [79], [22], [24]. The KAERI method also
discretized the radial derivative term on the fine spatial grid and the axial derivative term on the
coarse radial grid. However, the KAERI method simplified the radial derivative term in a way that
(i) is accurate for problems in which the axial leakage can be represented by Fick’s Law, and (ii)
offers significant computational advantages for parallel- architecture computers. The KAERI 2D/1D
method evolved into the 2D/1D method currently implemented in MPACT.

The KAERI method can be motivated by the fact that for 3D problems in which the cross sections depend
only on the radial spatial variables (x and y), an exact solution of the transport equation exists in terms of an
axial buckling:

U(x,y,z,Q) = Y(x,y, Q)eiBZ.

The buckling approximation occurs naturally in diffusion theory, thus suggesting that for problems in which
the transport solution varies weakly in the axial (z) variable but strongly in the radial (x and y) variables, an
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approximate 3D transport solution with sufficient accuracy can be obtained from an approximate transport
problem in which (i) transport physics is used to treat the radial variables, and (ii) diffusion physics is used
to treat the axial variable. The KAERI method, implemented in DeCART, accomplished that goal. In an
early publication, the KAERI method in DeCART was simply called 2D/ID [79]. The 2D/1D moniker is
used to identify that method and the other related methods introduced below.

The Deterministic Core Analysis Based on Ray Tracing (DeCART) code was originally developed under an
I-NERI project between KAERI and Argonne National Laboratory (ANL). An early version of DeCART
was acquired by the University of Michigan (UM), where it was initially used for the US Department of
Energy (DOE) Consortium for Advanced Light Water Reactors (CASL) project, which started in 2010. This
version had an important deficiency: it failed to converge for small axial cell widths A,. However, the use
of the UM version of DeCART demonstrated that for problems in which DeCART converged, it had major
computational advantages over other 3D Sy or MOC codes.

Nonetheless, the failure of DeCART to converge for small A, and the lack of a mathematical foundation for
the 2D/1D methodology in DeCART were major concerns. For these and other practical reasons, a decision
was made in 2012 to develop a new 3D reactor physics code at UM that would employ a more robust 2D/1D
methodology. To create this new code, a consistent mathematical foundation for the 2D/1D methodology
was developed. The new code was named MPACT; in 2014 it became jointly managed and developed with
ORNL.

The remainder of this chapter outlines this basic 2D/1D theory. To simplify the discussion, monoenergetic
(G = 1) problems with isotropic scattering are considered. However, extension of the 2D/1D method
discussed below to multigroup (G > 1) problems with anisotropic scattering is straightforward.

4.2. PRELIMINARIES

We shall now derive the 2D/1D method for the 3D one-group Boltzmann equation with isotropic scattering
in a homogeneous medium:

z vZ
Q- V¥(x, Q)+ 5¥(x, Q) = =2 | wx, Q) + —L | w(x, ),
4 4r 47Tkeﬂ»‘ A

xeV,Qe4nr. “4.1)

The extension of the 2D/1D method to general multigroup anisotropic scattering problems in heterogeneous
media is straightforward. In the subsequent discussion, important steps that must be followed in heteroge-
neous media are explicitly discussed.

The notation in Eq. (4.1) is the same as in the previous chapters:

x = spatial variable

= (x,y,2),
direction-of-flight variable
(Qx, Qy, Q)

= (/1 = p2cosw, /1 —u?sinw, ) ,

where p is the polar cosine (—1 < ¢ < 1), and w is the azimuthal angle (0 < w < 2m).

Q

The physical system V is required to be a “cylinder”, consisting of points

(x,y) €ER,

x = (x,y,z) such that:
(*x.3.2) {OSZSZ,
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- rxy)
Figure 4.1. The 3D System V.

where R is a 2D region in the (x, y)-plane that is not necessarily circular.

In this discussion, the boundary conditions on ¥ are assumed to be vacuum:
Y(x,Q)=0,xecdV,Q-n<0, 4.2)

where n is the unit outer normal vector on dV. However, other boundary conditions (e.g., reflecting) are

permitted. The x and y variables are radial, and the z variable is axial.

Finally, a normalization condition is required. The solution to the transport equation is unique only in its
shape, not in its magnitude. To address this, MPACT uses the following normalization condition:

KXy N
— | ¥(x,Q)dQYdV =P, (4.3)
v 4 Jag

where P is a specified constant, and kX is the energy released per fission. In practice, P is set equal to 1.0
at the beginning of the calculation. When post-processing the solution into data useful for reactor analysts,
P can be set to the reactor’s total power to obtain the magnitude of the flux as it exists in a real reactor.

4.3. THE BASIC 2D/1D EQUATIONS

The 2D/1D method is based on a system of equations that approximate Eq. (4.1). In this approximate system,
neutrons experience the correct 2D transport physics in the radial directions of x and y, but they experience
1D P; or P3 physics in the axial direction z. The 2D/1D method in MPACT is not simple, but it attempts to
be as simple as possible to achieve the necessary accuracy and efficiency.

To begin, a 2D radial transport equation is formulated from Eq. (4.1) with an isotropized axial leakage term:

02w+ 0% we v e = 2 [ e o)de
0x 0y 47 Jan
sz ’ , 1 an
+ prvan Y(x, QHdQ — in [ e (x)] “4.4)
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Here, the isotropic function J,(x) is an approximation to the axial current,

J(x) ~ f Q(x, Q)dQ ; 4.5)
4r

the exact definition of J, is discussed in Chapter 6 because it depends on the method used to solve the
1D axial equation. The boundary condition for Eq. (4.4) consists of a vacuum boundary condition on the
cylindrical portion of 9V:

Y(x,Q)=0for(x,y)€dR,0<z<Z. (4.6)

Operating on the solution of Eq. (4.4) by Lﬂ Q,(-)dQ and Lﬂ Q,(-)dQ yields the following radial currents:

Ji(x) = f Qu(x, 2O, 4.7)
4r

Jy(x) = f Qu(x, Q)dQ . (4.7b)
4r

The method MPACT uses to solve the radial equation is MOC, which is described in detail in Chapter 5.

A 1D axial transport equation is formulated from Eq. (4.1), with isotropized radial leakage terms described
by J, and Jy:

ua—'/'(x, Q) + I (x, Q) = s P(x, QA
0z 4 Jar

sz 7 ’ ’ 1 8Jx a‘ly
+ drken fzm Y(x, Q)dQ — e [a(x) + oy (x)] . (4.8)

Integrating this equation over the azimuthal angle w and defining the azimuthally integrated flux,

27
J(x, 1) = ) J(x, Q)dw , (4.9)

results in

a_l& 7 —& L N, szflA ’ /_l 0Jx %
Wy (ot + 2 = 5 f eed + o | B = 5 | SR R0 (4.10)

The boundary conditions for this equation are vacuum, on the top and bottom of V:

o =7Z ,-1<u<0,
e, ) = 0 for {° H @.11)
z=0 ,0<u<l.

MPACT can use a variety of methods to solve the axial equation. These methods are detailed in Chapter 6.

The 2D/1D equations constitute a 2D radial transport equation coupled to 1D axial transport equations. The
2D radial transport and 1D axial transport equations are coupled through the isotropized axial and radial
current terms. If the underlying problem is 2D with no axial variation, then the axial currents are zero, and
the 2D/1D equations reduce to the physically correct 2D radial transport equation. If the underlying problem
is 1D with no radial variation, then the radial currents are zero, and the 2D/1D equations reduce to the 1D
axial equations.
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4.4. DISCRETIZATIONS
4.4.1 Energy Discretization

In the 2D/1D equations, the energy variable is discretized using the conventional multigroup approximation.
Details of this discretization are independent of the 2D/1D methodology and are discussed in Chapter 2.
The key point is that in the derivation of the underlying multigroup 2D/1D equations from the multigroup
transport equation, 2D/1D equations for each energy group are obtained that closely resemble the one-group
2D/1D equations described above. The only extra feature is that additional source terms appear as a result
of the neutrons that scatter into a given group g from other groups g’.

4.4.2 Angle Discretization

The direction-of-flight variable € is discretized using modular discrete ordinates quadrature sets that opti-
mize the efficiency of the 2D/1D method for the types of pin cell geometries that MPACT is designed to
simulate. The details of how the modular quadrature sets are designed are discussed in Chapter 5. In this
report, the order of a quadrature set is denoted by N, and the number of direction vectors in the quadrature
set is denoted by N,. Thus, a 2D quadrature set of order N consists of a set of N, discrete 2D vectors
Q, = (Qy4,9Qy,) and weights w,, with 1 < n < N,. The modular quadrature sets are used to angularly

discretize the 2D radial transport Eq. (4.4) and to construct the radial currents in Egs. (4.7).
4.4.3 Spatial Discretization
To begin, the system V is discretized in the axial variable z into K slices:

O=zip<zp< " <Zap <2< <Zk+1p2=Z.

The 2D radial transport Eq. (4.4) and the 1D axial transport Eq. (4.10) are now integrated axially over the
k™ slice zj_; /2 < z < Zkr12. The integration of Eq. (4.4) produces a 2D radial transport equation for the
axially integrated i

N,
O Wi i RS
Qy “ (x, Y) + -Qy -~ (x7 y) + Ztlﬁn,k(xy )’) == Z t//m,k(x’ y)wm
ox ay 4 —
N,
VIF O 1
+ m s m_—-] 5 _J — 5 5 412
pn— ; Uk 3 W = ek 26 9) = Jeset 2] 4.12)
where
1 Zk+1/2
l/ln,k(x7 )’) = (//(x’ ¥, 2, Qn)dz 5 (413)
Azg Zk=1/2
is the axially integrated ¢, and
Jopx12(x,y) = J(x,y, 2k172) » (4.14)

are the net axial currents on the top and bottom of slice k.

The axial integration of the 1D axial transport equation in Eq. (4.10) produces a similar result:

Asz |9 (e, zir1/2010) = 9 (6, 2i 120 10) | + T Gy, )

1[0Jxx
2 ox

v f
Zkeff

ZS ! ~ ’ ’ ! ~ ’ ’ a‘]y’k
=7f1 i (x,y, 1) dy’ + fl Yi(x, y, ))dp’ — (x,y)+a—y(x,y) , (4.15)
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where

. 1 Thrl/2
¢k<x’ yau) = f ¢(-x5 y, Z’ﬂ)dz N (416)
Azg Z-1/2
is the axially integrated ¢, and
1 Zk+1/2
Jok(x,y) = — f Je(x,y,2)dz (4.17a)
Az %U-1/2
1 Zh+1/2
Jyu(x,y) = — f Jy(x,y,2)dz , (4.17b)
Azk Zk-1/2

are the axially integrated radial currents.

Operating on Eq. (4.12) by

Nq
D Owa,
n=1

we obtain
0Jxk 0Jyk 125 1
——(x,y) + ——(x,y) + Zadi(x,y) = de(x,y) = —[Toks12(6,Y) = Jop—12(x, Y)], (4.18)
ox Ay ket Az
where
Nﬂ{
B(6) = > Uk, )W (4.19)
m=1

Similarly, operating on Eq. (4.15) with f_ 11 (-)du gives

1 R
A [(okr1/2 (0, 9) = Top—172 (6, )] + Zadie (x,y)

I’ll/tEfA
= ¢k (x,y) —
eff

Ak
Ox

0Jyk
(x,y) + Zv (x, )] . (4.20)
y
Because the leakage terms in Egs. (4.18) and (4.20) are identical, it follows that

Pr(x,y) = Pr(x, y) . 4.21)

Thus, assuming isotropic leakage between axial slices k, the scalar fluxes from the 2D radial transport
equation and the 1D axial transport equation are identical. Subsequent discretizations in x and y (discussed
below) are constrained to preserve this important feature.

Equation (4.12) is the 2D radial transport equation for v, x(x,y). When the axial current terms J_ x+1/2(x,y)
are known, Eq. (4.12) completely determines ¥, x(x,y). However, Eq. (4.15) alone cannot determine both
di(x,y, 1) and J,x+1,2(x, y); at least one extra equation is needed. This requires a solver for Eq. (4.15) that
can determine the relationship between the flux and current terms. MPACT has a variety of transport- and
diffusion-based methods to accomplish this task. These methods are discussed in greater detail in Chapter 6.

The discretizations of Eqs. (4.12) and (4.15) are described next in the radial spatial variables x and y. First,
the 2D region R is divided into a Cartesian coarse grid (typically, one coarse cell = one pin cell), and an
unstructured fine grid is used to discretize a pin cell; typically, about 50 fine cells per coarse cell are used.
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Figure 4.2. A typical coarse spatial cell with its fine spatial cells.

Second, the axial transport Eq. (4.15) is integrated radially over each coarse cell. Using radially coarse-
cell flux-weighted cross sections (the origin of these cross sections is described in the next paragraph), the
equation becomes one in which the unknowns are averaged radially (i.e., are constant) over each coarse cell.
More precisely, the solution of the fully discrete axial transport equation depends on k (the slice index) and
J (the coarse cell index), but not on i (the fine cell index). The radial current terms in this equation are
obtained from the 2D radial transport calculation, and the axial current terms calculated in this equation are
used in the 2D radial transport calculation.

Third, the 2D radial transport Eq. (4.12) is discretized on the fine radial grid for each coarse cell V;; using
MOC. However, the axial current terms in this equation are obtained from the axial transport calculation,
and these are constant over the coarse cell. Thus, in coarse cell Vjy, the axial current terms depend on j
and k, but not on i. The MOC method for Eq. (4.12) utilizes balance equations obtained by integrating Eq.
(4.12) over each fine cell v; jx. Summing these balance equations over all 7, which is over all fine cells in a
single coarse cell, the balance equation for the coarse cell is obtained. Operating on this coarse cell balance

equation by
N‘I
D Own
n=1

the angularly integrated balance equation is obtained for coarse cell V. Upon convergence, this balance
equation for V;; becomes identical to the balance equation for the same cell, which is obtained by integrating
the axial Eq. (4.15) over the cell. The flux-weighted coarse-cell homogenized cross sections used in the axial
transport calculation are obtained from the 2D radial transport calculations.

This completes the discussion of the discretization of the 2D/1D equations. The important features of the
spatial discretizations are (i) the use of coarse and fine radial grids, (ii) the discretization of the 2D radial
transport equation on the fine grid, (iii) the discretization of the 1D axial transport equation on the coarse
grid, and (iv) the use of balance equations with common leakage terms to ensure that the coarse mesh scalar
fluxes from the 2D radial transport and the 1D axial transport equations are identical.

4.5. ITERATION STRATEGY

The iterative 2D/1D process used in MPACT is described in this section. The iteration strategy used to
solve the discretized 2D/1D equations involves (i) radial sweeps of the 2D radial transport equation, (ii)
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axial sweeps of the 1D axial transport equation, and (iii) applying 3D coarse mesh finite difference (CMFD)
acceleration (described in Chapter 7).

Figure 4.3 outlines an iteration, providing detailed explanations of each step in the subsequent text. (The
equation numbers in the figure and the discussion do not refer to the fully discretized equations solved in
MPACT. Instead, they refer to the closest version of the fully discrete equations that are printed in this
document.)

®

(i)

(iii)

(iv)

S By, @ Low-order 3D CMFD Je, Sy, ¢, &
(Egs. (7.2), (7.6))

\]z JZ’¢

1D axial diffusion ¢ 2D radial transport
equation (Eq. 4.8) equation (Eq. 4.4)

l |

X

Figure 4.3. MPACT 2D/1D iteration strategy.

First, the D terms are calculated from Eq. (7.8) using coarse grid scalar flux and current estimates
obtained from the previous 1D axial transport and 2D radial transport calculations. (At the beginning
of the first iteration, the D terms are estimated to be zero.) Then, using a global 3D low-order CMFD
diffusion calculation, the solution of Eq. (7.2) is obtained. In this calculation, the homogenized flux-
weighted cross sections are obtained from the previous 2D radial transport calculation, or they are
volume-averaged for the first iteration. The 3D CMFD calculation results in new coarse grid cell-
averaged scalar flux estimates, new coarse-grid edge current estimates, and a new eigenvalue estimate.

Next, a solve of the 1D axial transport equations is performed using the coarse-grid edge current
estimates from step (i). This solve can include local calculations that involve no axial sweeping; in
this case, relaxation is needed to stabilize the iterations for small Az. Alternatively, the solve can
consist of several axial sweeps to partly converge the discrete 1D equations. (If this sweeping is
performed, then relaxation is not likely needed.) The end result consists of new coarse-cell scalar
fluxes and new estimates of the axial currents.

Next, the most recent available coarse-grid scalar flux estimates are used to update (renormalize) the
estimates of the fine-grid scalar fluxes. Then, using the latest axial current information, a specified
number (typically, three) of 2D transport sweeps on each axial slice is performed to improve the
estimates of the fine grid scalar fluxes. At the end of these sweeps, new coarse grid radial current and
scalar flux estimates are available. Also, new estimates of the coarse-grid flux-weighted cross sections
are available; these homogenized cross sections are used in subsequent coarse-grid calculations.

If the fine-grid scalar fluxes and eigenvalue are sufficiently converged, then the iteration process is
terminated. Otherwise, the computer returns to step (i), and another iteration is initiated.

In Chapters 5, 6, and 7, each component of the above iteration strategy will be described in much greater

detail.
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CHAPTER 5. THE METHOD OF CHARACTERISTICS
SOLUTION METHODOLOGY

This chapter provides a detailed derivation of the method of characteristics (MOC) equations and introduces
the concepts and algorithms used in MPACT MOC solvers. A detailed derivation highlighting important
approximations at each step is provided, followed by a description of the algorithm for the iterative solution
of these equations. Then the techniques required to discretize a problem are described; these techniques are
common to any multi-dimensional MOC transport solver. The descriptions in this chapter are given for both
2D and 3D implementations.

5.1. 2D RADIAL SOLUTION METHODOLOGY BY THE MOC

The derivation of the MOC solution to the Boltzmann neutron transport equation starts with the steady-state,
axially integrated, multigroup discrete ordinates equations shown below. This combines the multigroup and
discrete ordinates approximations of Eq. (2.23) with Eq. (4.12) and does not assume isotropic scattering. It
does assume that the incoming angular flux on the top and bottom of the 2D slice is isotropic, allowing the
currents J; x41/2,4(x,y) and J;x_1,2 ,(x, y) to be used instead of the angular fluxes.

wmg

alﬁk,m,g

Qx (X,y)+Q (X y)+ztkg(x y)'»bkmg(-x y)

G
= Z Z Zs,k,g/ﬁg(x’ya Q- Qm)l//k,m’,g’(xe V)W

g=1m'=1
ng(-x )’)
vEfkg 6 YWk g (X, Y)Way
~ dnAz —— ek 172,60, Y) = Jope1 246 )]
x, eV, keg1p <2<z,
l<m<My, 1<g<G, (5.1a)
Vimg(x,y) =0, (x,y)€dV, Q,-n<0. (5.1b)

Next, the variable ¢ is introduced to represent the right-hand side of Eq. (5.1) and to simplify the notation
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going forward:

G My
Qk,m,g(x’ )’) = Z Z Es,k’g,_)g(x, y, Qm/ . Qf'l)'vbk,m’,g’(x, y)Wm/
g'=1m'=1
Xig(X%,y)
>)
drkey Z:l Z VEf kg (X VW g7 (X, V) Wiy
g m'=
1
— _47TAZk [Jzk+1/2g(x y) Zk I/Zg(x y)] (52)
yielding
Wi, Nrkm,
Q, axm £(0y) +Qy —aymg (6, 3) + Zik g (6 YWkm,g (X, ¥) = Grmg(X,y) - (53)

From here, the MOC is applied to Eq. (5.3). This involves a transformation of the dependent variables to
the characteristic direction, allowing one to rewrite the partial derivatives in Eq. (5.3) into a single total
derivative. The variable transformation is given by

. x(s) = xo + QA1 - 12, ,
r=rog+s .
") = yo + sV - 43,

Here, r = (x,y), and Q! = (Q, Q;) = (COS Wy, SIn wy,). This leads to the characteristic form of Eq. (5.3),

dl//kmg

(5.4a)

Ztg(l‘()+sﬂ )

Vl_:um

which can be solved analytically using the integrating factor,

N
exp|— f z:t’k’g(ro_|-S,Q'rn)ds’
V1= i,

0

dm.g (I‘Q + Sﬂlrn)

Vi—u,

(ro + sQ;,) + Umg (ro + s,,) = (5.5)

This results in the following expression for ¢ as the solution of the axially integrated, multigroup, discrete
ordinates transport equation required by the 2D/1D method outlined in Chapter 4,

s
Z,’k’g (I'() + 3/921)

R A

’

kag(r0+sﬂ )—'J’kmg(rO)eXp

$ S
Sire(ro + 5QF
+ qum,g (ro + s€;,) exp| - kg (T0 = m)ds" ds’, (5.6)
0 5 V1=
where
G My
Qm,g(ro * SQ:") - Z Z Z‘Y’g'*é’(ro + SQ;w Q- Qm)‘ﬁm’,g’ (ro + SQ,%)Wm,
g=1m'=1
G My
Xg(ro + sL2))
+Tﬁm gZi mZ::l V(1o + S o (Po + S )Wy . (5.7)

In Section 5.4, the discretization of Eq. (5.6) is described, and in Section 5.5, the iterative evaluation of the
discretized MOC equations to obtain its solution is explained. The following section presents an analogous
derivation for the MOC solution in 3D.
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5.2. METHOD OF CHARACTERISTICS SOLUTION OF THE BOLTZMANN TRANSPORT
EQUATION IN 3D

The derivation of the MOC solution to the Boltzmann neutron transport equation in 3D starts with the steady-
state, multigroup, discrete ordinates equation, Eq. (2.23), which is reproduced below for convenience.
G My

Q- Vi g () + Ty g (Wi g(0) = D D Ty g (06, Q- Qe g (X)W

g'=1m'=1
G My

X@)
47grkeff Z Z VEf o (W g (X)W

xevV, ISmSMN, 1<g<G, (5.8a)
Ymeg(x) =0, x€dV, Q,-n<0. (5.8b)
The variable g is introduced to simplify the right-hand side:
G My

ng®) = D0 D g, Qo - LW g (X)e
g'=1m'=1
G My

X (x)
47ikeff Z Z szg (.X')lpm .8 (x)wm ) (59)

yielding
Q- Vi g(x) + Zi g (XWim,g(X) = Gmg(x) - (5.10)
The MOC is then applied. The spatial and angular variables of Eq. (5.10) are transformed into the charac-
teristic direction using the following identities:
x=xi+y]+zk, (5.11a)
Q= Qi +Qypj+Qk, (5.11b)
x(s) = xo + sQym »
X = x0+5Q, = (¥(8) = yo + SQy 1 , (5.11¢)
2(s) =z0 + Q-

This leads to the characteristic form of Eq. (5.10), where the partial derivative is replaced by the total
derivative because of the transformation to the characteristic direction:

dlﬁm,g
ds
Equation (5.11) can be solved analytically using the integrating factor:

exp [—fE,,g(xo + S’Qm)ds'J ,

0

(x0 + 52y) + X o (x0 + 5) Y g (X0 + 5,) = G g (X0 + 5E2,) . (5.12)

resulting in the following expression for ¢

wm,g (xp + sQ,,) = ‘r//m,g (x0) €Xp

S
—fZ,,g(xo +5'Q,)ds’
0

ds’, (5.13)

R S
+ fqm,g (x0 + s,,) exp [— fZ,,g(xo +57Q,)ds”

0

s/
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— ¥ — “k,i,mn

Figure 5.1. Spatial discretization with constant properties.

and g:

G My

g0+ 5Q) = D " Ty gr0(00 + 5Q0, Dot + L)y (X0 + 520) Wi
g'=1m'=1

Xg(x0 + 5€20)
+—

G My
Z Z VE g (X0 + 50w (X0 + SQO)Wyy . (5.14)
471’keﬂ‘

g=1m'=1

Equation (5.13) is the solution of the characteristic form of the multigroup discrete ordinates transport
equation in 3D. Note that Eq. (5.13) differs from Eq. (5.6) only in the argument of the exponential, and
Eqgs. (5.7) and (5.14) are identical for their respective spatial dimensionality. In the following, Section 5.3,
approximations to allow for the evaluation of the integrals in Eq. (5.13) are given. Section 5.4 describes
the approaches to discretizing this equation for its numerical solution in detail. The approximation and
discretization of Eq. (5.13) is essentially the same for Eq. (5.6).

5.3. APPROXIMATIONS OF THE CHARACTERISTICS TRANSPORT EQUATION
5.3.1 Constant Material Properties in a Discrete Region

To discretize the spatial domain, the problem is divided into discrete spatial regions, and within each region,
it is assumed that the material properties are spatially constant. This spatial discretization, as illustrated in
Figure 5.1, leads to a spatial discretization scheme that is first-order accurate.

With these assumptions, Egs. (5.6) and (5.7) reduce to the following equations for each characteristic ray &
passing through each discrete region i:

Sk,i,m,n

’
_Zt,k,i,gsk,i,m,n z:t,k,i,g(Sk,i,m,n - )

;pz”?g’m’n = (//Z‘l.’g’m,n exp (—] + f Ghigm( s")exp [_

ds’ , (5.15)
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thgm(s) = Z Zzsktg —>g(9' Q) )l//kzg m ()W

g=1m'=1
M
Xkig
N Vi Y Wkigw (W s 0 <8 < Sk - (5.16)
g'=1 m'=1

In Eq. (5.15), the shorthand notations,

(ﬁklgmn l//k,i,g,m,n(ro) = l//k,i,g,m,n(s =0),
and
%ﬁzlﬁt mn 'ﬁk,i,g,m,n(ro + Sk,i,m,ngm) = Qbk,i,g,m,n(s = sk,i,m,n) ’
,1,8,Mm,

are used. For adjacent regions i and i + 1, the identity

l//zf;,tg,m,n wk i+1,g,mn (5 17)

is also used.

5.3.2 Flat Source Approximation

Next, the source, gi i ¢,m(s), is assumed to be constant within each discrete spatial region. This is commonly
referred to as the flat source approximation. It is the simplest approximation for the spatial dependence of
the source and is very widely used. It is accurate in the fine limit of the spatial mesh. Recently, a linear
source approximation was also implemented in MPACT. The details of the linear source approximation are
described at length in Section 5.3.4.

Other approximations (e.g., linear and quadratic approximations) to the space- dependence of the source
have been developed, but for this work, only the flat source approximation is considered. With the flat
source approximation, the space-dependent source in each region is replaced by a constant cell-average
source, and the remaining integral over s’ in Eq. (5.15) can be evaluated analytically. This leads to the
following equations:

_Etkigskimn Gk,ig.m _Etkigskimn
o —»,b 2 €XP 2y 2 | —exp| ———— ||, (5.18)
G
Xkiig
Guigm =7 kﬁﬁzvzﬂ”g Zwm Wiig m,+Z Zwm,z‘k,gﬁg(g QWi g - (5.19)

=1 g'=1m'=1

Equation (5.19) introduces a new term, Zk,,»’g’m, the region-averaged angular flux. This is computed using
the following:
Z l//k,i,g,m,n sk,i,m,néAm,n

nei
> sk,i,m,néAm,n

nei

Yigm = (5.20)

Here, 0A,,, is the cross sectional area of the characteristic ray (illustrated in Figure 5.1), and :,Zk,,-,g,m,n is the
segment-averaged angular flux, defined by:

Sk,i,m,n
f wk,iyé”m(sl)ds/ lﬁ wout q
- 0 ki k,i,g,m, k,i.g,
Diigmn =~ o Thismn” Thisma | Bign. (521)
k‘lf’m’"d , z:t,k,i,gsk,i,m,n z:t,k,i,g
S

Equations (5.18) and (5.21) are the fundamental discretized MOC equations that must be evaluated to obtain
a solution of the angular flux for a given source gq.
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5.3.3 Isotropic Scattering Source Approximation

The final approximation is the treatment of the scattering source. This source is usually represented by ex-
panding the differential scattering cross section as an infinite series of Legendre polynomials of the cosine of
the scattering angle to account for anisotropic scattering. For LWR analysis, linearly anisotropic scattering
is often sufficiently accurate, but it can take significantly more computational resources to explicitly treat
anisotropic scattering. Therefore, it is quite common to formulate an isotropic source with some approxi-
mation. This subsection discusses this approximation for problems independent of the spatial discretization
(the subscripts i and k are omitted). The approximation described here is also identical to the flat component
of the linear source approximation described in subsection 5.3.4.4.

In the P; scattering approximation, the source term for energy group g is approximated as

de = qo0g tq1¢» (5.22a)
1
qO,g = Zr [Z Z‘S‘O,g’—>g¢g’ +Xg Z sz,g"pg’] s (522b)
g g
3 ’ ’ ’
G15@ = | 3 S [(@ Q@ |, (5.220)
g 4n

where qo is the total isotropic source including the Py scattering and fission sources, g, is the lin-
early anisotropic scattering source, and ¢,(£2) is the regional angular flux determined by Eq. (5.20). The
anisotropic scattering source in Eq. (5.22) can be further simplified by inserting the net currents:

3
QI,g(Q) = E [Z z:sl,g’—ng(gz : Jg)] s (5.23)
P

where
Jg = (Jx,g, Jy,ga Jz,g) s

and the elements of J are defined by Eqs. (4.7) and (4.5) The previous equations indicate that for the P,
scattering source approximation, the net currents and the scalar flux must be stored in order to determine the
anisotropic scattering source.

For many applications, a suitable approximation is applied that replaces a linearly anisotropic scattering
operator by an isotropic scattering operator with approximate transport-corrected cross sections. One such
approximation is the outscatter method [157]. In the outscatter method, the quantity fipZ; is subtracted from
the total scattering cross section X and the diagonal elements of the G X G scattering matrix. Here, fig is
the mean cosine of the scattering angles. The resulting transport-corrected cross sections for the outscatter
method are

Z:tsr,g = (1 - ﬂ())zs,g = z:s(),g - Zsl,g ) (5.2421)
g = Zoogog (forg#g), (5.24b)
Egr,g—ng' = 250.g0g — H0.g2X50,g = 250,gg — Zsl g - (5.24¢)

The P; anisotropic scattering cross section is the sum of the differential scattering cross sections, namely:

Totg = ) Telgog - (5.25)
gl
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The transport cross section is now defined as
z:tr,g = Z1‘,g - Zlsl,g s (526)

and it replaces the total cross section in Eq. (5.18). The outscatter method provides a suitable approximation
for cross sections of heavier elements. For lighter elements, the inscatter or inflow correction is used, except
for hydrogen, where the neutron leakage conservation (NLC) provides better accuracy. Like the outscat-
ter method, these two methods approximate an anisotropic scattering operator with an isotropic scattering
operator. More information regarding these methods can be found in a publication by Yee (2016) [159].

The use of transport-corrected cross sections converts an anisotropically scattering system into an approx-
imate isotropically scattering system. This allows the source term of Eq. (5.19) to be written as follows:

G G

tro_ Xeg i tr
4, = Artkert é; VIfg g + in ; E&Og S¢%g (5.27)
where ¢ is the scalar flux computed as
My
be= > Digmwn - (5.28)
m=

Thus, the use of transport-corrected cross sections eliminates the additional computational requirements
necessary to treat the anisotropic scattering source explicitly.

5.3.4 Linear Source Approximation
5.3.4.1 Overview

The linear-source approximation (LSA) in the MOC assumes that the shape of the source along a character-
istic track-segment is linear. Development of LSA for the MOC has been a long-time goal, because previous
work [101] indicated that a spatially linear source would be able to achieve more accurate computational
performance in S y calculations. Many different variants of this approximation have been introduced. The
first instance of the LSA was the gradient source approximation introduced by Halsall [69]. This early
linear-source MOC (LSMOC) was based on the averaging of the angular flux gradient along tracks and was
implemented in the WIMS [69] and PEACH [147] MOC transport codes. These averaged gradients were
used as estimates to the gradient of the scalar flux to compute the source shape as spatially linear.

Petkov devised an LSA that estimated the gradient of the scalar flux based on the P; approximation in
the MARIKO code [118,119]. In this approximation, the gradient of the scalar flux is computed from the
neutron current, the total cross section, and the linearly anisotropic scattering matrix:

Vo ~ —3[2;2,]? sz;g ] (5.29)

A similar approach using the diffusion approximation to compute the scalar flux gradient was used in the so
called “quasi-linear” source implemented by Rabiti [124]. In this approach, the Zg g matrix is diagonal-
ized, turning the P, approximation into the diffusion approximation—similar to the outﬂow approximation
described in 5.3.3. Because they were based on the P; and diffusion approximations, these early LSA
methods were eventually assessed to be inaccurate for situations with more transport-like effects. (It can be
shown, even in simple cases, that this approximation can be predict the opposite direction for the scalar flux
gradient).
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Santandrea [129] introduced the positive linear and nonlinear surface characteristics scheme, which con-
structed a linear source by interpolating between source values on the surfaces of cell regions. Various
improvements have been made to this surface characteristics scheme for conservation [129], as well as
coupling in APOLLO?2 [130]. Tellier introduced a simplification to the linear characteristics scheme for
conservation by using a diamond-differencing scheme [102]. This work was extended by Hébert [71] to
include higher order diamond difference schemes and to allow for acceleration [72].

The most recent LSA examined in this work was introduced as a 2D general high-order method for un-
structured meshes by Masiello [113]. The approximation uses track-based integration to compute spatial
moments of the angular flux. This LSA was shown to reduce memory and computation times in 3D MOC
calculations [17]. The general method was simplified in the case of the isotropic and anisotropic LSA by
Ferrer [53]; this also introduced the LS-PO method, in which the isotropic source is spatially linear, but
the anisotropic source components are spatially uniform within each cell. This LSA was also shown to be
consistent with particle conservation under certain constraints and to be compatible with CMFD accelera-
tion [54].

The LSA in MPACT is based on the derivation of the moment-based LSA from Ferrer [53,54]. The original
derivation faced inefficiencies in problems with non-constant cross sections. Multiphysics applications were
not of interest to the original authors [53]. The inefficiencies arose from the use of pre-computed coefficients
that must be re-computed if the cross sections change. The computation of these coefficients was approx-
imately 10-20% of the run-time cost of a MOC sweep. In multiphysics calculations, such as those with
thermal hydraulic feedback, cross sections typically change every iteration, leading to significant overhead
from re-computing these terms. The next section presents an equivalent formulation that eliminates the need
to re-compute these terms if cross sections change, without additional operations.

Various different LSAs to the MOC have been developed and implemented in transport codes [15,53,57,69,
118,124,129,147]. Results have indicated that by using an LSA, the spatial mesh discretization can be made
coarser relative to the flat source approximation (FSA) while maintaining transport accuracy. Although each
segment calculation is more expensive when using a LSA, the number of calculations (resulting from the
coarser spatial mesh) can be significantly reduced, leading to reduced run-times. Additionally, the reduction
in spatial mesh elements generally reduces the amount of memory required by the calculation. This is
possible because the LSA produces a more accurate solution than the FSA for any given spatial mesh.

5.3.4.2 Derivation

The moment-based LSA assumes that the shape of the source, qi ,(x), is spatially linear within each cell, R;.
This can be expressed as

qu.(x) x q‘f;”. +x- ’g"fni , (5.30a)
where Zi’g;u, is a column vector of source spatial expansion coefficients,
—g
Zlg)ﬂ',x
a‘fm_ = @iy | > (5.30b)
- -
qmi,z

and x is the position in local coordinates. A similar spatial expansion of the angular moments of the flux
can be performed,

S =Fis+x- B, (5.31)
the source can then be expressed as ’
L : : X4 C
ACEDIPIPI A HCE P RGO (5.32)
g (=0 n=—t g
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and the linear expansion coeflicients are explicitly given by

7=, Z Z R"(gm)zf;lg_m Z o (5.33)
g

g (=0 n=—¢

In the spatial moment-based LSA, it is convenient to define the spatially linear source (and flux) in terms of
a cell-local coordinate system. We allow X to be the position variable in the global coordinate system, and
the local coordinates are then defined as

x=X-X°,

mi

(5.34)
where Xfm. is the numerical centroid of the cell i.

These numerical centroids can be defined as either direction-dependent or direction-independent, which will
have implications on particle conservation. The direction-dependent centroids are defined by

1
chni = (Xmi = v Z MmkitmkiX,ani > (5.35)
i
k

where X7 . is the global coordinate vector of the segment mid-point. Similarly, the direction-independent
centroids are defined by

1 1
Xf= (X); = v ; W Zk: Akt XC, ;- (5.36)

Following the same approach as that used for the flat source MOC (FSMOC) derivation, computing the
source requires the region-averaged flux moments, ¢,-,,f , and the flux expansion coefficients, ¢if. The
region-averaged flux moment can be found using the same definition as was used previously: ’

bk = (R@y*) = Zw,nR”(Qm)264,1,kltmkl<w Dok - (5.37a)

To determine the flox moment spatial expansion coefficients, Eq. (5.31) is operated on by <R”(ﬁ)x(-)>,.
Recognizing that this should be directly proportional to angular flux operated on by <R”(Q)x1//g > a system
of equations is found
—~.8 =
Mig," = (Ri@xy?), (5.37b)
where

M; = <xxT>l, . (5.37¢)

The spatial angular flux moments, <R;f(ﬁ)x¢g >l_, are then defined as
(RE@)xyt). = Z Wi R () Z Atk (X Vs + Qo) i Emi) - (5.37d)

To evaluate the flux moments defined in Eq. (5.37), the track-averaged angular flux values, (%), ., and
(tm®),;» must be determined. First, the transport equation must be put into characteristic form. The
spatially expanded source, Eq. (5.30a), can be defined along the characteristic. The characteristic transport
equation becomes

d ki
[E + ll] mkz(s) mkz Iq\ﬁu' ([m - Tk) ’ (5383)
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where

— 1
qiki = 4_ [q;111 + xmkz ’gfm] ’ (538b)
1 Q,- 7
Gi= |~ 5.38
Dni = 4n Emi ] ’ (5.38¢)

and x7 . is the local-coordinate centroid of the track-segment. The angular flux along a track-segment is
found to be

_gk -
g,in m ] g,In mi 8
ki (8) = Wi + 53 wmk,] 1) + 3 =y Fa(t},) (5.39)
where
Fi(ty) = 1 —exp(-15) , (5.39b)
and
Fo(ty) = 2[th = Fi(mp)] = 75 Fi(Th) . (5.39¢)

To evaluate the moments defined in Eq. (5.37), the track-average flux and first spatial moment of the angular
flux must be determined. The track-average flux is determined as it was before, by operating on Eq. (5.38a)

by tmki{ ()Y mii» yielding ) )
q A

W) i = qij" + (5.40a)
X Tk

At this point, the derivation deviates from that described in [53]. In the previous formulation, the integral in

(tm®),i; 18 explicitly evaluated by substituting in the solution of the angular flux along the track (Eq. (5.39)).

Here, the moment will be found implicitly by operating on Eq. (5.38a) by i {t(*)),nxi» just as was done for

the Oth moment. This results in

g,out
<¢g>mki - wmki M

(5.40b)
53 2

<tmwg>mki =

=8 -
9 ki i ki
. X6
1,1 1,1

Unlike the original form by Ferrer [53], no new exponential functions are introduced in this form.

Previously, the average track flux, (¥#),,..;, was expanded to find a simpler final form. This is the case here,
as well; however, the outgoing flux, ;l/g 2 will not be expanded, as this must necessarily be computed during
transmission. Eq. (5.37) are then 31mp11ﬁed into

—e,
¢i,rf = Vzg Zmen(Q)ZdAmla tmktqul Awgki) 5 (5.41a)

ti m

and

2
— 1 —
(Ri@pxy®), =1 Z WwaRH(Q) Z HApkitmii [x;k,-qf + (xfnkl(x;k,f + ki szmsz,i;] }

Ay 7.
VEg Z WmR"(Q)ZdAmkl [xmk,Awi ot Qmsmkl( P S ’"’“] (5.41b)

8
ti m mkt z:t,i

Eq. (5.41b) contains Atﬁmkl/ ka terms rather than only Awg terms. For numerical stability, it is beneficial
to compute this quantity directly rather than Az,//i 4 and performlng division. This can be found by evaluating
the transmission equation, Eq. (5.39a), giving

A fnki g.in qu; Imki 4 Aﬁu
Tg = wmki Eg El( mkz) a 2 Eg T2( mkl) ’ (542&)
mki
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where

1 (Tg k')
= — 42
Ey(th,) = m (5.42b)
To(t,y) = 2Ea(1,,) = Er(T,,) » (5.42¢)
and | ~
- F .
Ex(ty,) = 1= 5 : (5.42d)
mki

Here, E» (‘rfn kl.) is defined as an intermediate function with smaller derivative terms, meaning higher accuracy
with fewer interpolation intervals. Only the E» (T;i i) function must be tabulated. Then this is used to
compute the other two exponential functions, (‘r;i .i)» and Tz(Tgm ). The outgoing flux can then be evaluated
as

8
Yoo =y iy (5.43)
MKl mki T(,g;k,'

5.3.4.3 Particle Conservation

When considering particle conservation, use of the LSA results in additional constraints on the calculations.
The track-based integration of the source must exactly integrate to the spatial and angular moments of the
source. The conservation of spatial moments is the basis of this LSA [54], so this constraint is satisfied
without additional constraints on the method. The angular moment constraint is expressed as

1, .= n
1 (Ri@);,0)), = 457 - (5.44)

In addition to these constraints for the direction-dependent track renormalization (see Eq. (5.50)) and direc-
tional quadrature restrictions, there is a constraint on the definition of the local coordinate system:

(X)mi = 0. (5.45)

This is equivalent to stating that the local coordinate system must be defined with respect to the direction-
dependent global centroids. If these constraints are satisfied, then Eq. (5.41) can be simplified into

g
—, =~ 4;
Fin = D wnR@ o + o Zme"(Q)mek,Alpmkl (5.462)
m ti 1 tz m
and
=
(Ri@xy), Zme"m)Mmlzg
_ (5.46b)
4 AyS qg .
+V~2g Z Rn(Q)Z&Amkl [xmklAwik + Qmsmkz( T mki lﬁfr;](:lut + Zlgkl ’
“=ti m mki 1,0
where E
;= —mek,[ ¢ xS T+ ’"’“Q ng (5.46¢)
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Although the above form seems to be more computationally efficient, it would be remiss to not include a
more mathematically elegant form of Eq. (5.41b). The terms in the second summation may be rewritten as

-8
<R"(Q)x¢g Z Wi RH Q)M ;I

(5.47a)
tos Z W R Z Ao [xin (Wooit = Wi) = Xt (Wort" = Vs -
i m
where ;ngki is the average track flux,
Ui = O i - (5.47b)

In this form, the interior summation over track-segments becomes a spatially weighted average of the inci-
dent and outlet flux differences from the average flux.

5.3.4.4 Isotropic Simplifications

Ferrer’s work suggests that allowing only the flat source components to consider anisotropic scattering has
performance benefits, although it does not significantly affect accuracy [53]. It was demonstrated for the
B&W experiments [18] that considering anisotropic scattering only with spatially flat flux moments resulted
in an error of approximately 10 pcm. Furthermore, by making this simplification, run-times can be reduced
significantly (up to 45%), and memory savings were even more significant (up to 89%) [53].

If the so-called linear-isotropic-flat-anisotropic (LIFA) scheme is used, then the spatially flat moment equa-
tions do not change. However, Eq. (5.41b) can be simplified to

a8

(RI@xys) = M;f;

AUl 7 (5.48)
VZg Z Win Z At | XD A+ Dyt [Tg_mk gy Zlg")l .
ti m mki t,i
If isotropic scattering is used, then the scalar flux moments can be found as
rd
(xu) = My
(5.49)

Wi 2 = P mki

mki

Awfnki lpg,out)] )

mki [xmklA(// ;T ﬁmsmki (

’ tt m

5.4. DISCRETIZATION OF THE CHARACTERISTICS EQUATIONS

In Chapter 2, several different discretization methods were introduced for the different variables of the
phase space. The discretization techniques for energy (the multigroup approximation) and angle will not
be discussed in this section because they are not specific to MOC. The spatial discretization is generally
described in subsections 5.3.1 and 5.3.2. The focus of this section is on the specific discretization techniques
required by MOC.

The fundamental discretization in the MOC is the representation of the particle flight paths (characteristic
tracks) with a set of rays that traverse the problem domain. This is illustrated in Figure 5.2. The end goal is
to determine the segment lengths from each ray that pass through each discrete region, which are then used
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Figure 5.2. Characteristic rays intersecting a set of discrete spatial regions.

as the variable sy ; ,, in the evaluation of Eqgs. (5.18), (5.20), and (5.21). The process of sg i m.» is commonly
referred to as ray-tracing.

In general, for a ray-tracing algorithm, one may choose any set of rays as long as the intersection between
a ray and the spatial region boundaries can be determined. Sufficient coverage of the problem domain by
the rays is required for good solution accuracy. Several possible choices may be made in the design of the
ray-tracing algorithm. Choices specific to the algorithm in MPACT are discussed in the remainder of this
section.

For LWR analysis, when developing the ray-tracing algorithm, it is possible to take advantage of the fact that
reactors generally have a high degree of regularity in their geometry. Considerable computational savings
are possible by modeling only a small subdomain of the reactor that exhibits a unique geometry and then
constructing ray-tracking information for the entire domain by replicating this information for the whole
core. This technique, which has several names (cyclic ray-tracing, direct neutron path linking, modular
ray-tracing), is herein referred to as modular ray-tracing and is illustrated in Figure 5.3, which depicts nine
ray-tracing modules denoted as black squares. The modular rays, which are depicted as blue lines, are
defined only within the ray-tracing module, and they connect at the ray-tracing module boundaries. The
long ray, shown by the red line, extends through the entire problem domain and consists of a particular
sequence of modular rays.

The use of modular ray-tracing introduces new requirements regarding the choice of the angles, and it also
creates other subtle issues. The first requirement for modular ray-tracing is that a structured grid can be
overlaid on the problem geometry. For LWR problems, this is a Cartesian grid, and ideally, it will isolate
the different, unique geometries of the subdomains. The next requirement is that for rays with a given angle,
there must be an equal integer number of ray intersections on opposing surfaces of a ray-tracing module.

This second requirement is most commonly satisfied by using equally spaced rays for a given angle, although
this may not be the case. Furthermore, when modular ray-tracing is used, an additional setup step is required
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Figure 5.3. Modular ray-tracing concept in 2D.

to determine connection information for the modular rays so that a long ray can be tracked across the entire
problem domain. The computational advantages of modular ray-tracing can be considerable. If modular
ray-tracing is not used, then it can increase the storage requirements of the ray-tracing data by a factor of
O(107) for a full core pressurized water reactor (PWR) problem solved with 3D MOC. If quarter-assembly
modular ray-tracing is used, then the savings in memory requirements could be as much as O(10°) for a full
core PWR for 3D MOC.

The next detail of the ray-tracing algorithm is the determination of the directions of flight to be used for the
rays. Since the discrete ordinates approximation described in Section 2.3 is used, it is logically consistent
to use these as the directions of flight for the rays. To obtain accurate solutions, the discrete directions of
flight should be obtained from a quadrature that minimizes the error of the quadrature approximation for
the integration of functions of angle. However, quadratures that minimize the integration do not necessarily
satisfy the modularity condition described above. Therefore, the approach in MPACT is to start from an
existing angular quadrature that introduces small perturbations to the discrete angles so that they satisfy the
modularity condition. This is analogous to finding the rational number closest to the quadrature direction
that produces a ray spacing smaller than the one requested by the input. The quadrature weights are not
updated once the new directions are chosen, so the possibility exists, especially for very coarse ray spacings,
to introduce non-trivial errors into the angular quadrature/discretization, so care must be taken.

Once the directions of flight are chosen to satisfy the modularity conditions, it is necessary to set up the
rays for a given angle. Each spatial region should be intersected by at least one ray from each angle, and
in the ideal case, each region would be intersected by multiple rays from each angle. In MPACT, equally
spaced rays are used to minimize the need to store ray-dependent quantities such as the cross sectional area
data. Instead of storing the discrete cross sectional area of each characteristic ray in a problem, these data
can simply be stored once for all rays or for all rays of a given angle. A potential disadvantage of using
uniform rays, however, is that extra rays may be placed in regions that do not necessarily require them. This
is illustrated in Figure 5.4 by having many rays near the diameter of the pin cell. One thicker ray would
likely be sufficient here.

In addition to storing the cross sectional area of the rays, a choice must be made as to whether other ray-
tracing data should be stored, such as the segment lengths and mapping of ray segment indices to region
indices. This information can be computed on the fly as a ray is swept during the transport sweep, or it can be
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Figure 5.4. Uniformly spaced characteristic rays through a pin cell.

stored and accessed. In this case, a trade-off between increased memory storage and repeated computations
must be optimized. For any 2D MOC implementation, the choice is invariably to compute the ray-tracing
information once and store it. However, for 3D MOC, some combination may be optimal. Storing the ray-
tracing data has the benefit of decoupling the sweep algorithm from the ray-trace algorithm, which allows
each algorithm to be further optimized and developed independently. Another benefit of storing the ray-
tracing data is that during a normal calculation, on the order of 1,000 sweeps can be performed, and each
sweep may involve iterating over tens or hundreds of millions of rays, so even the slightest overhead from the
repeated computation of the ray-tracing data will substantially increase the total computation time. However,
the memory requirements for storage can become prohibitive, particularly for 3D, so other design choices
for the algorithm may be made to address this issue in the future. Despite the large memory requirements
for storing the ray tracing data, this is the current approach used in MPACT for 2D and 3D.

The final consideration in the MOC discretization involves integrals over volumes. This relates specifically
to Eq. (5.20). For non-Cartesian flat source regions, the integral (sum) of the segment volumes is an ap-
proximation of the region volume. This is shown in Figure 5.5. This is generally a problem of numerical

Figure 5.5. Numerical integration of a region volume by ray segments.

integration stemming from the discrete widths of the rays. As the limit of the ray spacing approaches zero,
the sum of the segment volumes within the region will equal the region volume. However, this usually re-
quires ray spacings that are too fine to be used for practical calculations, so an alternative approach is sought.
In MOC codes, segment lengths within a given region are adjusted so that the region volumes are integrated
exactly. This is sometimes referred to as segment renormalization, and it can be implemented several ways.
Two common approaches are to renormalize the segment lengths where (i) the renormalization is performed
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for each angle separately, and (ii) the renormalization is computed for all angles. These renormalizations
are given by Eqgs. (5.50) and (5.51), respectively:

_ V;
Skimn = Skimn| < <o | > (5.50)
2 Skimn®km
nei
_ 47TV,'
Skimn = Sk,im,n s (551)
Z Z Sk,i,m,nwm(%k,m

m nei

where V; is the true volume of region i, S ;mn 1s the length of the n'h ray in direction m and plane k, and
O0Arm 1s the distance between rays (ray-spacing) in direction m. The renormalized segments, Sk .., are
used in Egs. (5.18), (5.20), and (5.21). Thus, the optical thicknesses of the regions are modified. Although
this approach is common, it is certainly questionable in this regard. As an alternative to renormalizing the
segment lengths, one can choose to use no renormalization, although there may be a slightly higher error
from an inadequate spatial discretization. It is important to recall here that angle-dependent renormalization
is required to have particle conservation with the LSA, as described in Section 5.3.4.3.

Experience suggests that the normalization of Eq. (5.50) may be more sensitive to the ray spacing, especially
if the problem contains thin annular spatial mesh regions. This problem arises because a specific angle might
not have many tracks within a single region, resulting in a large volume correction. To address this issue,
the renormalization can be performed on the integral (sum) over all angles, Eq. (5.51), rather than once for
each angle, as in Eq. (5.50), or it can be neglected entirely. The Eq. (5.51) method helps remedy some of
the sensitivities observed using the per-angle method. Furthermore, in problems with low void regions, not
performing any renormalization or using the renormalization of Eq. (5.50) may lead to calculation stability
issues. The renormalization method of Eq. (5.51) appears to be the least sensitive to ray spacing for the
approaches mentioned and may generally be the most robust. However, for spatially higher order source
formulations, it does not preserve particle balance. The default method in MPACT performs no volume
correction and leaves the segment lengths unadjusted. Based on an examination of a subset of problems
from the validation suite, not performing a volume correction was shown to provide the best results.

5.5. ITERATION SCHEMES

This section describes the most basic iteration scheme for obtaining the MOC solution of the transport
equation. The focus is primarily on how the MOC iteration is performed. The numerous other iteration
schemes in MPACT are summarized in Chapter 3 and are described in detail in other parts of this manual.
However, this section describes the source iteration procedure and the implementation of MOC to obtain
a solution. Lastly, the choice of convergence criteria to be used to determine when to stop iterating is
described.

5.5.1 Source Iteration

The most basic iteration scheme for solving the transport equation is Source Iteration. As a result of the
approximations described in Section 5.3, the primary iterative unknown is the scalar flux and not the angular
flux. Source iteration for eigenvalue problems is often considered a two-level iteration scheme with inner
and outer iterations. The inner iteration assumes a fixed source and converges the self-scattering term,
whereas the outer iteration performs an update of the eigenvalue. To facilitate this iteration scheme, the
computation of the source is divided into two parts:

—tr 1 r
Tgi = i (Qex,,i,g + Zio,i,gﬂgmg) : (5.52)
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where
G

Qextig = Z Zstg _)g¢lg + k VifigPig - (5.53)
g=1g'#g g'=1
In the 1-group fixed source problem, the known external source Q. is the source from fission and in-
scatter, or scattering from group g’ # g to group g, and is a function of the scalar flux. Equation (5.52) is
updated during the inner iteration, and Eq. (5.53) is updated during the outer iteration. The inner iteration
for a 1-group problem is given by Algorithm 4.

Algorithm 4: Iterative algorithm for the MOC solution of 1-group fixed source problem (inner iteration)

1: Guess initial source.

2: while not converged do

3:  Compute outgoing angular fluxes by evaluating Eq. (5.18) for all segments.

4:  Compute segment-averaged angular fluxes by evaluating Eq. (5.21) for all segments.
5:  Compute region-wise angular fluxes by evaluating Eq. (5.20) for all regions.

6:  Compute scalar flux by evaluating Eq. (5.28) for all regions.

7. Update 1-group source by evaluating Eq. (5.51) for all regions.

8: end while

This first 4 steps of Algorithm 4 are typically functionalized and referred to as an MOC kernel. In functional
form, this algorithm is presented as

(‘/Im L(+1) ¢(1+1)) f( ;n,(l)’qg)) , (5.54)

In Eq. (5.54), tﬁm D) is a vector of the discrete incoming angular flux boundary conditions in all space and

angle for a single group g. q(’) is a vector of the group sources computed using Eq. (5.52) for all regions,
(D is a vector of the scalar fluxes for all regions, and / is the inner iteration index. Although this description
assumes a 1-group MOC kernel, a multigroup kernel for solving this fixed source problem is also straight-

forward and more efficient, as discussed later in this chapter.

In Eq. (5.53), ke is the eigenvalue of the system and must also be determined as a part of the solution. This
is traditionally calculated using the iterative power method, which is the basis of the outer iteration. The
general form of the eigenvalue problem in reactor physics can be written in operator notation as

1
T¢ = —Fp, (5.55)

where F represents the fission operator, and T represents the streaming-plus-collision operator. The power
method to solve Eq. (5.55) consists of the following iterative scheme:

o =171 (€)F¢<"> (5.56)
keff
KD [Eg D],

b .
T LIEgOl

eff

(5.57)

For the outer iteration, denoted by the index ¢, the total fission source is computed as shown in Eq. (5.58),
and Eq. (5.53) is rewritten as shown in Eq. (5.59).

& _
¥ = O szfzg ¢,g,, (5.58)
eff 8'=1
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The equation to update the eigenvalue based on the power method is shown in Eq. (5.60), where V; is the
region volume:

1 G
{+1
z‘1 Vi 12_21 vEf ’i’g'¢§,gt :
kf,%*” _E g; (5.60)
> vl

1

Il
—_

This overall iterative procedure for solving the eigenvalue problem is shown in Algorithm 5.

Algorithm 5: Iterative algorithm for the MOC solution of steady-state eigenvalue problem (outer itera-
tion)

1: Guess initial k.g and scalar flux.

2: while not converged do

3:  Compute total fission source by evaluating Eq. (5.53) for all regions.

4. for all groups do

5 Compute source for group g by evaluating Eq. (5.52) for all regions.
6: Solve fixed source problem for group g with Algorithm 4.

7. end for

8:  Update k. by evaluating Eq. (5.60) for all regions.

9: end while

The 1-group iteration scheme presented here has the advantage of reducing memory usage by limiting the
transport method to only allocate data for a single group, with the exception of the boundary condition. In
the loop over groups in Algorithm 5, the inscatter source of Eq. (5.53) is also updated in a Gauss-Seidel
fashion. This helps improve convergence for reactor problems, because most LWRs are thermal reactors,
and the physics of the slowing down source primarily involves the downscatter of neutrons.

However, in a multigroup formulation in which the scattering source is updated by a Jacobi iteration, a
speed-up of approximately 2Xx over a 1-group kernel is expected. Additionally, better stability properties for
the transport correction used in the isotropic scattering approximation can be observed.

5.5.2 Convergence Criterion for Source Iteration

In MPACT, the solutions of the MOC equations are obtained iteratively. Therefore, criteria for convergence
must be defined. MPACT primarily solves steady-state eigenvalue calculations, and for these types of calcu-
lations, two convergence criteria are defined. First, the eigenvalue k. must be sufficiently converged. This
is determined by comparing the estimates of k.g from two consecutive iterations.

kg = k| < g - (5.61)

Second, the shape of the flux must be sufficiently converged. This requirement is considered to be satisfied
when the following inequality holds:

1
Y

2

ﬁ - m < €. (562)

0] (I-1)
Fiy Fi, J

%
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Here, €, and €4 are user-specified constants (e.g., 1074, N i 1s the number of spatial cells in the fine mesh

with fission, and
F(0) — )
FO=), D F
i g

@) _ ©
Fi,g = VZf’,'!g¢l.’g .

When these convergence criteria are satisfied, one can expect the error in keg to be O(e,;), and the root-
mean-square (RMS) error in ¢ can be expected to be O(&).

5.5.3 MOC Sweep Procedure

There are several ways one can choose to loop over the segments in the MOC method. MPACT employs a
bidirectional sweep, which loops over the angles, and within each angle, it loops over all the long rays. This
type of sweep makes it easier to order all the associated data structures to ensure good cache coherency. If
modular ray-tracing is performed, then the long ray can be constructed once and swept for both the forward
and backward directions (e.g., a bidirectional sweep), further improving performance through better cache
coherency. Figure 5.6 illustrates how the rays are swept sequentially for a bidirectional sweep.

18 16 14 12 .10.8
HasiEaEasananf

Forward

N 2NANAN 4
7
/ < Backward

13 2
f

1 9 7 5 3 1

Figure 5.6. Sequential sweep algorithm.

This type of sweep ordering requires increased memory storage for reflective or periodic boundary condi-
tions as opposed to cyclic sweeping algorithms, and the convergence of the angular flux boundary condition
will be more like Jacobi than Gauss-Seidel, especially for the spatial domain decomposed problem.

5.5.4 Gauss-Seidel and Jacobi Inscatter Sweeping Algorithms for Multigroup Problems

This section presents the theory of the 2D MOC sweeping algorithms in MPACT for two inscatter-source
iteration schemes: Gauss-Seidel and Jacobi. As the MOC solver loops over groups, the Gauss-Seidel ap-
proach, uses the flux solution from the previous group to construct the inscatter source for the next group.
Alternatively, the Jacobi approach only uses the fluxes from the previous outer iteration to determine the
inscatter source for each group. Consequently, for the Jacobi iteration, the loop over groups can be moved
from the outermost loop—, as is the case with the Gauss-Seidel sweeper—to the innermost loop. This
can substantially improve efficiency by minimizing the overhead of retrieving segment, region, and surface
index information from the ray-tracing data.
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Algorithm 6 outlines a more detailed description of the looping structure of a Gauss-Seidel transport sweep
and the tasks performed by each 1-group MOC kernel. It can be seen in this figure that the loop over energy
groups is the outermost loop, and the source is updated as the loop progresses.

Algorithm 6: Pseudocode for Gauss-Seidel sweeping with group on outermost loop
1: for each group(g from 1 to Ngoyps) do
2:  Setup source for group g (using updated flux solution from previous groups)
3 for each inner iteration (i from 1 to Njyers) do
4 for each azimuthal angle (a from 1 to Nypgies) do
5 for each longray in angle a (I from 1 to Njongrays(a)) do
6: Connect modular rays and determine coarse mesh surfaces
7
8
9

Calculate exponential values for each segment in longray / and group g
for each polar angle (p from 1 to Np.) do
Gather incoming angular flux (go;”p g) at both ends of longray /

10: for each segment (s from 1 to Nyegments(1)) do

11: Evaluate forward direction:

12: Calculate outgoing angular flux ('/’lo,;[,g

13: Tally contribution to fine mesh scalar flux in region r1 (¢, ,1)
14: Evaluate backward direction:

15: Calculate outgoing angular flux (w%{g)

16: Tally contribution to fine mesh scalar flux in region r2 (¢ 2)
17: end for

18: Store outgoing angular flux (;Z/Z;‘J”g

19: for each coarse mesh surface intersection (¢ from 1 to N,;;) do

20: Tally surface flux and currents for coarse mesh surface ¢, group g
21: end for

22: end for

23: end for

24: end for

25:  end for

26: end for

Alternatively, the multigroup flux used to construct the inscatter sources can be lagged, creating a Jacobi-like
algorithm in energy. This could be implemented in a manner similar to the scheme outlined in Algorithm 6
by moving the source setup outside of the loops entirely. However, some performance can also be gained
by moving the iteration over the groups g to the innermost loop, as shown in Algorithm 7. With the scheme
in Algorithm 7, the work performed to connect the modular rays and coarse mesh surface mapping is only
completed once for all groups. In contrast, the Gauss-Seidel approach requires that this work be performed
once for each group. The potential performance benefits of the Jacobi algorithm yielding a multigroup
kernel could be worthwhile as long as the time to set up the modular ray connections is a non-negligible
fraction of the total runtime.

There is also the potential to sweep over the groups multiple times, particularly over the energy groups with
upscatter cross section data. An additional loop in both figures would be included to account for this. In
MPACT, the Jacobi sweep only uses the fluxes at the beginning of the outer iteration to update the sources,
so subsequent “upscatter” iterations effectively perform more inner iterations over the thermal groups.

Although it is not shown here, the Jacobi approach does provide a substantial performance improvement,
reducing the amount of time spent in MOC by roughly a factor of two [139]. Results also indicate that the
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Algorithm 7: Pseudocode for Jacobi sweeping with group on innermost loop
1: Setup source for all groups
2: for each inner iteration (i from 1 to Njuers) do
3:  for each azimuthal angle (a from 1 to Nypges) do
4 for each longray in angle a (I from 1 t0 Njopgrays(a)) do
5 Connect modular rays and determine coarse mesh surfaces
6: Calculate exponential values for each segment in longray / and all groups
7
8
9

for each polar angle (p from 1 to N,,,) do
Gather incoming angular flux ((,0;'" ) at both ends of longray /
for each segment (s from 1 t0 Nyegmenss(1)) do

10: for each group(g from 1 to Ngoups) do

11: Evaluate forward direction:

12: Calculate outgoing angular flux (wzgig)

13: Tally contribution to fine mesh scalar flux in region r1 (¢g 1)
14: Evaluate backward direction:

15: Calculate outgoing angular flux (W,Z{g

16: Tally contribution to fine mesh scalar flux in region r2 (¢, ,2)
17: end for

18: end for

19: Store outgoing angular flux (wi“f )

20: for each coarse mesh surface intersection (¢ from 1 to N.,,) do

21: Tally surface flux and currents for all groups for coarse mesh surface ¢
22: end for

23: end for

24: end for

25:  end for

26: end for
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Jacobi scheme also resolves many convergence issues observed with transport-corrected isotropic scattering
(TCPyg), which had been a very significant issue in MPACT for several years. The current hypothesis is that
the Jacobi algorithm effectively under-relaxes the solution, allowing for a more controlled solution path,
which is consistent with the relaxation approaches suggested by Tabuchi et al. [145].
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CHAPTER 6. 1D AXTAL SOLUTION METHODOLOGY

Previous chapters present the theory behind the 2D/1D method and the MOC used for the radial solvers
in 2D/1D. This chapter discusses several methods used in the axial solvers in MPACT, which are used on
a pin-wise basis in 2D/1D. Included are the nodal expansion method (NEM), the source expansion nodal
method (SENM), the spherical harmonic (Py) method, and the discrete ordinate (Sy) method.

The first part of the chapter discusses the primary governing equations and a comparison of one-node vs.
two-node schemes. In MPACT, the NEM and SENM approaches both use two-node kernels, whereas the
Py and Sy methods leverage one-node kernels, so understanding both is important. In general, two-node
approaches are preferred because of their increased stability [103], but one-node kernels are sometimes
necessitated by the method.

The 2D MOC solvers use a flat or linear source/flux approximation because the fine mesh regions used to
discretize each rod radially are relatively small, generally yielding ray segment lengths that are fractions of
a centimeter. However, the axial discretization is usually in the 2—10 cm range, and a flat or linear approx-
imation would yield significant errors. To mitigate this, nodal methods typically employ 2"?—4" Legendre
expansions to accurately represent the intranodal spatial distributions of the source and flux. SENM, for ex-
ample, goes a step further and incorporates two hyperbolic coefficients into the flux expansion, in addition
to a quartic Legendre expansion.

The following sections summarize the primary equations and concepts. More in-depth derivations of each
of these are available in the appendices of Stimpson’s dissertation [142].

6.1. ONE-DIMENSIONAL AXIAL GOVERNING EQUATIONS

6.1.1 Transport-Based

The axial equations can be derived by averaging the 3D transport equation, Eq. (2.23), radially over both x
and y, as in Eq. (6.1), yielding Eq. (6.2). This leaves only a dependence in z, but with a radial transverse
leakage in the source (6.2d):

1 XR VR
Vgun(Z> Qs fm) = 2— f Yo (X, Ys 2, Qs ph)dydx (6.1a)
Xy Jxr yL

fxiR " Ly g(x, ¥, 2)P(x, y, 2)dydx

XY (g) = 2 T — : (6.1b)
S22 6(x, v, 2)dydx
a ~
ﬂma—zﬁl/gﬁ(z, s ) + ngy(Z)gb;(;(Z, Ay fi) = qu};l(z, s i) (6.22)
X2 s ) = T2 Qs i) + TEY (2 @ i) (6.2b)

Virtual Environment for Reactor Applications 45 ORNL/SPR-2023/3090



T @y @+ Z 2 6@, 6.2¢)

=XY _ 8
Tgm (s Oms pim) = A
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A {COS(Q’m) f wg,m(xRa Y, 3, s ﬂm) - wg,m(x[n ¥, 3, Qs ,um))dy

(6.2d)
+ Sln(a,l’l’l) f ('ﬁg,m(xa }’R’ Za a’m’ llm) - wg,m(X, yL’ Z7 am’ ﬂm))dx
XL

Here, a,, and u,, are the azimuthal and cosine of the polar angles corresponding to angle m, wXY is the
radially integrated angular flux for group g and angle m, TLX Y is the corresponding radial transverse leakage,
and A,y is the radial cross sectional area of each node.

Although the discrete ordinates approximation has already been made, «,, and y,, are included in the angular
dependence to make the angular integrations more clear. In reality, these integrals are replaced with weighted
summations over the discrete ordinates. Additionally, because of the separability assumed between the flux
and cross sections, the homogenized cross sections are obtained using flux and area weighting, although the
fission spectrum is homogenized using the fission source instead of the flux. For completeness, the total cross
section should be angle dependent and homogenized using the angular flux, but a common approximation
is to also homogenize it using the scalar flux. This is done to save storage of both the angle-dependent cross
sections and angular fluxes.

A variant of this approach is to integrate Eq. (6.2) azimuthally to obtain Eq. (6.3), so that the equations
maintain only polar dependence. This formulation was used by Hursin in previous work with DeCART
[48,77]:

a a ~
pma—zw;‘,i; (@ ) + Zpg QU (2o fim) = G o thm) » (6.3a)
Tob (@ ttm) = Ty (@ fim) + TLEE (2, ) (6.3b)
—XY _ Xg XY XY XY XY
Tom(aotin) = 5,5 gZ VIR @8 @+ 5 Z = @Y @) (6.3¢)
/1 — 12 2 VR
TLXYQ( ,Um) = - # f {COS(afm) (l//g,m(xR7 ¥, 2, Oy /Jm) - ‘//g,m(xLa ¥, 2, Oy /Jm))dy
L (6.3d)
+ Sln(am) f (l//g,m(xa YR 3, Oy ﬂm) - (//g,m(xy YL, 2, @y ,um))dx da .
XL
where
21
lﬁ;{f,’,a(z,/vlm) = ; lﬂg’;(z, Ay U)d (6.4)

The leakage term in Eq. (6.3d) can be also be averaged polarly to remove angular dependence for use in the
azimuthally integrated equations: Eqs. (6.3). The next subsection, which covers the diffusion-based axial
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solver, uses isotropic radial transverse leakage, in which case Eq. (6.2d) has no angular dependence, as in
Eq. (6.5):

21
TL?}; - f V 1 - :um f {COS(Q’m) f (l;”g,m(ny Yy, Z) - Wg,m(xL, Y, Z))dy

(6.5)
+ sin(am) f (‘r//g,m(x, YRs2) = YWgm(X, YL, Z))dx}dadﬂ .

All three of the transverse leakage equations—Eqs. (6.2d), (6.3d), and (6.5)—can be averaged over z, as in
Eq. (6.6), to use the angular fluxes from the radial solvers, Eq. (6.7):

1
wg,m(zs amvﬂm) = h_ ¢g,m(xv y’ Z7 a’m’,um)dz ’ (66)

Z hB

where h, is the axial height of the node at plane z.

V1 =2 VR
TLXY (Za Ay, Mm) = —ﬂm{cos(a’m)f (wg,m(xR’ Y, s lum) - '»”?,m(xb Y, s I’lm))dy

A y;R (6.7a)
+ Sln(am)f (w?,m('x’ YR, a’m,ﬂm) - wg,m(xa yLa a’maﬂm))dx} b
XL

/1 _u2 21 VR
TL;EQ(L ,um) = - A = f {
0

Cos(am) (wg,m(xlb Y, U, #m) - w?,m(xLa Y, Ums ﬂm))dy
L (6.7b)

XR
+ Sin(a'm) f (9”?,,"(% YR, Om, ﬂm) - wém(-x9 YL, O llm))dx da’ s
XL

1 1 27 VR
TLyw™(@) = =57 f V1-1 f {cos(am> f (W2 CtRe Y s i) = W (XL Y. s ) )y
-1 0 YL

- (6.7¢)
+ sin(ay) f (WZ X YR s ) = wg,m<x,yL,am,um>)dx}dadu.
XL

6.1.2 Diffusion-Based Solvers

The diffusion-based axial sweepers (NEM/SENM) are formulated by radially averaging the 3D diffusion
equation. The details of obtaining the diffusion equation from the transport equation are deferred to Chapter
7 to avoid duplication, but it is important to present the 1D diffusion equation to allow for better understand-
ing the resulting extensions.

d2
¢g(Z) 4 ng(Z)¢g(Z) _ Xg( )

-D
& de eﬁ

szfg(z)qsg <z>+— Z Tog—e@Dtg (@ - TL @), (6.82)

g'=1 g =l¢g'#g
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1 1
TLY (2) = h—x(JL,x,g(a — Jrxg(2) + h—y(JL,,‘ﬁ,g(z) — Jrys(@) - (6.8b)
Here, Dy is the diffusion coefficient for group g, X, is the removal cross section (total minus self-scatter),
and J is the current. Since the radial surfaces on which the currents exist span the entire plane, they effec-
tively do not have an axial dependence, so the leakage is more consistent with Eq. (6.9):

1 1
XY z 74 z z
TLg (@)= h (JL,x,g - ‘]R,x,g) + h (JL,y,g - JR,y,g) : (6.9)
x y

This is numerically equivalent to Eq. (6.7¢).

6.2. ONE-NODE VS. TWO-NODE

As previously mentioned, MPACT defines a single axial mesh region of a single rod (fuel, guide tube,
control, or burnable poison rod) as a node. Two types of nodal kernels, which are the most basic component
of a solver, are primarily used in MPACT: one-node and two-node. In each of these kernels, the underlying
physics is the same and is determined by the flux and source expansions being used. However, the boundary
conditions and constraints differ in important ways. As a preference, the discussion and illustrations here
relate to one- and two-node systems along the x-axis (as opposed to z-axis for axial solvers). Therefore,
reference to a “left” or “right” node, as shown in the figures, directly relates to a “bottom” or “top” node if
considering the same along the z-axis.

In the one-node formulation (Figure 6.1), the incoming partial currents (or angular fluxes for transport-based
kernels) are the prescribed boundary conditions, and the outgoing partial currents and flux distributions are
output.

Figure 6.1. One-node kernel.

With the two-node kernels (Figure 6.2), the mesh-averaged scalar fluxes are used as a constraint, and the
net current at the interface and the flux distributions in both nodes are output. Additionally, the two-node
kernels own two instances of the intranode flux distribution: one for the left interface, and one for the right
interface. During the iteration process, the two intranodal distributions will not necessarily agree, but they
will agree at convergence.

jlll:’t

Figure 6.2. Two-node kernel.

Virtual Environment for Reactor Applications 48 ORNL/SPR-2023/3090



It is beneficial that the two-node kernels do not allow the mesh-average scalar flux (zeroth moment) to
change because it is considerably more stable. When incorporating the transverse leakage terms, which is
discussed in more detail below, negative sources may be encountered that can drive the one-node kernels to
non-physical negative fluxes, whereas the two-node kernels can handle these more easily.

Unfortunately, two-node formulations are currently stored only for the diffusion-based kernels, such as NEM
and SENM. If such a formulation were applied to the transport-based kernels, Py or Sy, then mesh-averaged
angular fluxes would need to be preserved, which would be prohibitively expensive to store for the existing
2D/1D scheme. However, it is possible that a two-node transport kernel could be used for other related
methods, such as the 2D/3D scheme, in which 2D-MOC and 3D-Sy are coupled [163].

Some exploratory work has been performed in MPACT to develop a hybrid P3 kernel that combines char-
acteristics of the one- and two-node solvers using a two-node formulation for the zeroth angular moment
and a one-node formulation for the second angular moment [144]. This capability has demonstrated some
usefulness, but it has been shown to encounter some convergence issues in certain situations.

There are also other alternatives. The nTRACER code, for example, solves an entire axial rod in a single
linear system [80]. This technique provides a tighter coupling between the nodes, and the CMFD solve and
can require fewer iterations with the one-node kernels, but it requires more parallel communication.

6.3. NODAL EXPANSION METHOD (NEM)

In the nodal expansion method, the source is expanded with quadratic Legendre polynomials, and the flux
is expanded with quartic polynomials [55], where £ denotes the normalized spatial variable:

2
0®) = ) aiPil&), (6.10a)
i=0
4
6 = ) aiPié). (6.10b)
i=0

The coefficients (a;) are determined from the 0% through 2@ moment balance equations:

d¢
Zp=

1 2
d
f Pn(f)( —Zp—>¢&) + Lp(&) - Q(é"))df =0, (6.11a)
-1
4D
ol (6.11b)
where D is the diffusion coeflicient, A is the size of the mesh, and X, is the removal cross section. This is

used in conjunction with the flux and current continuity enforcement:

é1(1) = ga(-1), (6.11c)
Ji(1) = Jo(=1). (6.11d)

The node-averaged flux can be preserved by forcing the zeroth moment value in the flux expansion to be the
scalar flux, as in Eq. 6.12:

ao=¢,, (6.122)

ao =, . (6.12b)
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During an iteration, the flux coefficients are used to construct the source coeflicients (g;) for the next iteration.
Each internal two-node problem solves an 8 X 8 linear system relating the information in the two nodes being
simulated, as in Eq. (6.13). Here, 1 and 2 indicate the indices of the two nodes:

1 1 1 1 1 -1 1 =1 [ #11 | ~¢1 + ¢,
S 32 6200 g2 2D 32 g2 022 || g, 0 _
_33), —10Zp, b13 41,0 = Xr1éy
pI| —15%p; P14 q1,1
PO -35%p1 $2.1 N2
-3% —-10Zps 22 420 — 220,
P -15%p; $23 92,1
Y0 =35Zp2 |l ¢24 | 922 ]
(6.13)

Although more explicit details of how this matrix is formed can be found in Stimpson’s dissertation [142], it
is useful to provide some understanding of how Eqs. (6.11) are used. For example, the top row corresponds
to the flux continuity equation, as shown in Eq. (6.11c), and the second row corresponds to the current
continuity using J = —DdzdL;). The next three rows correspond to the 0 through 2"¢ moment balance
equations per Eq. (6.11a) for the bottom node and the final three for the top node.

Boundary nodes are solved in a slightly different manner, because one of the nodes would technically be
outside the system. In these cases, special 4 X 4 one-node linear systems are formulated, taking into account
the boundary condition, as appropriate:

(% + a) (3% + a) (61,—3 + a) (10% + a) ai —¢, + ¢,
—321_) —IOZD aj _ qo — 2r1¢1 (6 14)
3, ~15%p a3 a1 ’ '
>, -35%p as q2

where alpha is the albedo boundary condition at the system boundary.

A single sweep with the NEM solver involves looping over the pin-wise coarse mesh cells, generally solving
for two separate two-node problems: one in which the current cell is the lower cell of the two nodes, and
one in which it is the upper cell. For boundary cells, one of these two-node solves is replaced with a call to
the boundary kernel.

With two-node kernels, the cell-averaged scalar flux is a constraint and does not change, so multiple inner
iterations do not change any part of the solution; therefore, only one inner iteration is executed.

6.4. SOURCE EXPANSION NODAL METHOD (SENM)

With SENM, both the source, Eq. (6.15a), and the flux, Eq. (6.15b), use a quartic Legendre expansion.
However, the flux also has two additional hyperbolic terms [162]:

4
0 = D aiPié) (6.152)
i=0
4
#(&) = A sinh(x¢) + B cosh(x€) + Z a:Pi(), (6.15b)
i=0
ho[x,
k=37 (6.15¢)
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In the previous set of equations, the flux has a homogeneous solution, A sinh(«x€) + B cosh(x¢), as well as and
4

a particular solution, Y a;P;(€). The particular solution coefficients can be determined by solving the 07
i=0

through 4 order moment balance equations. The homogeneous coefficient B for each node is given from

the node-averaged flux and zeroth moment particular coefficient ay:

B= smh 7 (@ - ao) - (6.16)

Having solved the particular coefficient (a;) and homogeneous B coeflicients, the homogeneous A coeffi-
cients for the two nodes, A; and A,, can then be calculated by enforcing flux and current continuity at the
interface of the two nodes, as in Eqgs. (6.11c) and (6.11d).

Unlike with the NEM formulation, the SENM solver does not set up a linear system to determine the un-
known flux coefficients. Instead, the particular coefficients are solved first, since they only depend on the
source moments (¢g;). Then the cosh coefficients (B) are found, and both g; and B are used to determine the
sinh coefficients (A). Also, the flux expansion is projected onto a quartic Legendre expansion (without hy-
perbolic coefficients) when formulating the source moment values. However, the SENM sweeping strategy
is very similar to that used for NEM.

6.5. SPHERICAL HARMONICS (Py)

With this method, the angular flux, which has been azimuthally integrated for a 1D representation, is as-
sumed to have a Legendre expansion with respect to the cosine of the polar angle (w) [114]:

Nmom 2 1
VoGt = ) T (P () (6.17)
m=0

By substituting Eq. (6.17) into the transport equation, multiplying by P,(u), and integrating over u, Eq.
(6.18a) can be obtained, which describes the relationship between each of the angular moments:

d

—l5 S0 + wnﬂ £O] + g (W, 8) = Zgngging(X) + Qe(N)Sno . (6.182)

It also yields the corresponding boundary conditions of (Eqgs. (6.18b) and (6.18c)) for the left and right
interfaces, respectively:

Nimom ) 1 0 1

. ( f 1uPn(u)lom<u>du)wm,g,,<0>= fo HP GOV )y (6.18b)
m=0 -
Niom ) 1 0 0

2 ( f luPn<u>Pm(y)du)wm,g<X>= f PG )y (6.18¢)
m=0 - -

In MPACT, P53 and P5 have been implemented and can be formulated to wrap the one-node NEM or SENM
kernels by normalizing spatially (£) and rearranging the boundary conditions slightly. With this setup, Py
handles the angular distribution, and NEM or SENM handles the spatial distribution. Once the equations
for the 0" through 3" moments have been found, the first and third can be solved and substituted into the
0™ and 2" moment equations. These can be further simplified into Egs. (6.19) and (6.20), which show the
final equations for the P3 kernel:
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Zeroth-Moment

4Dy, d?
- h;)g dfz q)O g(f) + (ztg sO,g—)g)(DO,g(f) = Qg(é:) + 2(Zt,g - ZSO,g—)g)q)Z,g(é:) ’ (619&)
Dy 1 ! 3
‘Td_g[®°g< DI+ 7Po(- 1>—f UL () + T @2 g(=1) (6.19b)
08 4 0 (1 1q>1—f b (ody+ Dy (1 6.19
T£[ 0,¢(1] + I 0,g(1) = . lulyg ((dp + 16 2,¢(D) . (6.19¢)
Second-Moment
4D d? 9 4
h22gd§2 2g(§) ( Ztg sto,gﬁg)q)Z,g(f)
(6.20a)
= _g(Qg(g) - (Zt,g - ZsO,gHg)q)O,g(é‘)) s
D, 1 3 3 1
— dg[(I)Zg( D] + (D2g( D= f P3(#)¢Lg(#)dﬂ+ (DOg( 1) - q)zg( D, (6.20b)
g d 1 3 3 1
%d—g@zg(l)} + 7021 =2 f PO i+ 5P (1) = @2, (1), (6.20¢)
where
Do g(&) = Y0,g(&) + 242,46 , (6.21a)
Dy4(é) = Y2 4(é), (6.21b)
1
Dy = 3%7 , (6.21¢c)
2.0 35, (6.21d)

The sweeping strategy for this solver is considerably different than two-node diffusion-based NEM/SENM
in some respects. First, since a one-node kernel does not use the node-averaged scalar flux as a constraint,
this quantity is permitted to use it and does change during the iteration sequence. The incoming boundary
conditions based on the partial surface flux moments will also change during iteration. For these reasons,
multiple inner iterations are performed to resolve these before updating the sources in the next group, and
several loops over groups are also performed.

When possible, the spatial sweeping algorithm is also modified to loop over nodes axially before beginning
the solve for the next rod. As a node is solved, outgoing partial surface flux moments are also determined
and can then be used to inform the incoming boundary conditions for the surrounding nodes. Generally, an
axial sweep both up and down is used to resolve the boundary conditions in each inner iteration.

Before proceeding to the next section on the Sy axial solver, some clarification on the nomenclature of the Py
solver is provided. Historically, Py methods within the context of 2D/1D have been referred to as simplified
Py, or SPy [79,80]. To remain consistent with these applications, many MPACT publications before 2017
also refer to these methods as SPy. However, despite the historical context, referring to these as SPy has
caused confusion at conferences and other meetings. Additionally, the terminology could be misleading
because the 2D/1D approximation does not preserve the 3D SPy approximation when using these axial
solvers. To avoid further confusion, these methods are now being referred to as Py; when referring to the
combined angle and space methods, the terms NEM-Py or SENM-Py are used.
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6.6. DISCRETE ORDINATES (Sy)

Principles similar to those used to derive MOC can be applied to the characteristics-based discrete ordinates
equations to formulate axial kernels. Instead of using a Legendre expansion for the polar angle dependence,
as with Py, the polar angles are discretely represented. However, the azimuthal dependence can be rep-
resented in several ways. The most basic option is to assume there is no dependence, in which case the
equations are azimuthally integrated, as was the case with Py. The most detailed option is to explicitly
represent every azimuthal angle, but this approach is memory-intensive. An alternative is to approximate
the azimuthal dependence using a Fourier series.

6.6.1 Spatial Moments

Instead of using an NEM kernel to account for the spatial representation, as was done with Py, the spatial
distributions are handled using a direct Legendre expansion. Currently, options are available to use a 0"
through 3¢ order expansion, but it is recommended to only use the 3’ order representation. By applying
similar moment balance equations to the transport equation, the outgoing and average angular flux for the j*
moment is described by Stimpson [142] (Egs. 4.3 and 4.5). Because these formulas can be fairly complex,
Egs. (6.22a) and (6.22b) are simply written in terms of condensed functions:

Nmom
Your = I,[/me_T + Z Qifout,i(h, M, Zt) s (6223)
i:0 Nmnm
%) = Vinfjin(h i, ) + > qifiCh, %)), (6.22b)

i=0

where fouri, fjin, and fj; are the condensed functions, dependent upon the node height (h), cosine of the
polar angle (1), and the total cross section (2;). 7 is defined as the optical thickness of the characteristic ray
segment (7 = [X;), where [ is the ray segment length.

To gain a better understanding of what these condensed functions look like, consider a problem with only a
linear source. In this case, the outgoing angular flux could be specified as

l—e  (td+e™)+2e7-2)
Your = (1) = Yine™ + qo +4q1 , (6.23)
h T,
and the 0" and 1*' moment average angular fluxes would be given by
T T _ 2-2"—-1(1+¢e7")
900=¢m1 ¢ +q0(e 1)+T+q1( ) , (6.24a)
T 7% 723,
6-60 -t +3) 2T -2+1(1+e)
o1 = Yin = + 4o =S
! (6.24b)
(1201 - e = 12777 =31 + e )22 + %)

+
g 3%,

Complete descriptions of the condensed functions up through a cubic source are available in Stimpson’s
dissertation [142].
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6.6.2 Azimuthal Moments

Equation (6.25) is the radially integrated transport equation with explicit azimuthal and polar dependence,
which is similar to Eq. (6.2), but considers continuous angular variables:

WY (z, a, 1) 0¥ (2)
/,[ga—z + E,,g(ﬁ?Y(Z, a, ﬂ) = g4ﬂ_ + TL§Y(Z5 a, /’l) ’ (6253)

V1 =2

TLXY (z,a, 1) = —
¢ (L, A

Yr
( f cos(@)(Yrg(¥r, ¥, 2, @, 1) =Yg (31, 3, 2 @, )y
. (6.25b)

+ f " sin(@)(¥g(x.yr. 2. a,m—wgu,yl,z,a,u))dx).

1

From this equation, the azimuthal dependence of the angular fluxes and transverse leakages are assumed to
be represented by a Fourier expansion, as shown in Eq. (6.26):

N,
1 1 mom
Y _ Y Y : Y
U @) = U@ + §1 (W%, (2. ) sin(ma) + Y3tz ) cos(ma)) , (6.26a)
m=
N,
1 mom
XY _ XY XY : XY
TL, (z,a,p) = %TLg’O(z,p) + - E 1 (TLg’sm(z,,u) sin(ma) + T'Ly ., (2, ) Cos(ma/)) . (6.26b)
m=

Substituting these into Eq. (6.25a) and integrating over «, the zeroth moment equation is obtained as
Eq. (6.27a):
0 (2)

0
W@ ) + Zi g (2, ) =

1y + TLY (2 1) - (6.27a)

Similarly, by multiplying by sin(na) or cos(na) and integrating over «, the equations for the sine and cosine
moments are obtained respectively:

0

Mo Ve @) + gy (@) = TLi (2 ) (6.27b)
0

o Veen @)+ Zoglyen(a ) = TLgG (@) - (6.27¢)

This derivation yields moment equations that are independent of one another. This differs from the Py
formulation, in which each moment is dependent on the neighboring moments. However, in the Py formu-
lation, an expansion of y is assumed, and when substituting into the axial streaming term, which also has
a factor of u, the subsequent integration produces coupled equations. Because the Fourier expansion only
depends on the azimuthal angle (@), the additional ¢ has no impact on the integration.

Additionally, the radial MOC sweeper tallies the transverse leakage coeﬁicients—TLZi g(z, n, TL;{ Y (z.1),

and TLéf, Y (z,u)—using the following equations:

Nazi
TLX ) = ) Wil LY (2 am, 1) (6.28a)
=1
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N, azi

TLEY (o) = ) sin(nan)wiT LEn (2, am 1) (6.28b)
=1
Nazi

TL ) = ) cos(nam)wiT Lin(z, am 1) , (6.28¢)

I=1
where wy is the angle weight in the quadrature set.

The sweeping algorithm for Sy is very similar to that of Py/Sy, where wavefront axial sweeping is employed
to propagate the boundary conditions of each node effectively, and multiple inner iterations are necessary to
converge the boundary conditions.

6.7. TRANSVERSE LEAKAGE INTERPOLATION

In the 2D/1D equations, the angular fluxes and currents that come from the radial sweeper have no intranodal
axial dependence. However, since all of the axial sweepers use some form of Legendre expansion of the
spatial moments, they can incorporate higher order transverse leakage components into the source construc-
tion using the transverse leakages from the neighboring planes. To accomplish this, higher order coefficients
can be constructed to describe the shape of the transverse leakage in each axial node, as illustrated in Figure
6.3.

h; TL%QJ

he TLyY |

hy Tngi

Figure 6.3. Transverse leakage interpolation.

Equations (6.29) show the coefficients for a quadratic interpolation of the transverse leakage using the values
from the top and bottom neighboring planes:

2
TLp,@) = ) TLYPA@), (6.292)
i=0
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G =2(hc + hB)(hC + hT)(hB + hc + hT) , (6.29b)

TL;(,{O - TL)C(Z,,[ , (6.29¢)
TL;{ r= G‘lh"[(TL)T(,:,J - TLg’;,)(hc + 2hp)(hc + hp) (6.294)
— (LY = TLEY )(he + 2hr)he + )] .
TLXY, = G (he) [(TLYY - TLEY )(he + hp)
g,1.2 T.g,l Cyg.l (6296)

+ (TL’,S”;J - TLéZ,J)(hC +hr)] .

It is feasible to use cubic or even quartic expansions, but this would require data from farther neighboring
planes and potentially more data passing between processors.

Cho and Joo have shown that the quadratic interpolation can introduce larger errors in cases with more severe
axial profiles [22], particularly when using a refined axial mesh. It is likely that higher order expansions
would alleviate these errors, but the results from Cho and Joo suggest that using a flat interpolation is more
physical and that a linear fit would also show improvement. However, there are some differences in the
quadratic interpolation schemes from Cho and Joo and those shown here, which can likely avoid these
issues.
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CHAPTER 7. COARSE MESH FINITE DIFFERENCE
ACCELERATION

An important aspect of efficiently solving the transport equation is the use of an effective technique to
accelerate the iterative convergence of a sweep-based method. The goal is to minimize the amount of
computational work needed to reach convergence. This is usually achieved by minimizing the number of
transport sweeps required to converge. Typically, a good acceleration scheme has the following properties:

¢ it does not change the solution from that of the un-accelerated (sweep-based) iteration scheme,

e it converges rapidly as compared to the un-accelerated iteration scheme,

o the cost per iteration is not significantly higher than the cost per iteration of the unaccelerated scheme,
and

e it is not dependent on a particular discretization or mesh.

One acceleration method that exhibits these qualities is the coarse mesh finite difference (CMFD) method,
originally developed to accelerate the convergence of nodal diffusion problems in reactor analysis [135]. The
fundamental concept of CMFD also applies to the transport equation and has been shown to be effective at
accelerating the convergence of transport problems. In general, a linearized form of CMFD is algebraically
equivalent to a coarse-mesh diffusion synthetic acceleration (DSA) scheme. [100]

The CMFD method is described in Section 7.1. In Section 7.2, an extension of the CMFD method for
spatially decomposed problems is presented. Sections 7.3 and 7.4 address artificially diffusive and optimized
CMFD, which are optimized using a Fourier analysis. Section 14.8 discusses the performance of CMFD
for 3D problems using 2D/1D and 3D MOC. In Section 7.6, CMFD is discussed using red-black successive
over-relaxation. Section 14.5 describes subplane CMFD, and Section 7.5 presents the convergence criteria
used in MPACT to determine when to discontinue performing power iterations.

7.1. THE CMFD METHOD

The lower order equations used in the CMFD acceleration scheme are derived by integrating the multigroup
neutron transport equation (2.19) over all angles. This yields the multigroup neutron balance equation:

G

> (zso,gqgm vy (x)) %(x)‘ . (7.1

g'=l

V- Jo(x) + Z o (x)pe(x) =

CMFD also introduces the concept of a coarse mesh on which the low-order equations are solved compared
to the fine mesh of the transport solution. Integrating Eq. (7.1) over a coarse cell j gives the discretized
neutron balance equation

|56

g'=1

ijl?cAJs +21g9gV (7.2)

N

( sojg—>g+ szjg)¢1g
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where s denotes a surface of spatial cell j. Aj is the area of surface s of the cell j, and V; is the cell volume.
All of the above quantities with subscript j are averaged over the volume of cell j except for J;ZES, which
is an area-averaged quantity over surface s of cell j. The integration over a coarse cell also defines the
restriction (homogenization) operator from the fine mesh solution onto the coarse mesh and is shown below:

Y bV
o = Sl (7.3a)
Ziej ¢i,g Vi
2iej PigVi
Grg = ol (7.3b)
8 2icj Vi
yes JlgAiy
et = 8 T (7.3¢)
83 Zs’esAi,s’
iciXigVafig®igV
i = e D (7.3d)
Ziej sz,i,g¢i,g Vt
Here the index i denotes the fine cells of the transport mesh.
In classic diffusion theory, the net current is approximated by Fick’s Law:
Jnet LJdiff _DJ 2 sv ¢g , (7'4)
where the diffusion coefficient is defined via the transport-corrected cross section, as follows:
D, = ! (7.5)
$= 35, .

%, is defined in Section 5.3.3. Applying a finite-difference spatial discretization to Fick’s Law on the coarse
mesh gives Egs. (7.6), where h; is the distance between the center of cell j and its neighboring cell on
surface s:

diff _ 7
J;I',egt,s1 =-Djgs (‘/J’J}g - ¢j,g,5) ) (7.6a)
. 2D;,D;
Djgs = e (7.6b)

his (Dj,g + Djs,g) ‘

Here, the subscript j; is the index of the cell bordering cell j via surface s. This approximation yields a set
of low-order equations that are not consistent with the transport equations, so CMFD introduces a correction
coeflicient, D, s, to the expression for the net current:

J?Zts = _D.j’g’s (¢.]vg - ¢j7gvs) + D.jvg’s (¢.]vg + ¢j7gvs) * (7'7)
The correction factor, D 4 , is defined by Eq. (7.8), where the flux, ¢"§’“ and the net current Jnmstm”Y are de-
termined by the homogenized fine mesh transport solution as defined in Eqgs. (7.3b) and (7.3c¢), respectively:

5 J;lztstrans + ng S (¢t_ram ¢3r§r;v) 0%
185 (¢t_ran s ¢tmm) ’ )
78 788
This correction factor, along with cross section homogenization, creates equivalence between the solution
of the fine mesh transport equations and the coarse mesh diffusion equations, Eqs. (7.2) and (7.7), at conver-
gence. The homogenization process preserves all the cell-volume integrated reaction rates based on the fine
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mesh solution. The correction factor of Eqgs. (7.7) and (7.8) allows the low-order system to also preserve the
cell-surface integrated quantities of the fine mesh solution, and specifically the average leakage. Because
of this equivalence, the multiplication factor ke of the CMFD linear system is the same as that of the fine
mesh transport method computed from source iteration upon convergence.

Since low-order CMFD equations are solved on a coarser mesh than the transport mesh, it also requires
development of prolongation operators to transfer the solution between the CMFD coarse mesh and the
transport fine mesh regions. Because the CMFD problem is an eigenvalue problem, the prolongation equa-
tion for the scalar flux takes a nonlinear form given by
+1
gD = ¢(l+§)¢§'{g )
g be o+’

J:g

€j. (7.9)

This projection preserves the coarse mesh cell-averaged flux and reaction rates from the CMFD solution and
preserves the intra-cell flux shape calculated by the transport calculation. The iterative solution algorithm
with CMFD is described in Algorithm 8, in which the superscript / denotes the iteration index. Given a

Algorithm 8: Iterative algorithm for the CMFD acceleration of steady-state eigenvalue problem

1: while not converged do
Compute cell-averaged values for CMFD coefficients from Eqs. (7.3) and (7.7):

(1+l) - A (l+l)
{(pjyg ’ ’Zx’j’g’)(j’g’D]"gyS’Dj,g,S « fhom ¢i,g : ’Zx,i,ga)(i,g

Solve CMFD eigenvalue problem given by Eqgs. (7.2) for cell-averaged scalar flux and kg:

(I+1) (1+3) A B
$;, < Jomrp (¢ e 2 ZxigXig Digs Djg.s

Update fine mesh solution given by Eq. (7.9) and (7.10):
1+1
;1+1) — fo (¢§l+1)’ Z§+2))

Perform transport sweep:

I+1 in,(1+3 in,(1 l
g 2)’(Pg ( 2)} — ftransport (Sa;n()’ ¢4(g))

Update fine-mesh fission source
11:  Check if solution is converged
12: end while

R A R

—
e

flat initial guess to the transport solution, the CMFD correction coefficient becomes zero so the CMFD
problems effectively become a diffusion problem for the first iteration. The eigenvalue problem is solved in
the low-order CMFD equations to reduce the computational cost of the eigenvalue iterations.

7.2. SPATIAL DOMAIN DECOMPOSED CMFD

When considering numerical methods for solving the spatially decomposed transport equation, algorithms
that preserve the iteration of a serial sweep such as the popular KBA algorithm [6-8, 97] have limited
scalability. However, another way to perform the parallel sweep with better scalability is to take a Jacobi-
type approach and allow each subdomain to sweep independently. The downside of this is that the angular
flux boundary condition for interior sub-domains becomes lagged, thus reducing the rate of convergence for
an un-accelerated source iteration scheme. If a 1-group problem is considered in a semi-infinite 1D purely
absorbing medium with a fixed boundary source, then the problem will converge in a single transport sweep
in serial. However, if this problem is divided spatially into 7,4 domains, it would take n — 1 sweeps for
the n sub-domain to receive the correct boundary condition from its neighbor.
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In conventional CMFD, the prolongation operator only applies to the cell-averaged scalar flux. Spatial do-
main decomposed (SDD)-CMFD extends the prolongation operator to also provide an update to the angular
flux boundary condition on the decomposed spatial subdomains [143]. This update equation can take a
number of forms, so it is written as

in(lI+1) _ in() p(+1) . .
‘pi,g,m,k - lgmkfgs , kes, Lej. (7.10)

In MPACT, the form of f is taken to be

¢S,(l+1)
(l+l) — j,g,S 7 11
e S(1+3) (7.10)
.85

Here, ¢S is the surface-averaged scalar flux for surface s. Previous work [143] compares several defini-
tions of f showmg that Eq. (7.11) provides reasonable additional speed-up and guarantees positivity of the
update factor. To obtain the coarse mesh surface fluxes required by Eq. (7.11), additional radial coupling
coeflicients must be introduced to reconstruct the transport surface flux from the coarse mesh cell-averaged
flux. These are given below and can be derived in a manner similar to that used for the current coupling
coeflicients:

¢§’,g,§ = §j’g7s¢j>g _~<1 - gjvg’s) ¢17g"Y + S\j,g’x (¢]’g + ¢j,g,S) 4 (7'12a)
Sjgs = ——5— - (7.12b)
1 h] S Ern}v;’vs

S.transport  ~ ~
Pigs — SigsPig * (1 - sj,g,S) Digs

(¢Jlg + ¢j,g,3)

Sigs = (7.12¢)

Here, X, is the transport-corrected total cross section defined in Section 5.3.3. It is expected that SDD-
CMEFD will have performance similar to that of conventional CMFD, although the importance of the bound-
ary angular flux update component of the prolongation operator increases as the optical thickness of the
spatial subdomain decreases. In practice, the convergence penalty for lagging the sub-domain interface
angular fluxes for a Jacobi-type parallel sweep is largely eliminated by SDD-CMFD acceleration.

7.3. ARTIFICIALLY DIFFUSIVE CMFD

The CMFD acceleration method is known to become unstable when the maximum coarse-cell optical thick-
ness becomes larger than a few mean-free-paths (mfp) thick. The spectral radius predicted by Fourier
analysis of a CMFD-accelerated k-eigenvalue 1D Sy sweep using a step characteristic spatial discretization
is depicted in Fig. 7.1. (The spectral radius p is the asymptotic error-reduction per iteration. If p <« 1,
then the method is rapidly convergent, if p < 1, then the method is convergent, and if p > 1, then the
method is divergent. Also, 1D Sy is a good proxy for 2D and 3D MOC; the Fourier analysis of the 2D step
characteristic method yields results similar to those for 1D.)

In Fig. 7.1, the convergence rate of CMFD (spectral radius) rapidly degrades as the optical thickness of a
spatial cell increases from 0.5 to 2.0 mfp. Above 2.0 mfp, standard CMFD is unstable. The spectral radius
for the CMFD variant equivalent to partial-current CMFD (pCMFD) is shown in red. The pCMFD-like
variant is unconditionally stable. This method consists of adding a constant factor of Alf to the standard
CMFD diffusion coefficient D:

~ 2 1

Dy, = +-, (7.13)
3 (ztr,g,s’hs’ + z"tr,g,s*/'ls*) 4
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where s is the surface index, and the subscripts s~ and s* denote the cells on the negative and positive side
of the surface, respectively. When the optical thickness is very small, D; >> 1, and the factor of }‘ has
little effect on the overall iteration. When the optical thickness is moderate, between 0.3—1.0 mfp, this factor
degrades the convergence rate of the iteration because the lagged D terms are relatively large as the result of
a poor diffusion coefficient, thus requiring more iterations to converge. However, when the optical thickness
is greater than 1 mfp, this scheme will not become unstable like standard CMFD. The scheme has the effect
of damping the flux updates, which prevents oscillatory growth in the error modes that causes divergence. As
the optical thickness becomes very large, the diffusion coefficients become a uniform }‘ across the problem,
and the CMFD-accelerated scheme converges at a rate similar to a source iteration scheme. Overall, the
pCMFD-like scheme is favorable because of its guaranteed stability. However, CMFD can converge slightly
faster than pCMFD when the spatial cells are moderately thick and stability is not an issue.

The artificially diffusive CMFD (adCMFD) method, shown in green in Fig. 7.1, effectively combines the
best of CMFD and pCMFD convergence properties to produce a stable iteration scheme that converges as
fast or faster than standard CMFD [165]. This is done by adding a variable amount to the diffusion coefficient
on a surface, based on the optical thickness of its neighboring cells:

B 2
Dy, = +0,; . (7.14)

3 (Ztr,g,s—hs— + z:tr,g,s+hs+)

The variable 6 in Eq. (7.14) will be no greater than %, and in practice, it will always be positive. In Fig. 7.1, it
is allowed to be negative, which is why the green line is lower than the blue line for small optical thicknesses.
Equation (7.14) demonstrates the relationship between adCMFD and pCMFD. The actual implementation
of adCMEFD is slightly different:

- 2
Dy =

(7.15)

3 (er,g,s—hx— Erng,ﬁhﬁ ) ’
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Figure 7.1. Fourier analysis convergence behavior of CMFD-accelerated transport method for
CMFD variants (1D IHM Sy, 1 transport sweep per CMFD update, 3 fine cells per coarse cell).
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where the optimum 6 is a piecewise function of the optical thickness, with upper and lower bounds and a
6th order polynomial between the limits:

0, Zph<1,
k
0y =330 o (Zugh) . 1<T0h< 14, (7.16)
0.2545,,.4h Sigh > 14

The coefficients a; are defined by a fit to the optimal 8 calculated experimentally by Fourier analysis. Neg-
ative values of 6 are not allowed because they could give a negative diffusion coefficient Dg, s, which would
likely cause a stability issue.

7.4. OPTIMAL CMFD

In Fig. 7.1, the final curve (purple) shows the spectral radius of optimal CMFD. All of the CMFD variants
that modify the diffusion coefficient can be expressed in terms of a shaped or prolonged CMFD flux update.
For example, a flux update factor A for a given coarse cell can be defined as

1+1
¢j,g

¢l+% )

J&

Ajg = (7.17)

This can be applied to each fine cell i in coarse cell j, or the update can be given a fine mesh shape f, so that

Aig = filjg, i €], (7.18a)

1
ijﬁ,gvi =1. (7.18b)

The curve in Fig. 7.1 was generated by running many different cases while varying f for a 1D Sy problem,
with three uniform fine cells per coarse cell, to find the optimal f. This gives a good indication of the
theoretical limit of the convergence rate of the CMFD method. Without fundamentally restructuring the
method, a faster convergence rate likely cannot be achieved. Fortunately, the adCMFD method is very close
to the apparent limit, and the adCMFD 6 is inexpensive to calculate.

The shape of the optimal curve in Fig. 7.1 shows that it is not possible to optimize CMFD to greatly improve
the convergence rate over adCMFD for optically thick cells. The only way to improve the convergence rate
is to reduce the optical thickness of the coarse cells, which moves the thicknesses toward the left on the plot,
thus down the slope of the curve to a lower spectral radius.

7.5. SOLVING THE CMFD EIGENVALUE PROBLEM
7.5.1 Power Iteration

Algorithm 8 describes the overall iteration scheme in MPACT, in which CMFD is used to accelerate the
transport sweeper. However, the details of solving the CMFD eigenvalue problem were omitted in this
algorithm. This section describes the power iteration procedure (with Wielandt shift) for solving the CMFD
eigenvalue problem.
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Without a Wielandt shift, a single power iteration on Eq. (7.2) can be described as follows:

G
X
|-V Do)V + 2 (0)| 5 (0) = ) Tso g0y (x) = k(—iF”kx) : (7.19a)
g'=1 eff
G
FOD @) = " v3s 0 ()¢ M), (7.19b)
g=1

RGNy JFED@FTDod
eff eff fF(l+l)(x)F(])(x)d3x

(7.19¢)

The domain of integration for the integrals in Eq. (7.19¢) is the entire spatial domain of the problem. The
details of CMFD spatial discretization and the correction factors (D) have been omitted for simplicity. These
details do not affect the content in this subsection and can be found in the previous sections of this chapter.

In matrix notation, Egs. (7.19) can be rewritten as follows:
1
M) = — Fg) | (7.20a)
hd PO

<F¢<SF1), F¢(’+1)>

Fo+D Fap®
(Fg0. o)

In the formulation above, the power iteration scheme always converges to the largest eigenvalue k.g. For-
tunately, this corresponds to the only physical mode of the system (i.e., the one with a non-negative scalar
flux).

(+1) _ 7
keff _keff

(7.20b)

7.5.2 Wielandt Shift
7.5.2.1 Traditional Wielandt Shifts

The spectral radius of power iteration is given by the dominance ratio of the system, which is the ratio of the
second largest (in magnitude) eigenvalue to the largest eigenvalue. For many problems of interest, power
iteration alone can be prohibitively slow, requiring O(100) or more iterations.

Thus, the power iteration scheme should be accelerated, and one common technique for doing so is the
Wielandt shift [152]. The goal of the Wielandt shift is to “shift” the eigenvalue spectrum by k;, an estimate
of the true ke, so that the dominance ratio is reduced. With a Wielandt shift applied, the power iteration
scheme in Egs. (7.19) is modified as follows:

G
Xg(X)
[V D)V + Tl ™)~ ), [Zm@'ﬁg(’” + %vzf,g%x)} oy )
g'=1 s
11
T10 T 0 xeFO) (7.21a)
eff s
G
FID@) = ) vEpe @y, (7.21b)
g=1

FOD G FO 0L -1
i xX)FOx)d*x 1} 7210)

+ —_—
fF(l+1)(x)F(l+1)(x)d3x kgl)

g | Lo
eff PO
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When using a Wielandt shift, care must be taken to avoid over-shifting. In particular, k; must be chosen to be
strictly larger than the true k.g. If k; < keg, then two problems are encountered: the fission source becomes
negative (or identically zero), and it is possible for the method to converge to the incorrect eigenmode (one
with negative scalar flux components).

This leads to an important question: how should k; be chosen? Ideally, ks should be slightly larger than
kegr, but keg is generally not known until the problem has already been solved. In many diffusion codes such
as the Purdue Advanced Reactor Core Simulator (PARCS) code [37], an iteration-dependent or adaptive
Wielandt shift is employed, defined as

1

1
——— =max{ — — ]
0} { 0]
ks,PARCS keff

1 1
S (-1
keff eff

e L} , (1.22)

kmax

Here, c; and cg are user-specified constants, and kp,x 1S a user-specified upper bound for kgf)f

determined by the physics of the problem. The term with ¢; is a measure of how converged kgf)f is, while
co > 0 ensures that a shift of exactly k.g is never made, because doing so would yield a singular system in
Eq. (7.19a). Some typical values for ¢y, cg, and kpax are 10, 0.01 or 0.02, and 3. The notation simplifies if

A= ﬁ is used instead of keg, but kg is chosen to maintain consistency with the remainder of this theory

manual. The PARCS Wielandt shift is based on the idea that kgé is a reasonable estimate of keg. It can
provide an order of magnitude reduction in the number of power iterations compared to power iteration with
a constant Wielandt shift.

that is usually

7.5.2.2 Space-Dependent Wielandt Shift

The PARCS Wielandt shift is effective compared to constant Wielandt shifts, but there are situations (i.e., at
the beginning of the power iteration scheme) in which kg& is not well converged and/or deviates significantly
from k.g. In these situations, an improved Wielandt shift may be desired. This motivates the development of
a space-dependent Wielandt shift (SDWS). As suggested by its name, SDWS can be formulated by adding
space-dependence to the shift k. Eqgs. (7.21) are modified as follows:

G
1
|-V D)V + 2 g0 8 ) - > [zso,g,ﬁg(x) + k(T(x)VZf,g’ (x)] 0 (x)
g'=1 s
1 1 "
= |5 - 5 |x:F @, (7.23a)
kg ks (%)
G
FHD(x) = Z Ve ()0l (x) (7.23b)
g'=l1

fF(l+1)(x)F(l+1)(x)d3x

KD (7.23¢)

d3x

FEDa L = L | FO(x) + —— FU+D(x
J (x) D D) *) K (x) )

This reduces to Egs. (7.21) when ky)(x) is constant.

Three SDWS variants are described: SDWS-LE (local eigenvalue), SDWS-LEPS (LE positive source), and
SDWS-ILEPS (improved LEPS). Each of these variants is an improvement over the previous variant, and

Virtual Environment for Reactor Applications 64 ORNL/SPR-2023/3090



SDWS-ILEPS is the option currently available in MPACT. The three shifts are defined as follows:

K (@) = keo(x) (7.24)
K} s () = max{k?) (0, k) (7.25)

K pps () = min{k} oo (), &7 (7.26)

s,PARCS} '

At each point x (or in each spatial cell), k«(x) is the local infinite-medium eigenvalue, defined as the solution
of the following local G X G problem:

G G
E1g(004(X) = D Ta0g (X0 (6) = 5 2 Ve o () (7.27)
=1 =1
In matrix notation, this can be expressed as
[50) - £3000)] 00) = ——x [v2,0)] ¢ () (7.28)

T
Because this system only has one nonzero eigenvalue (the matrix y [vZf] has a rank of 1), ko (x) can be
computed without iteration, as follows:

T -1
ko) = V2 ,0)] [Zi0) - Zeo )| x - (7.29)

The LE shift provides a physically motivated shift which may have better performance than traditional
Wielandt shifts such as the PARCS shift. For a homogeneous system with reflective or periodic boundary
conditions, the LE shift yields the exact eigenvalue, and the method converges in 1 iteration (if a singular
system is solved). For general heterogeneous problems, numerical experiments have shown convergence in
0(10) iterations.

However, the LE shift can over-shift the CMFD system, producing a negative fission source in Eq. (7.23a)
and causing the method to either diverge or converge to an unphysical solution. The LEPS method was
developed to remedy this issue. The LEPS method, presented in Eq. (7.25), bounds the value of ks (x) so
that the fission source can never have negative components.

The ILEPS shift is a simple improvement of the LEPS shift that leverages the benefits of the PARCS shift.
Whereas the LEPS shift generally outperforms the PARCS shift at the beginning of the iteration scheme
(when the eigenvalue is not well converged), the PARCS shift generally outperforms SDWS-LEPS at the
end of the iteration scheme (when the eigenvalue is relatively converged). SDWS-ILEPS, presented in
Eq. (7.26) combines the two shifts, yielding a shift that always uses the more aggressive of the two shifts.

As a result, the number of power iterations required with SDWS-ILEPS is always less than or equal to the
number of power iterations required for SDWS-LEPS or the PARCS shifts alone. However, the improvement
provided by SDWS-ILEPS over SDWS-LEPS or the PARCS shift is problem-dependent.

More information on the shifts can be found in an article by Yee et al. [158].

7.5.2.3 Impact on Linear Solvers

The use of a Wielandt shift (space-dependent or not) can significantly reduce the number of power iterations
required, but the left side of the shifted CMFD system can be significantly more ill-conditioned (closer to
singular) than the unshifted CMFD system. Therefore, an iterative linear method may require many more
iterations to solve Eq. (7.23a). This presents a trade-off that must be carefully considered. On the one
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hand, an effective Wielandt shift reduces the number of power iterations required. On the other hand, if the
linear solver struggles, then each power iteration can require significantly more time, offsetting the benefit
of reducing the number of power iterations. When choosing a linear solver for CMFD power iterations,
it is important that the linear solver (and/or preconditioner) be relatively insensitive to the ill-conditioning
caused by the Wielandt shift. Often, power iteration does not converge when a Wielandt shift is used unless
the maximum number of permitted linear solver iterations is increased.

7.5.3 Convergence Criterion for CMFD Power Iterations

This section describes the logic for determining when to stop performing power iterations on the CMFD
system and return to the transport sweeper. MPACT exits the CMFD solver if one of two criteria are met:
(1) the number of power iterations reaches the maximum allowed (currently, this maximum is set to 20), or
(2) the normalized residual has been reduced by a specified factor (currently, this factor is 100) and k.g is
not changing by more than some specified tolerance (currently, this tolerance is 107°).

If the CMFD system is expressed in matrix-vector notation as

1
Mo = —Fo, (7.30)
R keff L

then the second condition can be expressed as follows:

||r(l)|| HM?U) h /JL”F?(Z)’ /||¢_5(1)||
o = o < 100, (7.31)
;
g - o] ]
eff
KD — kD <1070 (7.32)

7.6. RED-BLACK SUCCESSIVE OVER-RELAXATION CMFD
7.6.1 Red-Black Gauss-Seidel

The linear systems in CMFD can be solved by a variety of techniques. A PETSc-based [9] GMRES solver
has been used as the default in MPACT for several years. One recent suggestion was to pursue a more basic
iterative solver, which may be more efficient. One of the most basic of such solvers is the Gauss-Seidel
scheme, which loops over the coarse mesh cells, solving for the flux in each cell using the most up-to-date
neighboring cell data available.

Several different techniques exist for determining the order in which the solution is obtained; one popular
approach is the red-black scheme [35], which tags each coarse cell as red or black to produce a checkerboard
pattern, as in Fig. 7.2 [138]. This shows the layout for a small 2 X 2 core of assemblies with 3 X 3 pins each.
Gray boundaries show the assembly edges.

The indexing of the spatial cells within each assembly is natural or lexicographic, but it should be noted that
globally, the indexing is not natural. This is because the assembly indexing is not typically lexicographic and
is usually based on a z-tree partitioning scheme. Figure 7.3 is a flow chart of the solver’s iteration strategy,
which involves looping over and solving the fluxes for the red indices, passing data as necessary, looping
over the black indices, and again passing data as necessary. Because the inner iteration convergence for
Gauss-Seidel solvers tends to be slower than that for many other iterative solvers, each CMFD eigenvalue
update iteration is restricted to performing a user-specified maximum number of iterations. A maximum of
50-100 inner iterations seems sufficient for 2D cases, but 3D cases with feedback perform best with 100—
150 iterations. Otherwise, the differences in the total number of outer iterations are noticeable. To increase
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Figure 7.2. Red-black indexing.

the applicability of the solver, both message passing interface (MPI) and open multi-processing (OpenMP)
are currently available to provide spatial parallelization. One advantage of this is that PETSc is restricted to
using MPI [9], although a hybrid MPI/OpenMP approach is being considered by the PETSc development
team.

7.6.2 Successive Over-Relaxation (SOR)

Gauss-Seidel is a special case of the successive over-relaxation (SOR) solver in which the relaxation factor
equals unity. SOR typically applies a relaxation factor larger than unity to accelerate the convergence of the
system [35,151],

i -1 (%) I=1)\ (-1
e = Wyp bng” + (1= wly Vg, (7.33)

where [ denotes the iteration index, n denotes the cell index, and g denotes the group index. w is the relax-
ation factor, which changes each iteration and is different for red (R) and black (B) cells. The determination
of optimal relaxation factors has been studied extensively. The following implementation uses adaptive re-
laxation factors based on the cyclic Chebyshev semi-iterative (CCSI) method [61,151], in which the red and
black fluxes use different relaxation factors—Eqs. (7.34) and (7.35)—that eventually converge to the same
value. Equation (7.34) shows the initial relaxation factors, and Eq. (7.35) shows the relaxation factor for
subsequent iterations:

wd =1, (7.34a)
Wy = 11 5 (7.34b)
1 =303
1
Wit = — - 121, (7.35a)
1 = 3pjwg
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3P %R
These equations make use of the Jacobi spectral radius, which in this work is estimated during the first 10
inner iterations without relaxation. The pseudo-error (two-norm of the multigroup flux difference) is used to
approximate the Gauss-Seidel spectral radius and is then converted to the Jacobi spectral radius (ogs = p%).
It is worth noting that these relaxation factors only seem to be valid when rotational symmetry is not applied
to any boundaries. With rotational symmetry, some red-red and black-black neighbors will occur along
those boundaries. These will likely invalidate the underlying theory of the derivation. The results presented
in this work exclusively consider mirror symmetry, although roughly similar time reductions are observed

with rotational symmetry where the relaxation is disabled.

With the RBSOR solver and appropriate limitations on the number of inner iterations performed each outer
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iteration, a reduction of roughly 2x in CMFD solve time is observed, with a reduction of roughly 40%
overall.

7.7. SUMMARY

In this chapter, the CMFD acceleration technique for accelerating transport sweeps is described. CMFD is
a technique in which transport sweeps are accelerated by the solution of a lower-order diffusion eigenvalue
problem. This acceleration is required to converge realistic reactor physics problems in a reasonable num-
ber of transport sweeps. A recently developed adCMFD variant is also described. This variant provides
improved convergence and stability. Moreover, the subplane technique for improving the accuracy and sta-
bility of the CMFD-accelerated 2D/1D transport problem is described in Section 14.5. Finally, the power
iteration scheme for solving the CMFD eigenvalue problem is described in Section 7.5. Each step in the PI
scheme requires the solution of a linear system, and the RBSOR technique for solving this linear system is
described in Section 7.6.
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CHAPTER 8. GENERAL CROSS SECTION DATA
CALCULATION

To solve the neutron transport equation for a reactor core, the properties that define its interactions with
neutrons must be known. These properties determine the coefficients of the transport equation: that is, the
macroscopic cross sections. In Section 2.2, the steady-state Multigroup (MG) transport equation has been
derived,

G
Q- Vig(x, Q) + Z; o(X)g(x, Q) = Z L To—g(X, Q- Q) (x, Q)Y

Xg(X) NIO
4;’;keﬁ Zf VE g (W (x, Q)dQ

xeV, Qedn, 1<g<G. (8.1)

Unlike nodal diffusion codes, in which the problem-dependent MG cross sections are obtained from the
upstream lattice codes, MPACT uses a direct transport method without spatial homogenization, so the cal-
culation of MG cross sections should be based on a generic cross section library, including isotopic cross
sections and resonance parameters. This chapter outlines generation of the MG library and calculation of
the cross sections in the MG neutron transport equation. In Section 8.1, the philosophy of the MPACT
MG library is introduced. The calculation of the macroscopic cross sections and their correlations to the
library data are discussed in Section 8.2. In Section 8.3, the additional data used for transient calculations
are discussed. For some of the isotopes and the certain energy groups, sophisticated treatments are needed
to account for the resonance self-shielding effects on MG cross sections. These methods are discussed in
Chapter 9.

8.1. THE MULTIGROUP CROSS SECTION LIBRARY

The goal of the MPACT library development is to generate an accurate MG library for general LWR ap-
plications with an acceptable computational efficiency in memory and computing time. The efficiency re-
quirement suggests a relatively coarse energy group structure with approximately 50 groups. Various cross
section processing programs and methods have been developed to enhance the accuracy of the neutronics
simulation [90]. The recently developed ENDF/B-VIL.1 MPACT 51-group library has been verified through
a code-to-code comparison for various benchmark calculations between MPACT and the continuous-energy
(CE) Monte Carlo codes [89]. Validations for the MPACT cross section library and transport solvers are
presented in Ref. [36].

The native MPACT cross section library format, which is based on the HELIOS [50] and DeCART li-
brary [87] formats, is the primary structure available for MPACT. The AMPX/SCALE and CASL XSTools
code packages have been improved and developed to generate the MG cross section library for the CASL
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neutronics simulator MPACT, which is based on the subgroup method for resonance self-shielding calcu-
lation. The AMPX/SCALE code package has been improved to include intermediate resonance (IR) pa-
rameters and to enhance accuracy of resonance data and scattering matrices for the Bondarenko approach
and transport cross sections of H-1 by developing new modules. In addition, the CASL XSTools have been
developed to generate the subgroup data and the MPACT MG cross section library. A new simple superho-
mogenization method for U-238 has been developed to resolve reaction rate discrepancy issues caused by
angle-dependent total cross sections, poor scattering matrices, and a poor resonance interference model at
coarse group structure. The details of these methods are presented in the report by Downar et al. [90].

The required data for the steady-state transport calculation are the transport cross section, the fission cross
section, the average number of neutrons released from a fission reaction, the scattering matrices, and the
fission spectrum for each isotope. Because the absorption (and fission) cross sections are modified through
the resonance treatment and are needed for the depletion calculation, these cross sections should also be
included. The (n,2n) and (n,3n) cross sections are also included for depletion calculations. High order
(P1-P3) scattering matrices are also included. Therefore, the multigroup data required in the library for
steady-state calculation are as follows:

e total cross section o,

e transport Cross section o

e absorption cross section o ¢

e fission cross section o,

e neutrons released from a fission v
e heat released from each fission «

e scattering cross sections o ¢

e (n,2n) cross section 02,6

e (n,3n) Cross section 03,4

e P(_3 scattering matrices 0 /g ¢

e fission spectrum y,

8.2. MACROSCOPIC CROSS SECTION

The macroscopic cross sections (e.g., X;,) are calculated by summing up the total cross sections of all
isotopes in a material region,

o= ZNisoo—t,g,iso . (8.2)

iso

In Eq. (8.2), Njy, is the number density of an isotope in the unit of atoms/(barn - cm), where barn is a cross
section unit of 1072*cm?. In practice, the material density p (g/ cm?) and the wt% component wjg, are often
specified, so the number density of an isotope is calculated as

Niso = pWisoNavo1072* /A, . (8.3)

where Navo = 6.02214076 x 1083 mol~! is the Avogadro’s number, and A;;, is the atomic weight of iso in
atomic mass units.

The group-wise microscopic cross sections, such as 0 5, and o ¢ i50, are obtained from the cross section
library. For the isotopes and energy groups without resonance behavior, these microscopic cross sections are
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pre-calculated by typical PWR spectra [90] and are tabulated as a function of temperature. Linear interpo-
lation is used when the cross section data of a temperature are not available in the library. For the resonance
isotopes in the resonance energy groups, the self-shielding calculation should be performed to calculate
the problem-dependent effective cross sections. The details of self-shielding methods are documented in
Chapter 9.

The fission spectrum y,(x) in Eq. (8.1) is written to be only dependent on space. In fact, different fission-
able isotopes have their own fission spectra provided in the cross section library. To preserve the neutron
production for each energy group, the averaged fission spectrum of a material region should be weighted by
the isotopic fission sources,

Ziso)(g,iso(x) Zg/:] Niso(x) Lﬂ Vo—f,g’,iso(x)wg’ (x,Q)dQY
Diso 25/21 Niso(x) f47r Va-f,g’,iso(x)wg’ (x,Q)dqY ‘

Xg(x) = (8.4)

Typical MG cross section libraries include coefficients (or moments) of the expansion for scattering matrices
instead of directly storing the data with angular dependence, as in Eq. (8.1). To achieve the consistent
expansion form, the scattering matrices are expanded by Legendre polynomials, and the angular fluxes in
the scattering source term are expanded by spherical harmonics [70]:

[

2+ 1
Es’g'_)g(x, Q-Q)= Z - z:s,l,g’—)lg'(x)Pl(lJ) > (8.5)
=0
S 2l+1 o
Ve = Y T D YY) (8.6)
=0 m=—[

If Egs. (8.5) and (8.6) are inserted into the scattering source term, then the spherical harmonic addition
theorem can be applied. When this is performed, the resultant scattering source term is shown in Eq. (8.7):

G
> f S grog (6, Q- Qg (x, Q)dQ =
g/=1 A
G o l
20+ 1
Z Z . z:s,l,g’—>g(x) Z l/’g’,l,m(x)Rl,m(Q) . (87)
g'=11=0 m=—1

In this equation, R;,, are the real components of the spherical harmonics. The microscopic cross sections
O s¢'—g.,iso Of each isotope are tabulated with a finite number of scattering order L (L = 3 in the MPACT
library). A truncation error is expected in realistic calculations when using low-order scattering.

The transport correction is discussed in Section 5.3.3 to save computational resources but to mitigate the
error from the isotropic scattering assumption. With transport correction, Eq. (8.7) is reduced to

G G

’ ’ ’ 1
> f Ty g, @ QW (x, Q)Y ~ = D T (1) (x) (8.8)
g/=1 T 47-( g’=1 ’

Consistently, the total cross section in Eq. (8.1) is replaced by the transport cross section X, o:
z:tr,g = z"t,g - ZsO,g + ngg . (8.9)

In the MPACT library, 0.4, is provided for each isotope, so Eq. (8.9) can be used reversely to compute
the transport corrected scattering cross section.
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8.3. TRANSIENT DATA CALCULATION

The methodology for solving transient problems is discussed in Chapter 11, but the time-dependent MG
neutron transport equation and the precursor equation are given here to inform the discussion on data needs
for transient calculation:

1 Opg(x, Q1)
v—gT =-Q. Vz//g(x, Q, t) — Zt,g(x, l’)l//g(x’ Q, t)
8

G
+Z f g g (X, Q- QW (x, ', 1)dQY
g=1 4r

+ﬁ (pe . (1 = B, P (2, 1) + Xa (2, DS a(x. 1)) (8.10)

0C(x,1)

ot

The subscript 7 is the delayed group index, C is the delayed neutron precursor concentration, 3; is the
delayed neutron fraction, A is the delayed group decay constant, and v, is the group velocity of neutrons. y,
and y, are the prompt and delayed fission spectra, and S r and S ; are the total fission source and the delayed
neutron source. The rigorous way to define the kinetics data for prompt and delayed neutron sources should
include the isotopic dependence of these data, so the total fission source of group g in Eq. (8.10) should be
explicitly defined as

=B:(x,)Sp(x, 1) = ,C(x,1), 7=1,2,..,n(n=060r8). (8.11)

Sg = Z){p,g,im(l _,Biso)S F.so T Z)(d,g,isosd,iso . (812)
iso iso
In this equation,
S Fiso = Z Vg’,ixozf,g’,iso¢g’ > (8.13)
gl
Sd,iso = Z /lT,iS()CT,iso . (814)
T
Also, the precursor equation for each fissionable isotope is given as
dCris(t)
% = IBT,imSF,iso(t) - /lT,[SOCT,[SO(t) , 7=1,2,..,n. (815)

The delayed neutron fractions in Eq. (8.12) and Eq. (8.15) are defined as

(1) .
Xy Vagiso¥ -8 isoPg’

Byiso = . (8.16)

(s Zg’ Vo' isoO f.g isoPg’
In the MPACT library, x50 and xg s, are included, so xpq.iso can be calculated. v ;5 and Vg;’,iso are
the average and delayed number of neutrons released per fission. The energy group—dependent WO are

not included in the MPACT library. Instead, the effective S5, are pre-generated using typical ﬁsgi%illsiates
from a PWR configuration. Recently, an option has been added in MPACT to evaluate S 5, on the fly using
vg’;,’iso from other kinetics data sets [36].

The MPACT library provides the delayed group decay constants A5, for every fissionable isotope. How-
ever, another common approximation to save memory is to neglect the isotope dependence of precursor
concentrations Cr s, by calculating the effective 4. Several options are available in MPACT, from the ap-
proximation of fission source weighted A, to the full isotope-dependent calculation. This treatment is no
more of a concern for the 8-group delayed data [39], because all the isotopes have the same set of decay
constants.
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8.4. ON-THE-FLY ENERGY CONDENSATION
8.4.1 MPACT Iteration Scheme

MPACT uses the method of characteristics (MOC), a geometry-agnostic method useful for resolving the
complex heterogeneity of tens of thousands of fuel rods in light-water reactors (LWRs), to solve the neutron
transport equation. This method is applied in the radial direction and is coupled to a faster running, lower-
order transport method in the axial direction—an approach called 2D/1D. The 2D/1D iteration scheme is
then accelerated by the coarse mesh finite difference (CMFD) acceleration method. The MOC calculations
are the most expensive part of the calculation because they require sweeping the length of a very large
number of rays drawn across the geometry. The CMFD calculations are close behind because they involve
solving a nonlinear system of equations; the number of rows in the matrix for this system is equal to the
number of coarse mesh cells multiplied by the number of energy groups. The MPACT iteration scheme is
illustrated in Figure 8.1.
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Figure 8.1. Illustration of MPACT iteration scheme.
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8.4.2 Condensation Procedure

To accurately condense cross sections, it is important that an accurate energy spectrum be used. Because
this spectrum is not known before solving the problem, it must be accurately approximated. To do so, the
3D reactor is decomposed into constituent pin cells that can be solved efficiently. A fine group spectrum
is approximated for each region of each pin cell and is used to collapse the cross sections for each region.
These collapsed cross sections are then used for the whole-core transport calculations.

8.4.3 Pin Cell Identification
Several categories of pin cells can be identified:

fuel pins,

gadolinia-bearing (gad) fuel pins,

guide tubes,

control rods,

discrete burnable poison inserts,

control blades,

cells comprising the channel box, bypass flow, and control blade in boiling water reactors (BWRs),
and

e everything else (including axial and radial reflector cells).

Cells are grouped into these categories because some of them require special treatments. These treatments
are discussed in the sections in which they are applicable.

8.4.4 Pin Cell Spectrum Calculation

For the pin cell calculations, fine group cross sections are calculated using the results of the Wigner-Seitz
approximation (WSA) shielding calculations, discussed in Section 9.6. These cross sections are used to set
up a 1D collision probabilities method (CPM) calculation. The CPM calculations are one-group calcula-
tions, so the groups must be swept starting with the fastest group and ending with the most thermal group.
Additionally, the presence of up-scatter and more than one region in the pin cell requires iterating over all
the groups to resolve the up-scattering source and the spatial distribution of the fission source. For each
iteration over the groups, the total fission source in the pin cell is fixed to a constant value. This ensures
that the calculation eventually converges even though the pin cell will likely not be perfectly critical. Note
that the spectrum calculation should use the original radius of the pin cell that preserves volume, not the
Dancoff-equivalent radius. The results of the WSA calculations are incorporated into the fine group cross
sections, so there is no need to use the Dancoff-equivalent radius for the spectrum calculation too.

8.4.5 Cross Section Generation

Once the fine group spectrum ¢, is obtained for each region, the spectrum and the cross sections can be
collapsed:

6= b, (8.17a)
geG
I
5, = e PeTrs (8.17b)
0te

¢g2s,g—>g’

5,60 = OeZame’ (8.17¢)
g;;, gEZG G
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X6 =) Xe» (8.17d)
geG
where G indicates a coarse group quantity and g € G refers to all fine groups g that are inside the coarse
group G.

8.4.6 SPH Factors

Energy condensation always results in some error in the collapsed cross sections if angle-dependent cross
sections are not used [16, 117]. To mitigate these effects, SuPerHomogéneisation (SPH) factors are used.
To calculate these factors, a second CPM calculation is set up for each pin cell, this time using the coarse
group structure and cross sections. The converged source from the fine group CPM calculation is condensed
to the coarse group structure and used to drive the coarse group CPM calculation. After the calculation is
converged, an SPH factor is calculated:

v PfineiG

fic ; (8.18)

¢k
coarse,i,G

where ¢ i, G is the condensed flux from the fine group CPM calculation in region i and coarse group G
and ¢’C‘0mse’i’G is the flux from the coarse group CPM calculation. The cross sections are updated using this
factor:

Z];,i,c = fi],(ng,i,G ’ (8.19)

where Zg’i’G is calculated with Eqgs. (8.17b) and (8.17¢) and ffG =1.

8.4.7 Geometry Considerations

The 1D cylindrical CPM calculations fit naturally with LWR fuel rods. However, there are several regions
that do not fit well in this type of calculation. First, the baffle and radial reflector regions are not well
suited for cylindrical calculations. For this reason, a % spectrum is used in those regions instead of CPM
calculations. The cylindrical CPM method was tested for those regions but gave worse results than a simple
predefined spectrum. Several other more complicated hard-coded spectra were attempted but did not make
a significant difference.

Second, the channel box and bypass regions of BWRs do not fit well in cylindrical geometry. These regions
are still solved using the cylindrical CPM calculations, but this represents an area for improvement.

Third, the axial reflector regions do not necessarily fit well into the cylindrical approach. It is expected that
this is less important than the radial reflectors. This also represents an area for improvement.
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CHAPTER 9. CROSS SECTION RESONANCE
SELF-SHIELDING

To obtain the problem-dependent multigroup cross sections for MPACT, resonance self-shielding calcula-
tions must be performed before the whole-core transport calculations. In general, the goal of resonance
self-shielding calculations is to obtain the effective cross sections of an isotope at reaction channel x for

group g,
fAug o (r,u) ¢ (r,u) du

fAug ¢ (r,u)du

It is not feasible to accurately determine the neutron spectra of a specific problem before the 3D whole-core
transport calculations are performed, so the spectra used in the calculation of effective cross sections are
always approximated through the energy and/or spatial domains.

9.1)

Oxg (r) =

In general, there are two approaches to perform the resonance self-shielding calculation. The approach that
guarantees accuracy in the energy domain is to solve the exact slowing-down equations for the problem of
interest. Almost no approximations are made on the energy-dependent cross sections except for neglect-
ing the direct fission and up-scattering contribution in the resolved resonance range. Continuous-energy
(CE) cross sections (point-wise or ultra-fine group) are needed to resolve the resonance behavior of neutron
interactions with isotopes. Because of limited computational resources, CE slowing-down codes such as
CENTRM [154] and RMET?21 [105] are usually designed for pin cell calculations.

Another approach uses precomputed resonance integral (RI) tables which are established by the CE slowing-
down solution of a range of background cross sections. Based on the equivalence theory [137], different
methods can be derived to determine the equivalent cross sections for consideration of spatial self-shielding
effects. The Bondarenko background cross section method [13] is the conventional method, incorporating
Dancoff factors to account for the spatial self-shielding. The subgroup method [34] is another RI table-
based method in which the RI tables are converted to a set of subgroup levels and weights so that the
equivalence cross sections are subgroup-level dependent. A few years ago, another promising RI table
based method, the embedded self-shielding method (ESSM), was proposed [76, 155]. Compared to the
conventional Bondarenko method, which evaluates Dancoff factors outside the transport calculation, ESSM
provides tighter coupling between the neutron transport and self-shielding calculations so that the hetero-
geneous self-shielding effects are consistent with multigroup transport calculations of the whole system.
Recently, a more advanced method, ESSM-X [110], was developed to account for within-pin physics such
as pin-resolved reaction rates and resonance interference.

The MPACT code can perform the subgroup method, ESSM, and ESSM-X for the resonance self-shielding
calculations based on multigroup libraries with subgroup parameters such as the HELIOS library [50]. The
MPACT production library is processed with the Evaluated Nuclear Data File (ENDF)-BVII.1 cross sections
using SCALE-6.2 [14], as well as a few auxiliary codes for generating subgroup parameters, resonance
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upscattering data, transport cross section data for hydrogen, and superhomogenization (SPH) factors for
2381y

The presentation of the resonance self-shielding treatment begins with the derivation of the neutron spectra
to be used in the RI calculations in Section 9.1. The subgroup methods, ESSM and ESSM-X, are dis-
cussed in Section 9.2, followed by the treatment of resonance interference and resonance scattering cross
sections in Section 9.3. Two methods to improve the performance of subgroup calculations are introduced
in Sections 9.4 and 9.5.

9.1. THE RESONANCE SELF-SHIELDING TREATMENT

The rigorous approach to obtain the neutron spectrum in Eq. (9.1) is to solve the CE slowing down equation
[105],

Q- Vo(ru, Q)+ T (ruw) ¢ (r,u, Q)

1—(1,‘

4
1 “ exp? ¥

= — > 8 4 R ’ d ” 92
4an i ) ) S ©2)

where «; is the maximum fraction of energy loss per neutron scattering off isotope i, as defined by its atomic
mass A relative to a neutron mass,

(L 9.3
@ (A,-+1)’ 9.3)

and ¢ is the maximum lethargy gain per neutron scattering,

1
€=1In—. 94

@;

In Eq. (9.2), the neutron energy E has been transformed to lethargy u, as is conventionally done for slowing-
down equations. Three assumptions have been made in this equation for the resolved resonance energy
range: (1) the scattering source is treated by only considering s-wave elastic reactions, (2) up-scattering is
neglected, and (3) direct fission source is neglected. To decouple the lethargy dependence in the scattering
source from lethargy u — ¢ to u, the intermediate resonance (IR) approximation [63] is employed to achieve

Q- Voru,Q) + ) T, (ru) ¢ (r,u, Q)
i

|
= (Z AiZp, () + Z (1= ) Zi () ¢ (rou) | 9.5)

where 4; is the IR factor, and Z,; is the macroscopic potential scattering cross section. If X is written as X
=X, + Zgs, by neglecting A;Xgs ; and assuming isotropic fluxes in the second term of the right-hand side, a
much simpler equation can be formed without flux dependence in the source term:

1
Q- Vo (r.u. @) + ) (Lai (r. ) + AZp; (N) @ (ru, Q) = - > A% (7). 9.6)

For a homogeneous material, the solution of Eq. (9.6) can be written as
2 ALp,;

3 T ) + 2 AT ©.7)

Ghom () =
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The equivalence theory [50] correlates the flux of a homogeneous material with a heterogeneous material
by introducing the equivalence cross section X,

Z /L‘Zp’[ + Ze Eb

i
Z 2a,i (M) + Z /lizp,i + 2, B Z 2a,i (M) + X ’
i i i

Phet (1) = (9.8)

where ¥, = 3} ;%) i+Z, is the background cross section. By introducing Eq. (9.8) into Eq. (9.1), the effective

Cross sectionl is only present through the background cross section, so a table of effective cross sections (or
RI) can be obtained by varying the background cross sections. With these pre-calculated RI tables, once the
equivalence cross sections of a region are properly determined, the effective cross sections can be directly
interpolated rather than integrated with the fluxes from the slowing-down solution.

All the RI table-based methods are aimed at estimating the equivalence cross sections of the system. The
Bondarenko background cross section method approximately determines the equivalence cross section. The
ESSM iteratively solves a fixed source problem (FSP) to converge the equivalence cross section of a sys-
tem, and the subgroup method evaluates the RI using a quadrature approximation so that equivalence cross
sections are calculated on a set of quadrature points, or subgroup levels. Once the equivalence cross section
is obtained, the background cross section can be used to either interpolate the RI for all reactions in ESSM
or to complete the quadrature calculation for the subgroup method.

9.2. THE SUBGROUP METHOD, ESSM, AND ESSM-X

The subgroup method transforms the integration variable from energy to absorption cross section. Eq. (9.8)
indicates that the flux depression is mainly caused by the absorption cross sections. Although the absorption
cross sections are a strong function of energy (or lethargy), it is more efficient to perform the integration of
Eq. (9.1) through absorption cross section rather than neutron energy [50]:

fy, @ @dn [, fadu [, f0)%do
9 @du [ d@du [, ¢ o’

Oxg =

9.9

where f (u)=0, (u) ¢ (u). The integrals of Eq. (9.9) can be cast into a quadrature form represented by the
subgroup cross section levels (quadrature points) and weights,

)y Ux,g,n¢g,nwx,g,n

(9.10)

n
Org =
2 ¢g,nwx,g,n
n

The subgroup levels and weights are determined by solving a least squares problem for a set of pre-computed
RI tables parameterized by background cross sections. To obtain the same set of subgroup levels and weights
for the numerator and denominator of Eq. (9.10), the summation of the weights is forced to unity by includ-
ing zero-level parameters w, o0 and oy g0 [50].

The subgroup-level dependent flux phi, , in Eq. (9.10) is determined by solving a fixed source problem: the
multigroup form of Eq. (9.6),

1
Q- Vun(r, Q) + [Zagn(r) + 22,1 @en(r, Q) = 2o AeSp (A 9.11)

Since the subgroup parameters are generated for each resonance isotope independently, it is ideal to perform
the subgroup FSP calculations for each isotope separately. In practical calculations, to save computing time,
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the resonance isotopes are grouped into a few categories. For each category, the FSPs are performed for
each energy group and each subgroup level. The resulting fluxes can be used in Eq. (9.10) to estimate the
effective cross sections, but the flux is first converted into an equivalence cross section. This conversion and
the detailed subgroup equations are discussed in Section 9.5.

ESSM also solves the FSP to determine the equivalence cross sections, but the quadrature representation is
replaced by iterations between the fixed source calculations such as n=1 in Eq. (9.11), and RI table inter-
polation. Figure 9.1 depicts the ESSM procedures. The effective absorption is a monotonically increasing
function of background cross section, as shown by the solid black line. Considering a problem with a true
effective cross section o e for which the ESSM is searching, the method starts with an initial guess of
op,0 associated with an effective o, interpolated from the RI tables. Relative to o gye, the smaller o,
introduced into Eq. (9.11) for solving the FSP should result in a lager background cross section o7, | rela-
tive to op rue- Therefore, the iteration is required between the FSP and the RI interpolation to converge the
background cross sections, or specifically, the equivalence cross sections.

Comparisons of the subgroup method and ESSM yield the following important differences: (1) the subgroup
method requires a separate optimization code to calculate the subgroup levels and weights, which imposes
quadrature errors; ESSM is a thoroughly embedded method incorporating everything within the transport
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Figure 9.1. Conceptual illustration of ESSM procedures.
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calculations, and (2) the computational time of the subgroup method is predetermined by the number of
subgroup levels used in the fixed source calculations, whereas the computational time of ESSM is cross
section—dependent relative to the average number of iterations.

The ESSM-X method performs an additional quasi-1D slowing-down calculation [110] to improve the ac-
curacy of the within-pin resonance effects such as resonance interference and intra-pin temperature distri-
butions:

|20 + Zeg i) | i) = Qi) + Zegi() 9.12)

This equation is actually in a OD form, but 1D information for each fuel region i is embedded in the effective
scattering source Q;(u) and the equivalence cross section 2eq,i(u). Detailed descriptions of these terms can
be found in the paper by Liu et al. [110].

9.3. RESONANCE INTERFERENCE AND RESONANCE SCATTERING

All the RI table-based methods such as the subgroup method and ESSM have a common difficulty in treat-
ing interference effects among resonant isotopes. Conventionally, the RI tables are generated at different
temperatures and dilutions for each single resonant isotope by solving the slowing-down equation with CE
cross sections. The interference effect is neglected at this step and is usually considered afterward on the
multi-group level using Bondarenko iteration described in WIMS code [5]. In MPACT, Bondarenko iter-
ation is also used for the subgroup method and ESSM. More accurate models for resonance interference
require on-the-fly slowing-down calculations [106], which are not implemented into the subgroup method
and ESSM because of the additional computation burdens. Nevertheless, ESSM-X can model resonance
interference by solving the quasi-1D slowing-down equation.

In addition to absorption and fission, the RI tables of resonance scattering are available in the MPACT
multigroup library. The resonance scattering effects can be approximately modeled by correcting the 2D
scattering matrices using self-shielded total scattering cross sections. The products of subgroup calculations
are the shielded absorption cross sections of resonance nuclides, as well as the tables of the equivalence
cross sections against subgroup levels for each resonance category. The shielded absorption cross section
of a resonance nuclide is initially converted back to the effective absorption of the representative isotope of
the category so that the equivalence cross section can be interpolated using the table of X, (074,,) (see Sec-
tion 9.5). Then the background cross section associated with shielded absorption can be readily determined.
For ESSM, the background cross section associated with the shielded absorption is already determined when
the iteration is complete. The background cross section is used to interpolate the integral of resonance scat-
tering, and the shielded Py scattering cross section of each resonance group can be calculated. Compared to
the unshielded scattering cross section provided by the library, a ratio is defined as

shielded
. 5,150,8
ﬁso,g ~ __unshielded ° ©.13)
5,180,8
The transport-corrected scattering matrix can be renormalized by multiplying the following ratios:
- unshielded /
. ﬁSO,gO—SO’iSO’g_}g/ ’ g * g s

shielded (9 1 4)
$0,180,8—08" .

unshielded _ Z unshielded ) g’ =g
y .

ﬁso,g O—.vo,iso,g—>g’ =7 s1,i80,8—8"”

The corrections for high-order scattering terms are performed using the same ratios that are used for the PO
scattering.
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9.4. LUMPED PARAMETER MOC FOR SUBGROUP

A typical subgroup calculation consists of several loops: (1) over resonant groups, (2) over resonant cate-
gories, and (3) over sublevels. These are typically solved one at a time, but the multigroup kernels allow for
all or at least some to be solved concurrently. The calculation scheme for the three-loop approach is shown
in Algorithm 9. As can be seen, inside these loops, there is an iteration loop in which transport sweeps are
performed for each resonant group, category, and level. Here, X, is the potential cross section, X, is the total
cross section, and X, is the equivalence cross section. The convergence criteria here are based on the max-
imum relative difference in the fine mesh scalar flux distribution for any single group, currently checking to
a 107° tolerance.

Algorithm 9: Pseudocode for pre-existing subgroup scheme with group on outermost loop.

1: for each resonant group (g from gres peg tO Gres,end)

2 for each subgroup category (¢ from 1 to Neqt(g))

3 for each subgroup level (I from 1 to Nieyeis)

4 Setup ¢ 4.1 based on X, 4.1 and A 2,

5: Setup source for this group/category/level based on A\ %,

6 for each iteration (¢ from 1 to Njgers)

7 Perform transport sweep for this group/category/level

8 Compare residual based on scalar flux (terminate if below criteria)
9

end for
10: Calculate equivalence cross section (Xeq,g.c.1)
11: end for
12: end for
13: end for

To take advantage of the multigroup kernels implemented into MPACT (see Section 5.5.4), the scheme must
be restructured slightly. In this document, a single combination of group/category/level is considered to be a
pseudogroup. The number of pseudogroups for the entire subgroup calculation is the product of the number
of resonant groups, the average number of subgroup categories per group, and the number of subgroup
levels. In theory, the number of categories can vary from group to group, but this does not seem to be the
case for the current libraries available to MPACT. In the 47-group library [88] used in this work, there are 17
resonant groups, 4 categories, and 4 levels, yielding 272 pseudogroups. Based on this concept, a transport
kernel could be constructed to sweep over all pseudogroups concurrently, effectively vectorizing the three
loops of the original algorithm. However, the sources, cross sections, scalar fluxes, and angular fluxes must
be stored for each pseudogroup up front, whereas in the previous scheme, only one group of storage at a
time was necessary. Algorithm 10 shows the pseudocode for the refactored scheme, taking advantage of the
multigroup kernel concept.

As might be expected, the memory required for storing the source and flux data for 272 pseudogroups can
be a concern. One way to keep the memory low while allowing the scheme to make use of the multigroup
kernels is to divide the pseudogroups into batches. Algorithm 11 shows the pseudocode for the batched
approach, where each batch contains a starting and stopping pseudogroup index:

In addition to using multigroup kernels, a lumped parameter MOC approach has been applied to the sub-
group self-shielding problem [141]. Because the self-shielding calculation is a purely absorbing fixed source
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Algorithm 10: Pseudocode for subgroup scheme using the multigroup transport kernel.

1: for each pseudogroup (pg from 1 to Npseudogroups)

2 Setup and store X p4 for this pseudogroup based on X, ,, and A,,3,
3 Setup and store source for this pseudogroup based on A3,

4: end for

5: for each iteration (i from 1 to Njters)

6 Perform transport sweep for all pseudogroups

7 Compare residual based on scalar flux (terminate if below criteria)
8: end for

9: for each pseudogroup (pg from 1 to Npseudogroups)

10: Calculate equivalence cross section g g

11: end for

Algorithm 11: Pseudocode for subgroup scheme using the multigroup transport kernel and batching.

1: for each batch (b from 1 to Nypgecn)

2 for each pseudogroup (pg from pgpeq(b) to pgend (b))

3 Setup and store X 4 for this pseudogroup based on X, ;4 and A,y
4 Setup and store source for this pseudogroup based on A,

5: end for

6 for each iteration (i from 1 to Njzers)

7 Perform transport sweep for all pseudogroups

8 Compare residual based on scalar flux (terminate if below criteria)

9

: end for
10: for each pseudogroup (pg from pgpeq(b) to pgend (b))
11: Calculate equivalence cross section Y¢q pg
12: end for
13: end for
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problem, and multiple sweeps are performed only to update the boundary angular fluxes, the sweep proce-
dure can be condensed to allow for the instantaneous propagation of the flux across a spatial domain without
the need to sweep along all segments in a ray as is typically done. This requires an initial sweep to tabulate
lumped parameter coeflicients for the angular flux propagation. Subsequent sweeps use the lumped parame-
ters to instantly update the angular flux, bypassing all calculations along the ray. Once the boundary angular
fluxes are considered to be converged, an additional sweep is completed to tally the scalar flux.

Because the MOC kernels in MPACT sweep over two angles travelling in opposite directions (forward and
backward) at the same time, effectively, two equations are needed:

gof,z,t’for = gopgi"’forApg + Bg (9.15a)
Q0(;)1;1,1%16/{ — (ppgin,backApg + Cpg ) (915b)
Here, gozlé;f " and cpZ’ébaCk are the incoming angular fluxes at each end of an MOC ray (boundary fluxes), one
forward along the ray, and one backward. Similarly, (,of,fg’f " and @y back are the outgoing angular fluxes. A,

B, and C are the lumped parameter coefficients used to condense the sweep.

To visualize this, consider a ray in a simple pin cell problem (Figure 9.2). On the left is the discretization
showing 5 segments along the ray (blue) with the incoming and outgoing angular fluxes at the ends of the ray.
On the right is the same problem, but with all 5 segments condensed into one, as in the lumped parameter
approach.

out,for _ in,for )
in,back (ppg - (ppg Apg + Bpg m,back
Prg Ppg
/)ut,for %ut,for
SV (ppg §\, (ppg
out,back ;X out,back 7% \ out,back in,back
(ppg / (ppg out,pac — mn,bac A + C
in,for in,for Ppg Ppg pg T Lpg
@p Ppg

Figure 9.2. Visualization of MOC ray tracing (left) and lumped parameter (right) on a pin cell.

To reiterate, this is only valid and effective because the source is not changing between iterations, as is the
case during the eigenvalue calculation sweeps. Thus, the A/B/C lumped parameters can be used in a fast
intermediate kernel that only updates the outgoing angular flux.

Two methods are available to derive equations for lumped parameters. It can be concluded that A will be
a product of the exponential terms for each segment, (9.16a). With A established, B and C can be easily
calculated using the incoming and outgoing angular flux values, Egs. (9.16b) and (9.16¢), assuming a typical
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sweep is performed in calculating the factors. Here, Ny, is the number of segments along an MOC ray, %, ; ,
is the total cross section, and /; is the segment length:

Nseg
Apg — l_l e—zr,i,pgli , (9163)

i=1
Bpg — (p;fgl)l,for _ Soglg,forApg s (916b)
Cpg — ‘pztgt,back _ SozlébaCkApg . (9160)

The lumped parameters must be calculated and saved for each angle and ray. Because there will only be
three values over O(100) segments, the storage for this is not concerning. Figure 12 shows the pseudocode
for lumped parameters, which is based on the multigroup kernel with batching. The key changes to note are
(1) there is an initial sweep to calculate the lumped parameters (line 6), (2) there are several “fast” sweeps
that simply apply the factors to update the angular flux (per Eq. (9.15) and line 8), and (3) a final standard
sweep is completed to tally the scalar flux (line 11), which is required for the equivalence cross section
calculation (line 13).

Algorithm 12: Pseudocode for lumped parameter subgroup scheme using the multigroup transport ker-
nel and batching.

1: for each batch (b from 1 to Npgtcen)
2 for each pseudogroup (pg from pgpeq(b) to PGend(b))
3 Setup and store X 4 for this pseudogroup based on ¥, ;4 and A, %,
4 Setup and store source for this pseudogroup based on A,,3,
5: end for
6 Perform an initial sweep accumulating the A, /B,,/Cpg lumped parameters
7 for each iteration (i from 2 to Niters)
8 Perform a transport sweep applying A,,/B,,/Cp, parameters for this batch
9: Compare residual based on boundary angular fluxes (terminate if below criteria)
10: end for

11: Perform a final, normal sweep accumulating scalar flux (¢,4)
12: for each pseudogroup (pg from pgpeq(b) to pgend (b))

13: Calculate equivalence cross section ¥¢q pg

14: end for

15: end for

Since only the last iteration yields a scalar flux distribution, the convergence residual for this scheme is
based on the angular flux updates instead of the scalar flux, which is used in the current scheme. Choosing
the correct convergence criteria is important to ensure consistency between these two schemes. The current
scheme imposes a maximum change of 1 x 107 for the scalar flux in any region for each pseudogroup.
Since the new scheme will perform an additional sweep once the angular flux is considered to be converged,
a similar maximum change is imposed on the angular flux, but with a criterion of 1 x 107>, In practice, this
has been observed to be conservative, in most cases requiring one additional iteration, which is acceptable
since it is only one additional fast iteration.
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This approach would not be beneficial in problems with fully vacuum radial boundary conditions in serial.
In this scenario, only one iteration would be necessary since the boundary conditions do not need to be
converged, as a zero incoming angular flux is correct. This is not a likely scenario, because most problems
are executed with quarter symmetry and in parallel. It is expected that larger spatial domains will reap
greater benefits. Pin cell problems would naturally have the least to gain since there are so few segments
along a ray. The best case would likely be a full core problem without any radial decomposition, although
this is likely impractical because of the substantial memory required. In general, at least 8 radial partitions
are used on a quarter core slice to allow for an acceptable amount of memory per core, where a domain
consists of a few assemblies of data. In the results section, 73 radial domains are used, which amounts to
roughly an assembly per domain, and good performance is observed there.

9.5. MULTIGROUP AND 1-GROUP SUBGROUP

Standard subgroup calculation requires the FSPs to be solved for every 2D plane in each resonance category,
energy group, and subgroup level. To improve the performance of subgroup calculation, besides optimizing
the MOC transport sweeper as discussed in Section 9.4, efforts can also be made to reduce the number of
FSPs, which leads to the concept of 1-group subgroup. This section compares the standard multigroup and
the 1-group subgroup formulations. Also, the detailed equations for the subgroup method are provided as
a supplement to Section 9.2. The concept of the 1-group/multigroup in this section should be interpreted
as the energy integration of the subgroup equation. This is different from the 1-group/multigroup kernels
related to the solution scheme of MOC sweep discussed in Section 9.4.

We start with the subgroup FSP of Eq. (9.11),

1
Q- Vg en(r, Q) + [Zagea(r) + 4.2, (1)] @gen(r Q) = el G (9.17)

As mentioned in Section 9.2, the multigroup subgroup calculation solves Eq. (9.17) for every energy group
g, resonance category ¢, and subgroup level n, where

_Z Ni[ziz,g,oo(Tl()c)
) = o (Twe),
S N R
and
AT, = ) A, 9.18)
14
Ig,g,m(rl,,c) is the infinite absorption RI per lethargy for isotope i at local temperature 7},.. To adjust the

subgroup level for nonuniform temperature effect,

o Z g(Tluc)
- O'_r s = T (_l'r s 9.19
o Zhg(Tave) e f( foc) el ( )

where d7, , ,, is the subgroup level of the representative isotope in category ¢ in the library. The temperature-
adjusting ratio can be determined by various methods. In MPACT, base cross sections in the MPACT library

are used for 0 g(Tjoc) and o ¢(Tyve) [112], which are generated using a typical PWR spectrum.

Although the fluxes solved from Eq. (9.17) can be directly used to calculate the effective cross sections,
MPACT converts the flux to the equivalence cross section first. By integrating Eq. (9.8) over an energy
group, we obtain:

p B Zh,g,c,nAug _ (Zz /lizp,i + 2eq,g,c,n) A“g 9.20)
g.cn = = . .
Zb,g,c,n + Za,g,c,n (Zz Aizp,i + z:eq,g,c,n) + z:a,g,c,n
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Equation (9.20) is reversed to determine the equivalence cross section Xy ¢ ¢, in terms of ¢g . ,. Instead of
directly using ¢, . , to calculate effective cross sections, this detour option is chosen because the dependence
of Zeggen ON 0, is much weaker than the dependence of ¢g., on oy, ,. Therefore, the number of
0 g,qn capable of describing this dependence can be smaller than the number of subgroup levels used in the
quadrature calculation of the effective cross sections, leading to fewer fixed source calculations. Specifically,
MPACT uses four subgroup levels for the FSP calculations and seven levels for the evaluation of effective
cross sections. Interpolation is needed to fold the table of Eeq,g,c,n(o{l,gﬂ) (4 levels) into Zeq,g,c,m(ag’g’m) (7
levels). This table is not only used for the representative isotope, but it is also used for the other resonance
isotopes in the same category c, so a conversion is needed from a resonance isotope to the representative

isotope about the subgroup level:

iarg Iz,g,oo(Tloc)

Tlagm = — T1oc) T gm - 9.21
a,g,m Ié’g’oo(Tloc)f( l()) a,g,m ( )

Here, f(T},.) is defined as the same as Eq. (9.19), but it is about isotope i. Using (TZE%,, as the argument to

obtain Zeq,g,c,m(afl’fg,gm), the background cross section can be computed as

Zhom = Zeqgem(Oagm) + A%, . 9.22)

With all the subgroup parameters, the effective cross section is computed as

. 5

=i b.g.m i
. Z O-tl’g’m Za,g,m(Tlue)‘FZx’g‘in " Wa’g’m(Tl()C)
i o= b 9.23
O-a,g - 2;‘) ] 5 ( . )
,g.m
Z . Wﬁz,g,m (Tloc)

m Zz,g,m (T/nc ) +2x,g +Zi7,g,m

where Z;&m(Tloc) = N'f (Tloc)d'il’g’n and X, o = E‘Zig. This equation means the temperature adjustment is
J#i
only performed within the flux term by Z;Lg’m and X, g’m(Tloc). In addition, X , term includes the absorption

cross section of all the other resonance isotopes in the same material, so Bondarenko iterations are performed
here to determine a converged set of o, , for all resonance isotopes.

In the 1-group subgroup scheme, a similar procedure is performed by integrating over all resonance groups.
Two approximations have been made: (1) the IR source is approximated by averaging over the entire reso-
nance energy range, and (2) subgroup levels for FSP are no longer group-dependent. The FSP for 1-group
subgroup calculation is given as

Q- Ve n(r, Q) + [Zacn(r) + AZ,(N)]@en(r, Q) = %r/lzp(r)Au . (9.24)

This equation should be solved for every resonance category ¢ and subgroup level # (no group dependence),

where .
22 Nlléz,g,oo(Tloc)Aug

2 C. = fee : g T( ’
“en 3 1y g oo(Tioc)Altg TanTioc)
8
and o
22 A Aug
g i
T =" 9.25
» S A (9.25)
8
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To adjust the subgroup level for temperature effect,

To(Tloc) _ i}

O-:lsn(TIOC) = O_Z(T[:;) O-Z,n = f(TIOC)O-Z’n ’ (926)
where G-, ,, can be the subgroup level for any energy group. MPACT uses the first resonance group defined
in the cross section library. o,(T},.) and o,(T,.) are obtained by averaging the base cross section over all
resonance groups with flat flux. Once the solution of Eq. (9.24) is available for all subgroup levels, a table
Xeq.en(0y ;) can be obtained by the level-dependent flux,

SenBen
= Zacnbon - A%, (9.27)

Zeq,c,n Al — ¢
c.n

Similarly, the table X, (07 ,) (n=1-4) can be interpolated into Z.y ¢ m(07y,,) (m=1-7). A conversion is
needed from a resonance isotope to the representative isotope about the subgroup level,

iarg IlZ,g,OO (Tl("')

= = Tioe)d . 9.28
a,g,m Iél’g’w(Tloc)f( lOC) a,g,n ( )

Note that Eq. (9.28) retrieves the group index by assuming that the table X . (07, ,,,) applies to all resonance
groups. Specifically, the differences in the source term (1X,) among groups are neglected when estimating
the dependence of X, ., on o, ,,. The calculations of effective cross sections using subgroup quadratures
are identical between multigroup and 1-group formulation.

9.6. WIGNER-SEITZ APPROXIMATION FOR SELF-SHIELDING CALCULATIONS

MPACT relies on the subgroup approach to shielding calculations discussed in Section 9.2. Historically, it
performed subgroup calculations for each category of isotopes in each resonance group. Recently, the WSA
approximation was implemented to accelerate the subgroup calculations [91]. In this approach, the core is
decomposed into pin cells. For each pin cell category, a one-group transport calculation is performed to
obtain a Dancoff factor for each pin cell and each subgroup isotope category. The CPM is then used on
each pin cell to determine a Dancoff factor for the isolated pin cell. The outer radius of the pin cell is then
adjusted and the CPM calculation repeats until the isolated pin cell Dancoff factor equals that obtained from
the whole-core calculation. Once this iteration scheme is complete, the new Dancoft-equivalent cell can be
used to accurately calculate the spatial and energy self-shielding effects for each region in the pin cell.

This WSA approach has two major benefits. First, it is more computationally efficient than performing
whole-core shielding calculations. The 51-group library has 22 resonance groups that have subgroup levels
and isotope categories for each resonance group. For a typical pressurized water reactor (PWR) calculation,
this results in 268 “pseudogroups” that must be solved using MOC. For the WSA approach, this number is
reduced to fewer than 20 for most problems. When using the 252-group library, there are 133 resonance
groups that lead to more than 1,000 pseudogroups to solve. The CPM calculations require nontrivial amounts
of time, but the overall shielding calculation is still significantly faster than the whole-core approach since
the number of MOC calculations is no longer a function of the number of resonance groups. Second, the
constituent pin cells required for the on-the-fly (OTF) energy condensation, discussed in Section 8.4, are
already constructed for the WSA approach to shielding, allowing them to be reused to generate an energy
spectrum as well.
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CHAPTER 10. NUCLIDE DEPLETION AND DECAY

The composition of fuels varies during irradiation in a nuclear reactor core, which is referred to as depletion.
In the simulation of depletion, there are two main computational components: (i) the point depletion solver
and (ii) the time integration algorithm. A good summary of the conventional methods for the two compo-
nents can be found in Chapter 9 of the Handbook of Nuclear Engineering [93]. With regards to the point
depletion solver, MPACT can call the ORIGEN code [60], which is included in the SCALE package [131],
or it can use an internal solver. MPACT’s internal depletion solver is consistent with the methodology of an
earlier version of ORIGEN. The internal solver also uses a separate depletion library. In the remainder of
this chapter, the methodology for the internal point depletion solver is described. Then the coupling of the
nuclide transmutation equations to the rest of MPACT and the time stepping algorithm are described. The
coupling of the transmutation equations and timestepping algorithm apply to both the ORIGEN and internal
point depletion solution algorithms.

10.1. NUCLIDE TRANSMUTATION EQUATION AND ITS SOLUTION

This section presents the nuclide transmutation equation and common approximations employed for its
numerical solutions. The numerical solution of this equation is then described for the internal MPACT
solver. A brief discussion of other numerical solution methods is also given.

10.1.1 Nuclide Transmutation Equation

A general expression for the rate of depletion of a nuclide by neutron reactions or radioactive decay can be
written as the following coupled system of N first-order differential equations:

dXi(t) al
— = ij—»i/lej(f) + 552 8k—iTkXi(t) — (i + i) Xi(1) , 1 <i< N, (10.1)
J:l k=1

dt 4
where

Xi(¢t) = density of nuclide i at time ¢,
A; = radioactive disintegration constant for nuclide i,
o; = l-group spectral averaged neutron absorption cross section of nuclide i,
¢ = time-integrated 1-group neutron scalar flux ,
fj—i = fraction of radioactive disintegrations by nuclide j that lead to the formation of nuclide i,

gr—i = the fraction of neutron reactions by nuclide & that lead to the formation of nuclide i.

Equation (10.1) already contains some approximations: specifically, the treatment of the scalar flux. This
term is time-dependent. However, to avoid the need to solve a non-linear equation, it is assumed that the
scalar flux is invariant in time over the time interval of interest. Generally, this is an adequate assumption,
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and it only breaks down when the discretized time step becomes too large. Another approximation implicit
in Eq. (10.1) is the assumption of no space dependence. There are several different physical phenomena
that drive the relocation of certain nuclides. Moreover, the scalar flux is also a spatially dependent quantity.
The point approximation for OD is also very common, and for general applications, it is assumed that the
spatial discretization needed for the transport equation is sufficient to discretize the scalar flux in space. For
LWR analysis, the operating temperatures are typically low enough that there is typically minimal diffusion
of nuclides in the UO,, with the potential exception of fission gas. However, most codes that solve the
coupled neutron transport and transmutation equations do not model fission gas release because this physical
phenomenon can typically be neglected when solving the transport equation.

Returning to Eq. (10.1), if the nuclide concentrations are expressed as a vector,
X=X X0 Xy XN

then Eq. (10.1) can be written in matrix form as

ax@ _
= =AX0). (10.2)

where A is an N X N matrix constructed from characteristic neutron reaction rates and fractions, as well as
radioactive decay rates and fractions.

In principle, the matrix exponential method can be used to obtain the solution of Eq. (10.2) as
X(#) = exp(AH)X(0) , (10.3)

where the vector X(0) represents the known particle number densities at the beginning (the initial condition).
To facilitate the subsequent derivations, Eq. (10.3) is rewritten assuming a discretization in time.

X(t, + Af) = exp(AADX(2,) . (10.4)
Obtaining X(#, + At) then becomes a matter of calculating exp(AAt).

10.1.2 Computing the Matrix Exponential

According to the literature, the calculation of the matrix exponential can be performed in one of 19 dubious
ways [115]. Several have been used for the solution of the nuclide transmutation equations. The earliest
approach taken, used in ORIGEN, is to use a Taylor series expansion, with many modifications for accuracy
and efficiency. More recent implementations have favored the Chebyshev Rational Approximation method
(CRAM), now used in ORIGEN, as well as Krylov methods built on the Arnoldi iteration.

In MPACT, the matrix exponential is computed using a Taylor series expansion:

AAD)? =y (AAD)™
(m)+m: ('). (10.5)
! =0 m!

exp(AAr) =1+ AAt +

However, if all the nuclides are included in the transition matrix A, then A becomes very large, sparse, and
ill-conditioned; this complicates the calculation of the matrix exponential equation in Eq. (10.3)). Issues
also arise in obtaining sufficient accuracy of the solution because of the floating point arithmetic involved in
the summation of very large and very small numbers. Consequently, steps are taken to split and precondition
the A.
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10.1.2.1 Preconditioning/Splitting of the Nuclide Transmutation Matrix

Because the full problem cannot be solved efficiently by the Taylor series expansion, the matrix is divided
into two parts: one for long-lived nuclides, and the other for short-lived nuclides. This has the effect of
lowering the condition number of the transmutation matrix by removing the highest magnitude coefficients
and leaving only those coefficients with very small magnitudes. With this splitting, the matrix exponential
in Eq. (10.3) can be accurately and efficiently computed for the long-lived nuclides only. The solution of
the short-lived nuclides is obtained by a different means and is discussed later in the chapter. The criterion
for the matrix separation is based on the removal half-life of a nuclide. Since any concentration of a nuclide
essentially becomes zero after 10 half-lives, the long-lived nuclides are defined to be the nuclides for which
the irradiation time interval is less than 10 times their removal half-life, as in

In2
At < 101‘,’1/2 where th1p = (/li " O'i(ﬁ) . (10.6)
Given that the transition matrix only considers long-lived nuclides, the Ball and Adams [10] suggestion
that the transitions involving short-lived nuclides with large removal rates be considered instantaneous is
adopted. For a decay chain of A — B — C and a small removal half-life for B, the matrix is reformulated
for the decay chain A — C, where the transition coefficient is formulated considering the impact of the
intermediate short-lived nuclide, B, which has been removed. Similarly, if the removal half-life for A is very
small, then the decay chain is rewritten as B — C. However, in this case, the amount of isotope B initially
present must be adjusted to include the short-lived precursor A so that the initial particle number density of
B will be equal to A + B for the matrix exponential calculation. In the process of removing these short-lived
nuclides to create a reduced transition matrix (or preconditioned transition matrix), special care must be
taken to ensure that the chains are collapsed correctly.

A generalized treatment of the full transition matrix to produce the reduced transition matrix is achieved
by condensing sections of the decay chains involving short-lived nuclides and adjusting the coefficients for
the formation of the long-lived nuclides at the ends of these intermediate chains. Practically, this done by
searching through the individual decay chains and forming a queue of all short-lived precursors for each
long-lived nuclide. The queue is terminated when the farthest-removed precursor is no longer short-lived.
Bateman’s equations are then applied to this queue to obtain the rate constants for the reduced transition
matrix. For an arbitrary forward branching chain, the general solution for the i/ member in a chain at time
t, + At may be written in the form:

d;iA S S e_det - e_diAt . Am+1,m
— —da;At S
Xi(ty + At) = Xi(ty)e + Z Xi(tn) Z deajﬂ,j 1—[ dn—d; (10.7)
k=1 Jj=k m=k,m#j
The notation a; ; is used for the first-order rate constant that comes from Eq. (10.1), and d; = —a;;. In the
present application, Eq. (10.7) is recast in the form given below:
Xi(ty + A1) = Xi(t,)e 4 +
i-1 i-1 i-1 d At —d Ar i-1
Am+1,m ! d
D X [ = [ [1 - j‘d.] , (108)
k=1 = mn Jj=k j m=km#j " J

by multiplication and division of
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The first product in Eq. (10.8) is the fraction of atoms of isotope k that follow a particular sequence of
decays and captures. If this product becomes less than 107°, then contributions from nuclide k and its
precursors to the concentration of nuclide i are neglected. This procedure is unnecessary for evaluating the
outer summation because all the terms in this sum are known to be positive. To avoid a division by zero
when two removal constants are approximately equal (d; = d; ), the bracketed term in Eq. (10.8) is replaced
by

i1 e~ diAt _ pdint izl d, i1

an-d, dejAtef 1—[

Jj=k m=k,m#j m Jj=k m=k,m#j

dm—d

An analogous expression is derived for the case when d,, ~ d;. These forms of the Bateman equations are
applied when two isotopes in a chain have the same diagonal elements or when a cyclic chain is encountered,
in which case a nuclide is considered to be its own precursor. The new rate constant can then be considered as
the coeflicient of X(#,), where the product over m is over the queue of short-lived nuclides. In this approach,
the Bateman solutions complement the exponential matrix method. The exponential matrix method is quite
accurate when the transition coefficients are small, but it is less accurate when large rate constants are
included. Conversely, the Bateman solution has numerical difficulties for extremely small rate constants,
but it is stable and accurate for large rate constants.

10.1.2.2 Calculation of the Long-lived Nuclide Number Densities

As a result of splitting up and preconditioning the full transition matrix to the reduced transition matrix, the
Taylor series expansion for the matrix exponential calculation of the long-lived nuclides is written as

(A At)2 i AAt)’”

m=0

exp(AAr) = I + AAt + (10.9)

However, even with the removal of the short-lived nuclides from the transition matrix A, it is still quite large
and sparse, and it is computationally inefficient to store the reduced transition matrix, A, in its entirety. To
avoid having to store the entire matrix and still be able to compute the Taylor series of Eq. (10.9) efficiently,
a recursion relation for the expansion is developed. Considering the Taylor expansion for the equation of a
single nuclide in A, the terms may be equivalently rewritten as

N
Xi(l‘n + At) = Xi(ln) + AIZ Eli’ij+
=1

k=1 j=1
N N N
At At -
— aim— E a AZE ar i Xi|ll+.... (10.10
3 m=1 o 2 k=1 ok j=1 At ( )

Here, the tilde denotes that the equations are operating on just the long-lived nuclides. From Eq. (10.10),
the recursion relation becomes more apparent, so each term in the expansion can be written as

1 ! ~ 0_ ¢
cr :mgaﬁqﬂ, where  CY = Xi(t,) . (10.11)

Lastly, the number of terms to include in the Taylor expansion for sufficient accuracy in the computation
of the matrix exponential must be determined. For this, the following norm from Lapidus and Luus [99] is
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used:

|A|l = min

N N
llgzglcv [; Iai,jl] . 11’2[3;](\/ [; Iai,le} . (10.12)

10.1.2.3 Calculation of the Short-lived Nuclide Number Densities

The nuclide number densities for short-lived nuclide chains beginning with a long-lived precursor are as-
sumed to be in secular equilibrium with their precursors. Therefore, the short-lived nuclide concentrations
are computed once the long-lived concentrations are known. To compute the short-lived nuclide number
densities, a simple iterative method is used. Because secular equilibrium is assumed, the system of differen-
tial equations of the short-lived nuclides can be written as a system of algebraic equations because the time
rate of change is zero:

>

d

N
S x0= ]Z:;a,-,jx,- : (10.13)

QU

Here the “hat” denotes that we are operating on just the short-lived nuclides. Equation (10.13) can be solved
easily using a Gauss-Seidel iteration. The coefficients in Eq. (10.13) have the property that all the diagonal
elements of the matrix are negative and all off-diagonal elements are positive. The algorithm involves
inverting Eq. (10.13) and using assumed or previously calculated values for the unknown concentrations to
estimate the concentration for the next iteration:

1 .
Xt —— a4 XS (10.14)
dii

This iterative procedure has been found to converge rapidly, because cyclic chains are not usually encoun-
tered for these short-lived isotopes, and the procedure reduces to a direct solution.

10.1.3 MPACT Point Depletion Solution Algorithm

The previous subsection describes how the matrix exponential is formulated and calculated. In the descrip-
tion above, the overall procedure is mentioned, but it is not explicitly defined. This subsection explicitly
defines the algorithm for performing the point depletion calculation in MPACT. Within ORIGEN, a separate
algorithm may be used; for a description of the latest algorithms available in ORIGEN, see the most current
SCALE manual [131].

The point depletion algorithm in MPACT is illustrated in Sections 10.1 and 10.2. It is noted here that the
time discretization scheme that is used is explicit.
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Figure 10.1. Point depletion algorithm (1 of 2).
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Figure 10.2. Point depletion algorithm (2 of 2).
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10.2. COUPLING OF THE NEUTRON TRANSPORT AND NUCLIDE TRANSMUTATION EQUA-
TIONS

In MPACT, the flat source regions of the fuel pin are azimuthally and radially dependent. These regions
have the finest discretization of the scalar flux. Currently, the depletable region of the pin is only radially
dependent. The difference in these spatial regions is illustrated in Figure 10.3, where the right-hand side of
the figure shows the flat source or flat scalar flux region, and the left-hand side shows a uniform cross section
or depletion region. This approach of mapping the flux and cross section regions has been shown to be ade-
quate unless there are very strong local asymmetries. The capability to treat azimuthally varying depletable
regions only requires a simple modification, but it will considerably increase memory requirements.

Flat Scalar Flux Uniform Cross Section
Region (grey) Region (grey)

Figure 10.3. Depletion zones in MPACT pin cell.

10.2.1 Predictor-Corrector

In each step of a depletion calculation, the flux is assumed to be constant with time. There are several
techniques for incorporating the time dependence of the flux into the depletion calculation. This is typically
accomplished by dividing the depletion problem into a series of time steps and periodically performing
transport calculations. However, because the time dependence of the flux has nonlinear feedback from the
change in the fuel composition, the optimum depletion step size is often not known a priori, and to maintain
an accurate solution, the time steps are often very small. This leads to undesirable longer computation
time. Therefore, to reduce computation time and allow for longer burnup step sizes, MPACT adopts two
commonly used techniques: (i) the predictor-corrector [137] and (ii) sub-step methods [93]. The predictor-
corrector method works by computing a predicted nuclide concentration for a given time step and then a
corrected nuclide concentration. The basic predictor-corrector approach is illustrated in Figure 10.4 and is
given in Eq. (10.15):
X,I;(fﬁtl ;o) + X,C2(¢Z, 0'2)
5 .

The predictor step uses the typical depletion calculation to obtain the particle number densities, X (¢;1, 011),
at burnup 1, by using the 1-group flux and cross sections at the time of burnup #;. At this point, the new
predicted 1-group flux ((/)fz) and cross sections (a'fz) are obtained through a transport calculation using the
predicted concentration, X£(¢t1, o1). Next, the corrector step performs a depletion calculation using the
new 1-group flux (¢fz) and cross section (O'fz), and the new corrected particle number densities, Xtcz(tf)f;, 0'2),
are obtained. The final particle number densities for #, are then taken to be the arithmetic mean of the

n =

(10.15)
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Figure 10.4. Illustration of depletion predictor-corrector.

predicted and corrected concentrations. Once Xy, is obtained, then a transport calculation is performed to
obtain the steady-state flux distribution at t,, (¢;2).

10.2.2 Substep Method

The substep method is applied to perform multiple depletion calculations between transport calculations.
This has the effect of reducing the numerical error in the evaluation of the matrix exponential. Furthermore,
since the depletion calculation typically takes less time than the transport calculation, this will often save
computational time. Mathematically, this results in the normalization factor of the flux, f, becoming time-
dependent, but the eigenvector, which represents the spatial flux distribution, is still assumed to be constant
between transport calculations. For M substeps, the m" flux, representing the flux at time #; + mAt/M used
by the depletion calculations, is

Ptl
i,Jj Jsj 4J
Z/’ZiXm—lka{l 1

&m = i1 fn-1  Where  fi_q = (10.16)

where Py is the total power at 71, qﬁ{l and KoJ;l’i’j are the eigenvector for region j and the energy per fission

multiplied by the microscopic fission cross section of region j and nuclide i at #;, respectively, and an]_ q
is the nuclide concentration of sub-step m — 1. The substep method allows for even coarser burnup steps
without a loss in accuracy.

10.2.3 Depletion Time-stepping algorithm

An overview of the depletion algorithm in MPACT is depicted in Figure 10.5. This algorithm is the same in
MPACT, regardless of the point depletion solution methodology being used.
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10.3. XENON AND SAMARIUM TREATMENTS

Certain isotopes that are highly important to accurately predicting reactivity of the reactor are also tightly
coupled with thermal hydraulic (TH) feedback and therefore require special treatments that are embedded
in the MPACT iteration scheme for a single state point. The most important example of these is 33 Xe, but
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14998 m is also treated similarly. The Bateman equations for !3Xe can be written as follows:

dN
—dt’ =125 ()¢ (@) — 4N (D) (10.17a)

dNXe
dt = )’Xezj' (t) ¢ (t) + /IINI (t) - /lXeNXe (t) — OgXe (t) ¢ (t) NXe (t) 5 (1017]3)

where subscripts I and Xe represent >3I and 133 Xe, N is the number density, v is the direct yield from fission,
2 is the macroscopic fission cross section, o, is the microscopic absorption cross section, ¢ is the scalar
flux, and A is the decay constant. Note that the yields in this case are cumulative yields, meaning the direct
yield of the nuclide from fission plus the indirect yield of the nuclide via radioactive decay of other fission
products. For '4Sm, the equations are the same except that (1) Xe is replaced by Sm, (2) I is replaced by
Pm for '¥Pm, (3) vsm = 0, and (4) As,, = 0. Treatments for these isotopes are split into two categories:
steady state (or pseudo-steady state during depletion calculations) and transient.

10.3.1 Steady State

Several treatments can be applied to these equations for either '3>Xe “'Pm: zero, dep, equil, and peak.
The zero treatment does what the name implies: it sets the isotope number densities to O regardless of any
depletion that might have been previously calculated. The dep option means that no special treatment is
applied, allowing the depletion solver to populate the isotope number densities with whatever method it
uses for the calculation. The other two treatments are discussed in more detail in the following.

10.3.1.1 Equilibrium

The equil option is used to calculate equilibrium isotope concentrations. This is important because '3 Xe
is tightly coupled to the power shape and has a half-life much shorter than a typical depletion step, so the
shape of the !3*Xe concentration must be iterated alongside the neutron transport and thermal hydraulics
calculations. Thus, the depletion solve is usually insufficient for treating the '3Xe calculation. This dis-
cussion speaks exclusively in terms of 1331 and !3Xe, but the same procedure can be applied to '*°Pm and
149 Sm.

To begin, assume that the depletion time step is much greater than the isotope half-lives, allowing equilib-
rium to be assumed. This gives steady-state equations:

dN,

—r=0=YE (GO~ 4N (1) (10.182)
dNXe
dt =0= YXezf (D @ (1) + AN (1) — AxeNx, (1) — Taxe (1) ¢ (1) Nx, (1) . (10.18b)
The first equation can be rearranged to directly solve for the '3°I number density:
Zr(t t
Ni (1) = M . (10.19)
1

Substituting that result into the second equation gives a solution for the '*3Xe number densities:

YiZr () ¢ (1)
A

7X62f¢ (t) + /1] ( ) - ﬂXeNXe (t) — Og,Xe (t) ¢ (t) NXe (t) =0

—Nxe () (Axe + Taxe )P (1) = yxeZrd (1) + y1Zp (1) ¢ (1)
YxeZrd () + yiZs (1) ¢ (1)
AXe + Tg.Xe (t) ¢ (t)

—Nyx, (t) = (10.20)
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This calculation is performed independently for every region using the flux and cross sections for that re-
gion. The update is then performed every coupled iteration so that the effects of TH feedback are properly
incorporated into the equilibrium calculations.

10.3.1.2 Peak

The other special treatment is peak. This treatment calculates the maximum possible amount of 4Sm that
could build up based on the current reactor conditions. This treatment makes sense only because '#°Sm is
stable; this treatment is not allowed for '33Xe because it will completely decay away as it is produced by 31
This treatment is quite simple: if Np,, and Ng,, are the number densities calculated by the depletion solve
for *Pm and '*°Sm, respectively, then the number densities calculated by this treatment for the neutron
transport calculations is as follows:

Npp (1) =0, (10.21a)

Nsi (1) = Npy (1) + N (1) . (10.21b)

This represents the condition at 7 + co with no scalar flux, at which point all the '4°Pm will have decayed to
1499Sm without any loss of '4°Sm along the way.

10.3.2 Transient
First, the iodine equation can be solved using an integrating factor:

dN
d_t[ + 4N (1) = y1Zr¢ (1)

d
- e N 0] = eMyizre (o)
15)

15}
f () = YN, (1) — """ Ny (1)) = v/ ZF f M () dr

5] 4]
[5)

YNy (1) = e Ny (1) + Y12 s fe/l”'¢ () dr

1

[5)

N; (t2) = eMTIN; (1) + y 2 pe M f M () dr

n

It can be assumed that the flux is separable in space and time over short time steps:

¢ = dp (1) . (10.22)
Substituting this expression into the equation for I (#,) gives the final solution for Nj (f):

n

N (1) = "IN, (1) + y X ppe 12 f M p () dr . (10.23)

131

Everything in this expression is known except for the integral of the scalar flux shape function p (¢). This
shape function is effectively the shape of the core power change as a function of time. In the MPACT
iteration scheme, the next time step’s power is calculated before feedback operations; therefore, the integral
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of p (¥) can be numerically evaluated at the start of the calculation. Thus, Ny (f2) is known if beginning-of-
time step values are used for everything else in Eq. (10.23). Note that the approximation in Eq. (10.22) is
not necessarily a good one; this is discussed later in greater detail.

Now a similar procedure can be applied to the xenon equation:

dNXe
dt

+ (4@ () + Axe) Nxo (1) = yxeZrp¢ (1) + 4AIN[ (D) . (10.24)

Since the iodine concentration does not depend on the xenon concentration, the RHS of the equation is
already known. An integrating factor can be applied to the left-hand side as was done with iodine, except
that the integrating factor will be more complex in this case.

v(t) = f(a'aqf) (") + Axe) dt

= o-aifp(t') dt + Ax.t
= mp »
= 7 (bpt + )+ et (10.25)

_ p)=—pt1)

where we have assumed linear behavior for the power p (1) = po + pit, b, = p(0), and m,, e

d
2 [Nk 0] = e VyxeZrg (1) + S OLN; (1)

1%) 1%} n
f () =" N, (1) — "N, (1) = yxeZsd f " Op()dl + 4 f "Ny () dt’
151 n N
%) 15}
"Ny, (12) = "Ny, (1)) + YxeZ b f ¢ Op()dl + A f " ON; (¢)dr’
5] 1
%) 5]
Nxe. (lz) = ev(tl)_v(tZ)Nxe (t]) + )/Xerae_v(IZ) fev(t’)p (l/) dr + /lje_v(&) fev(t/)NI (l’) dr

131 4]

t1=0=v(t) =0 = Ny, (1) = "™

t n
Nxe (0) + yxZ s f ¢ Op()dl + A f N, (t’)dt’]
0

0
[5)

15}
Nxe (0) + yx Zré f ¢ Op()dr + A f "N, (t')dt'] (10.26)
0 0

Nx. (1) = ei(m@(p(m;p(0> )MX"’)I
. =

Equation (10.23) can be solved directly if the power p (¢') is assumed to be linear. Applying integration by
parts to the integral yields a solution that can be easily implemented in the code. Equation (10.26) is less
straightforward. Everything on the right-hand side of the equation is known, but the integrals have highly
complicated solutions, even assuming that p (') and Ny (') are linear. To resolve this issue, the integrals can
be numerically integrated instead. This is accomplished by using the trapezoidal rule with small intervals to
resolve the exponential shape with sufficient resolution to maintain accuracy.
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CHAPTER 11. TRANSIENT METHODS

11.1. TRANSIENT METHODS WITHIN THE 2D/1D FRAMEWORK

This chapter describes the methods for extending the 2D-1D steady-state solution to the time-dependent
problem. The derivation of the MPACT transient solution method begins with the formulation of the 3D
transient fixed source problem (TFSP), which involves the time discretization and the precursor integration
technique. The chapter then gives the 2D-1D discretization of the TFSP for 2D MOC and then for the 1D
axial solver. This follows closely with chapters 2, 4, 5, and 6, in which the discretizations for energy, space,
and angle are essentially the same. Following this, the transient multilevel (TML) method is derived in
detail. Most of this description originates from Zhu et al. [42], [43]. Because thermal-hydraulic feedback is
an essential part of the transient analysis, a discussion of the TML method with feedback is also included at
the end.

11.1.1 3D Time-Dependent Neutron Transport Equations

The time-dependent multigroup neutron transport equation is given in Eq. (11.1), and the precursor equation
is given in Eq. (11.2).

1 OYe(r, 2, 1)
v_gT - _Q ' ng(r’ Q’ t) - Zt,g(r’ t)‘/’g(r, Q’ t)
8

G 4
+Z f S g0 Q- Q' g (r, @, DAY
g'=l1 0

1
42 (a1 = B0 (1) + Xag (1. DS a(r. 1) (11.1)
ﬁCra(tr, 0 =6, 0)Sp(r,t) — ,.C(r,t) ,7=1,2,...,6, (11.2)

where i, and X, , have the usual definitions. The subscript 7 is the delayed group index, C; is the delayed
neutron precursor concentration, §; is the delayed neutron fraction, A; is the delayed group decay constant,
and v, is the group velocity defined from its continuous form to the multigroup form by

Vg= ————. (11.3)
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Xp and x4 are the prompt and delayed fission spectra, respectively S r and S 4 are the total fission source and
the delayed neutron source, defined as

1 G
Sk (r,1) = o gz:l VE g (1, D (X, 1), (11.4)
6
S (1) = Z LCo(x, 7). (11.5)
=1

In the equations shown above, the S value is adjusted by the eigenvalue determined in the steady-state
calculation and is used to initialize the transient. This is necessary to ensure a null reactivity from the
initial conditions. Various time-discretization methods may be used for solving the time-dependent neutron
transport equation, including the 6-method, the backward differentiation formula (BDF) method [45], and
so on. A detailed discussion of these methods can be found in [74]. The most commonly used second order
6-method requires the explicit calculation and storage of the right-hand side (RHS) terms of Eq. (11.1).
However, storage of the angularly dependent terms would be a considerable computational expense for
practical problems. Therefore, the more computationally efficient and numerically stable backward Euler
method is used for solving the time-dependent transport equation.

For a given time step size at time step n, the left-hand side (LHS) of Eq. (11.1) can be discretized using the
backward Euler method as ]
n n—

lr//g(r’ Q) - l/’g (ra Q)

VoAl

= Ry(r, ), (11.6)

with R} indicating all RHS terms of Eq. (11.1) at time step n.

Because of the practical difficulty for explicitly solving the angularly dependent time-derivative term, the
isotropic approximation is used as defined in Eq. (11.7). This approximation assumes that the derivative of
angular flux with respect to time is isotropic. It has been shown to be sufficiently accurate [146], [74] and is
widely used in current state-of-the-art time-dependent transport solver codes [47], [132], [41].

YiE Q) -y Q) g Q) - ¢, Q)

11.7
Vo Aty 4y, Aty ( )

11.1.2 Precursor Integration and Formulation of the Transient Fixed Source Problem

The transport equation, Eq. (11.1), is coupled to the precursor equations Eq. (11.2). To avoid the complexity
of solving this coupled set of time-dependent partial differential equations, the precursor equations are first
integrated analytically and are then substituted into Eq. (11.1). The remainder of this section describes this
procedure.

To allow for the integration of Eq. (11.1), the second-order approximation for the fission source is assumed:

2 + fyAt,
(1 +y)(At,)?

1 onel P+ Py = DA,
+B7(0)SE (r)(l VTYRE

2+ iAt,
(1 +yy(Ar)?

Br(x, 0)S p(r, 1) ~B*(r)S (r)

+ B2 (0)S " (r) (11.8)
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where
f: r— tn—l,

At

AL,
Effectively this assumption states that the fission source will vary quadratically in a time step. That quadratic
shape may be reconstructed using information from previous time steps. For the first two time steps, the
initial condition is used as the previous step’s fission source.

Applying an integrating factor to Eq. (11.2) gives
At 0C(r,1)
ot

and by substituting Eq. (11.8) into Eq. (11.9), one can perform the integration analytically over time step n.
After some algebra, the solution for the integrated precursor concentrations is obtained as a function of §%.:

+ A Co(r, 1) = Bo(x, 1)S F(r, e, (11.9)

o 1
Crr) = RANC (1) +

T

(B S LA + " @S QT (@) + £SO (), (11.10)

where the following expressions have been used to simplify Eq. (11.10)

AL = A, (11.11a)

Ko(x) = 1 — ™ (11.11b)

k() = 1 = oW (11.11¢)

() = 1 - 21 (11.11d)

QA = e, (11.11e)

Q) = %{;M) (11.11f)
() = oy - <2 (77_ De(ty) (11.11g)
Q2N = % (11.11h)

Next, the solution of the precursor equations obtained as Eq. (11.10) is substituted into Eq. (11.5), yielding

S"(r) = Q"()S%(r) + S (r), (11.12)

where ]
') = ) B (11.13)

=1
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6
§n(r) = Z/l QAN (x) + S 12 B & () + s;‘;z(r)z B2 (). (11.14)
=1

=1

By inserting the delayed neutron source terms of Egs. (11.14) into Eq. (11.1), utilizing the time discretization
of Eq. (11.7), and explicitly writing out Ry(r, ) of Eq. (11.6), the final form of the discretized transport
transient fixed source problem may be written as

QVY(r, Q) + ZYi(r, Q) = Z f ! g (T Q2 QW (r, Q)

1
+ - (WS @) +57,.0). (11.15)
where )(g(r) is defined as
XA@) = X (1)1 = B() + ¥ (0)B(Y), (11.16)
and the transient source given in Eq. (11.15) is defined as
Sirg(1) = AG(D)py + By(r)S: + Cy(r). (11.17)

In the previous equation, Ag(r) and Bg(r) are the flux and fission source dependent coeflicients, respectively,
and Cy(r) is a constant coefficient, depending on only previous time-step quantities. These terms are given
as

Ag(r) = oY (11.18a)

By(r) = x}j (0(Q"(r) - B(1)), (11.18b)
n—1

Cyor) = xS (1) + % 0 (11.18c)

VoAt

The form of Eq. (11.15) should be familiar, because it is written in such a way that it may readily be solved
by any standard steady-state neutron transport solver after discretizing over space and angle. The 2D MOC
solution of Eq. (11.15) is discussed below in Section 11.1.3.

11.1.3 2D MOC Solution of the Transient Fixed Source Problem

The discretized steady-state transport equation from Eq (5.3) from Chapter 5 is reproduced below, where
the subscript k has been dropped for simplicity, and the index for the time step » has been added.

W (X, y) Oy (X, Y)
Wim,g (X, Y . Yin,g(X, Y
0x ’ ay

Qum + 2o (X W (X ¥) = Gy o (X, 3). (11.19)

Eq. (11.15) can be written in such a form by defining ¢, , as

o (%) = Z Z S (02 R - Ly (6 )W

g=lm=

1
+ V@S0 ) + AL D) + BYn S+ Chtx, )]

1
 dnAz o or (6 y) = g (x. )] (11.20)
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In this formulation of the 2D MOC problem, all the coefficients in Eq. (11.20) are averaged over the axial
direction z.

ir
[ ALx,y, D85 (%, y, 2)dz

n _ 1B
Ag(x,y) = o , (11.21a)
[ #m(x.y. 2)dz
B
ir
[ Bi(x,y, 2)S(x, y, 2)dz
iB
By(x,y) = p , (11.21b)
[ 8% 0x,y,2dz
iB
ir
J Catx,y,20dz
Cl(x,y) = . (11.21c)

ir
fa:
ZB

Because the MOC solution of Eq (5.3) in Chapter 5 is performed in terms of the variable g, ,, the steps for
obtaining the MOC solution of Eq. (11.19) are identical.

11.1.4 Transient 1D Nodal Method

The transient 1D equations of the 2D-1D method are formulated and solved using essentially the same pro-
cedure as that given in Section 11.1.3. The steady-state 1D equation Eq. (4.10) from Chapter 4 is rewritten
below:

v (. 1{dJ, aJy
' - = —]|. 11.22
T I 1 e, pdu’ = 5 [ o Dt o (r) (11.22)

a,\ 7 ES ! 7 / /
ﬂaib(r,u)+21w(r,u)= > f Y, w)dp’ +
Z 2 -1

The discretizations yielding Eq. (11.15) are still amenable to the 2D-1D procedure, so the transient form of
Eq. (11.22) is simply

A

350" nin Z? ! n ’ ’
() + ") = — | ', p))dp +
aZ 2 —1

v 1 n oJ"
f ~n ’ ’r_ l aJx y n
r f RAYRES [ O+ 5 (r)] +S7r(r).
(11.23)

u

As noted in Chapter 6, the solution of equations in the form of Eq. (11.23) can be performed using either a
transport method or a diffusion method. Either the NEM (Section 6.3) or NEM-P3 (Section 6.5) kernel can
be used for transient calculations in MPACT. These kernels are modified to include the transient source of
Eq. (11.17). In these kernels, the same basis polynomials used to expand the steady-state components of the
source in the axial direction are used to expand the transient source:

2
Sthem@ = > SuxPi®), (11.24)

k=0
where & denotes the normalized spatial variable, and P(¢) are basis polynomials.

The coefficients of the transient source term are calculated the same way as the transverse leakage term. This
forces the averaged transient source in Eq. (11.24) to be identical to the transient source at three adjacent
nodes.
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11.1.5 CMFD Transient Fixed Source Problem

Several methods exist for solving the CMFD TFSP. These include a multigroup sweeping (MGS) CMFD
and a multigroup matrix (MGM) CMFD. The MGS CMFD method solves the CMFD equations group by
group, and it requires multiple iterations over energy to converge the energy-dependent source, especially
for transient problems with large power changes. The MGM CMFD formulates one single matrix for the
whole multigroup 3D CMFD problem and uses PETSc [9] to solve the linear system. The advantage of the
MGM CMED is that the solution of the TFSP is obtained by solving the MGM linear system rather than by
solving multiple linear systems, as is necessary in the MGS formulation. The MGM CMFD is used in this
work because it performs much more efficiently than MGS CMFD for all problems analyzed thus far.

The derivation of the CMFD operator follows essentially the same procedure for transient as for steady-state.
The discretized steady-state CMFD operator given in Eq. (7.2) is rewritten below:

D =Dy (b = beis) + Djs (De.) + Beis) A

s
G

Xg
Vj= Z (Zsoag’ﬁg,j + @sz,g’,j) Pg'.j

g'=1

+21g.j8g.j Vv, (11.25)

where D and D have the usual definitions from Eq. (7.6) and Eq. (7.8). 0A in Eq. (11.25) and Eq. (11.26)
is the surface area of face s of coarse cell j.

With the addition of the transient source, the resulting equation is

Z DZ s (¢Z,j ¢g J Y) + Dg s (¢g,j + ¢ZJ§S) OAjs

s
G

Xn
Z (EISIO,g’HgJ k ﬁvy}g /)¢

g'=1

Vi+Sy Vi (11.26)

n L —
+X ¢g,jVJ - 1r.8,J

1.8.]

Instead of homogenizing the fine mesh transient source term (S7, " in Eq. (11.26)), the transient source
coeflicients A, B, and C are homogenized using the following equations:
2 Ay bV

n i€j

“ TSGRV

i€j

(11.27a)

2 By xS FgiVi
n iej <’

& Z)( Sth i '
i€j
2 GV

iej

(11.27b)

n

“ T T3V

icj

(11.27¢)

The solution of the aforementioned equations is described in subsections 11.1.5.1 and 11.1.5.2. To facilitate
the notation in these sections, the following operator notation is presented:

Removal term: M =D + X, (11.28a)
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Scattering: S =X (11.28b)

XvEf

Fission source: F =
keff

(11.28c)

Transient source: S¢ = A¢ + BF¢ + C (11.28d)
Here, X, is a diagonal matrix, and D is a sparse matrix containing the D and D terms.
11.1.5.1 MGS CMFD Formulation

The iteration scheme for multigroup sweeping formulates the operators of Eq. (11.28) for all coarse mesh
cells and a single group g, and iterates through these linear systems in a Gauss-Seidel fashion. As a result,
the CMFD transient source can be updated by the new CMFD flux and fission source as

(Mg - Sg)¢pet! = Fygobg + S g (11.292)
Sirs = Agde™ +BgFgi! + Cy. (11.29b)

The overall solution algorithm is shown in Figure 11.1. The MGS CMFD iteration technique is similar to the
traditional source iteration technique. The motivation for using this type of iteration is to minimize storage
requirements for the linear system solved in Eq. (11.29); this type of iteration also prevents the condition
number from getting too large. One disadvantage of the MGS method is that it requires multiple iterations
on the CMFD linear systems to converge before each MOC sweep, and the number of iterations can be very
large for transient problems with rapid changes in the power, because the RHS (fission source and transient
source) can change considerably during each transient step.

11.1.5.2 MGM CMFD Formulation

As an alternative to the MGS CMFD, the MGM CMFD method was developed. This method formulates the
transient fixed source problem for the full space-energy linear system as

M-S-F-A-BF)¢=C. (11.30)

As noted above, the transient calculation does not require updating the eigenvalue during a transient step.
Therefore, the CMFD flux-dependent source (including the transient source and fission source) on the RHS
in the transient matrix can be moved to the LHS. In this approach, no source iterations are required. Once
the linear system is solved, the flux solution is obtained. Eq. (11.30) is a standard linear system and can be
solved using any matrix inversion method. Given the size and sparsity of the matrix, the GMRES solver with
a block Jacobi preconditioner from PETSc that is used for the steady solution of the CMFD linear system is
also used for the transient fixed source problem.
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Figure 11.1. Flow charts for MGS (left) and MGM (right) CMFD.

11.1.6 Iteration Strategy

The overall iteration scheme of the MPACT transient algorithm is shown in Figure 11.2. The 2D MOC
transport problem or the 2D MOC/1D NEM problem is iteratively solved with 2D or 3D CMFD acceleration
until the convergence criteria are satisfied.
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Figure 11.2. 2D-1D transient iteration scheme.

11.2. TRANSIENT MULTILEVEL (TML) METHOD

The design and implementation of the 2D/1D scheme and the MGM CMFD acceleration method consider-
ably reduce the computational burden for full core transient modeling with pin-resolved detail. However,
the required CPU effort is still too large for practical applications. This chapter discusses the innovative
methods used to further reduce the computational time by increasing the size of the time step required for
the time-dependent MOC method. A transient multilevel (TML) method, which is based on the predictor-
corrector quasi-static method (PCQM), was developed in which the first level involves the 3D transport with
CMEFD acceleration. The second level is a pure 3D Multigroup CMFD (MG) TESP. Finally the coarsest,
third level makes use of the exact point kinetic equations (EPKEs). The essential idea of the method is to
take advantage of the differences in the time variation of the angular, spatial, and magnitude components of
the flux in the reactor after a reactivity change.

11.2.1 CMFD Adjoint Flux

The fundamental mode adjoint neutron flux has always been useful in reactor physics for the treatment of
perturbations of eigenvalue problems. The adjoint flux provides a convenient method to estimate the per-
turbed eigenvalue without exactly solving the often very complicated perturbed systems [116]. One of the
important perturbations for practical neutron transport applications is the insertion of reactivity, where the
change of material composition, temperature, and other factors will either increase or decrease the eigen-
value of the system.

The MOC-based adjoint flux calculation was previously implemented in MPACT to generate the asymptotic
diffusion coeflicient [149]. Because of the computational complexity of the MOC-based adjoint flux, the
CMFD-based adjoint flux calculation capability was also designed and implemented in MPACT [40] to
accurately approximate the MOC-based adjoint flux for practical reactor core applications. The detailed
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comparison of the MOC and CMFD adjoint flux can be found in [40]. As described in Ott and Neuhold
[116], the adjoint operator is defined by the scalar product Eq. (11.31) to hold for all allowed i and ¢ of the
functional space, where H* is the adjoint operator of H, and <> is the operation to integrate over all space:

<VY,HO >=< H'Y,® >=< O, H'Y > . (11.31)
The steady-state multigroup CMFD equation expressed in operator notation is

M - S)¢ = king. (11.32)

eff

As shown in Ott and Neuhold’s work [116], the adjoint to Eq. (11.32) that satisfies Eq. (11.31) can be
obtained by solving the adjoint equation expressed as

1
F*¢*, (11.33)

M-8)'¢" =
eff

where the fundamental mode forward (k.g) and adjoint (k;‘ff) eigenvalues are identical.

The matrix (M — S) is explicitly constructed and stored during the forward CMFD solve in MPACT, and
the transpose operation is simply performed by the intrinsic transpose subroutine provided by PETSc [9].
The fission source operator F is not constructed explicitly, but rather, it can be written in matrix form in
Eq. (11.34), and the transpose operation can be performed by simply switching the fission spectrum and
fission cross section vector, as shown in Eq. (11.35):

F = xviy, (11.34)
F* = VZ}X*. (11.35)

Equation (11.33) can also be solved using the power iteration, which is the same procedure that is used to
solve the forward CMFD equation. Because the matrices (M — S) and F are fixed for the given problem,
there is no need to update them during the power iteration. In addition, the majority of the RHS term can be
shifted to the LHS since the eigenvalue is known.

11.2.2 Point Kinetics Equations

The point kinetics equations (PKEs) are derived by integrating the equations defined in Eq. (11.1) and
Eq. (11.2). This procedure first integrates over angle, €2, and then it uses the integration defined in Eq. (11.31)
to integrate over space and energy. The detailed derivation is provided in Dulla et al. [38,51]. The result of
this procedure yields the EPKEs as

dp(t) _ p(t) - (1) 1
el vl (OB v Zu%(r), (11.36)
A0 _ AO) ery Op@® - P50ty . t=12,..6, (11.37)

d AT

where p(f) represents the core wise amplitude function, and {;(¢) is the adjoint flux weighted precursor
number density for delayed group 7.
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The reactivity, delayed neutron fractions, neutron generation time, and delayed neutron constants are defined
in Egs. (11.38) through (11.42):

<¢*(r, EYF —M)o(r, E, t) >

p(0) = O , (11.38)

ff (p) = < ¢*(r, E)xar(r, E)B-(r)S p(r,1) >’ =126 (11.39)
F(?)

B =) g o), (11.40)

< ¢ (r, E) 5 ¢(r, E, 1) >

A@) = F0) )

(11.41)

/?.PK(I) — < ¢*(r’ E)/Ll'(ra t)Xd,T(r’ E)CT(r’ t) > (1 1 42)
! < ¢* (6, EWar(r, EYCo(r,0) > '

where F(f) =< ¢*(r, E)x(r, E)S (v, t) >, and the matrix operators are the same as those used in Eq. (11.28).

Egs. (11.36) and (11.37) are solved using the same discretization applied to the transport transient equation,
including implicit Euler discretization for the dp(¢)/dt term, and a second order approximation of the ampli-
tude function during a time step n, to obtain an integrated form of Eq. (11.37). Therefore, the EPKE solution
of Eq. (11.37) corresponding to Eq. (11.10) is

Pk -1, NO) I PR I PR I k2
{_’: = QT ’ f_ + /lPK pnTQT U pn - 1FQT M+ pn - 2FQT = R (1 143)
T

where Qf K denotes the corresponding Q’T from Eq. (11.11), except they are evaluated with the new effective
delayed constant defined in Eq. (11.42) rather than region-wise delayed constants.

By applying the implicit Euler discretization to dp(¢)/dt and then inserting Eq. (11.43) into Eq. (11.36), the
current step power can be obtained, and the precursor equation is then calculated by inserting the power
back into Eq. (11.43).

11.2.3 Transient Multilevel Method

The essential idea of the transient multilevel (TML) method is to capture the flux change in space, energy,
and angle in a time domain consistent with its physical variation during a transient. As illustrated in Figure
11.3, the time step of the 3D transport transient solver is coarse, because the time variation of the angular
sub-pin flux distribution is generally slower than the changes in the spatial shape and amplitude of the flux.
The 3D CMEFD transient solver uses the 3D whole core matrix in the intermediate time step to maintain the
accuracy of the pin-wise scalar flux distribution. Finally, the time step of the EPKE is the smallest in order
to capture the time variation of the flux magnitude, which is driven by the prompt neutron generation time.
In this manner, the four-level transient solver maintains a consistent accuracy while minimizing the overall
computational expense for the transient simulation of a large core problem. In the following sections, the
methods developed use the PCQM scheme to couple (1) 3D transport to the 3D CMFD and (2) the 3D
CMEFD to the EPKE.

This chapter introduces the adjoint flux necessary to couple the spatial (CMFD) and amplitude (EPKE) flux
levels, and then it provides the details of the derivation and implementation of the TML method.
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Figure 11.3. Illustration of TML scheme.

11.2.3.1 3D Transport and CMFD Coupling

The coupling of the 3D-transport and 3D-CMFD equations begins by factoring the neutron angular flux into
an amplitude and shape function:

Yo(r, 2, 1) = Po(r, 1)y (r, Q, 1), (11.44)

where P,(r, ?) is the amplitude function, and ®,(r, £,7) is the shape function, representing the angular and
fine mesh flux distribution. If P,(r, 7) is spatially flat for a coarse mesh j, then Eq. (11.44) can be expressed
as

Ye(r,Q,1) = Py i(t)Dy(r,Q,1) , TrEeE] (11.45)

The amplitude and shape functions defined in Eq. (11.45) are arbitrary, so a constraint for the shape function
is introduced which requires the integral of the shape function in each CMFD cell (r € j) domain to be

unity:
de ff D, (r, Q,NdQ,dV = 1. (11.46)

rej rej Q

If Eq. (11.45) is integrated over space and angle in the CMFD cell domain and the constraint in Eq. (11.46)
is applied, then the amplitude function in each CMFD cell is identical to the corresponding CMFD scalar
flux:

— ffwg(r Q,HdQdV = — jg(t)ff D, (r, Q,1)dQdV = P, (). (11.47)
re j Q rej Q
As a result, the shape function in each CMFD cell can be easily obtained by Eq. (11.48).
We(r, Q,1)

D, (r,Q,1) = D)

, (11.48)

where ¢, ;(?) is the scalar flux in the coarse mesh.

If Eq. (11.1) is integrated over angle and space in each CMFD cell j, and the constraint in Eq. (11.46) is
used again, then the LHS reduces to Eq. (11.49).

1 ff@(//g(r Q, t)deV

re]
0D, (r,Q, t
- ff( g]() g(r ) ( Ql’) g]())deV
va
rej Q
_ 1 . 0 1 (’3P,~(E,t)ff
= Vjngg,](t) % f f O, (r, Q,1) + Vo ar @, (r, Q, NdQAV
rej Q rej Q
oP, i(t
- L0 (11.49)
vy Ot
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The RHS would be the same as Eq. (7.2).

The derivation presented above indicates that the CMFD amplitude function can be evaluated using exactly
the same diffusion equation as in Eq. (11.26), where the coupling coefficients are generated during the
transport/CMFD solution step as previously defined. This similar approach for solving the coarse mesh flux
amplitude is referred to as the transport CMFD (TCMFD) method [42].

The PCQM algorithm for the transport/CMFD level is as follows:
e Step 1: Evaluate the steady-state flux distribution based on the 3D transport solver.

o Step 2: Solve the transport TESP for coarse time step df, given by Eq. (11.15) and accelerated by
CMEFD.

— The flux distribution y/,(r, ) in this step is predicted, and it is assumed that the shape function
is accurate in the coarse time step, but the amplitude function has some inaccuracy and will be
corrected using fine time steps.

— The shape function is generated by using the predicted CMFD scalar flux defined in Eq. (11.48),
and the CMFD coefficients at the end of the time step are calculated.

e Step 3: Linearly interpolate the CMFD coefficients between #,_; and f,, build the CMFD transient
source based on Eq. (11.17), and solve the CMFD TFSP using the dt, cyrp = dt,/N time step, where
N is the number of CMFD steps per transport step.

e Step 4: Multiply the CMFD scalar flux by the shape function to determine the corrected transport
angular dependent flux distribution:

C,n

o
U Q) = Y (L Q)5 rE (11.50)

8J

e Step 5: Use the corrected transport flux distribution to solve the precursor equations in Eq. (11.10).

The same procedure is used to solve all transport time steps using steps 2-5.
11.2.3.2 3D CMFD and EPKE Coupling
Similar to the coupling of the transport/CMFD level, the CMFD flux is factorized as follows:
bg.j(1) = p(D)gg. (1), (11.51)

where ¢, ; is the CMFD flux in cell j for group g, and p(¢) and ¢, ;(?) represent the whole core amplitude and
coarse mesh cell dependent shape functions, respectively. The constraint for this separation is to maintain
the integration of the shape function to be a constant K:

K=).), ¢;,jvi¢g,j(0) = > >4 jvi‘)pg,j(t)- (11.52)
j 8 8 7 s g

With the constraint in Eq. (11.52), the amplitude can calculated as in Eq. (11.53), and the corresponding
shape function is given by Eq. (11.54).

EI | .
%¢g,ji¢gd(t)

K >

J

p) = (11.53)
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by, (0)
TR e i)

Ve
jg &%

@, j(1) = (11.54)

The amplitude function defined in Eq. (11.51) is obtained from the EPKE and is defined in Eq. (11.36) and
Eq. (11.37). The detailed derivation can be found in the paper by Cho et al. (2005) [47].

The PCQM algorithm for CMFD/EPKE level is then as follows:

e Step 1: Evaluate the steady-state CMFD-based adjoint flux ¢;"j [40] in addition to the forward steady-
state flux distribution.

o Step 2: Solve the CMFD TFSP for CMFD time step dt, curp using Eq. (11.26).

— The predicted CMFD scalar flux distribution ¢§ j(tn) is computed, and it is assumed that the
shape function is accurate in the coarse time step, but the amplitude function will be corrected
using a finer time step.

— The shape function ¢, ;(7,) is generated using Eq. (11.54). The point kinetics parameters used
for solving the EPKE are calculated and stored for the end of the time step.

e Step 3: Linearly interpolate the point kinetics parameters between #,_1 cyrp and t, cpyrp, and solve
the EPKE using dt, epxke = dtp.cmrp/N time step, where N is the number of EPKE steps per CMFD
step.

e Step 4: The final CMFD scalar flux is corrected by the p(t,):

pt)K
s LaP (1)
% %‘[ﬁgd vg¢g,1( )

B () = B j(1n) (11.55)

Step 5: The corrected CMFD scalar flux is used to solve the precursor equation with Eq. (11.43).

The same procedure is used to solve all CMFD time steps using steps 2-5.

11.2.4 Iteration Scheme with TH Feedback

The TH feedback was applied to the neutronic solver in MPACT [44] using a simplified internal TH module.
This simplified model includes 1D radial heat conduction and 1D axial mass/energy equations of conserva-
tion for convection. This model is primarily simplified in the convection aspect. However, several physical
phenomena related to the conduction—such as creep, swelling, and thermal expansion, for example—are
not treated explicitly. This model provides the pin-wise radially dependent Doppler feedback for the chan-
nel flow with the constant pressure assumption. In the steady-state condition, the TH/neutronics coupling
is first fully converged, and then the transient TH/neutronics solvers are used to march through time us-
ing an explicit coupling. It should be noted that the explicit TH/neutronics coupling and sub-pin Doppler
feedback require that special attention be given to the TML couplings. Furthermore, no simplified transient
“convection” model exists, so the adiabatic boundary condition is assumed at the clad surface.

The TH feedback may also be provided by COBRA-TF [127], which includes more sophisticated models
for convection and fuel performance.
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11.2.5 First-Level TH Coupling for 3D Transport /3D CMFD

In each transport time step, the transport transient equation is solved first, and then the CMFD transient
equation is solved to correct the pin-wise scalar flux. Because of the subpin-dependent Doppler temperature
feedback, the TH calculation is performed in each transport time step. Therefore, at present, TML is solely
a neutronics accelerator. As shown in Figure 11.4, steps 0-2 represent the transport time steps, and each
transport step is then subdivided into several fine CMFD time steps. Step 2 is used when the material is
linearly changed from myg to ms (time evolves from 7y to t5).

To interpolate the CMFD matrix during the CMFD corrector step, two sets of CMFD macroscopic cross
sections for " and £"*! are required, one each at the beginning and end of a transport time step.

Step 0 Step 1 Step 2
TH, 1'[ I, l'l‘lz

| | i

my niy m; m; My ms
Iy I; 5 13 Iy Is

Figure 11.4. Illustration of first-level TH coupling for TML.

With explicit coupling, the TH condition is updated at the end of each transport step and is used for the next
transport time step. For example, TH calculated at the end of step 1 and is used as the TH condition for
the whole step 2, while TH; is used for further time steps. As a result, the two sets of cross sections are
evaluated as

X(THy,mo, Y(THy,my, 1)), (11.56)
ST Hy, ms, Y(THy,ms, t5)), (11.57)

where W(T Hy, my, tg) is the sub-pin flux distribution evaluated at TH, mg, and #y. Because only one TH
and neutronics calculation is performed in each time step, it is not possible to have two sets of flux distribu-
tions W(T Hy, my, to) and W(T Hy, ms, t5) simultaneously for each time step. The W(T Hy, ms, t5) is explicitly
calculated after the transport solve in each transport step, and an approximation for W(7 Hy, my, tp) is thus
required. The following three approximations are presented:

e Approximation 1 (THy ~ TH)):
(T Hy, mo, ¥(THy,mo, to)) = (T Ho, mo, ¥(T Ho, mo, 1o))- (11.58)

e Approximation 2 (W(THy, mg, o) ~ Y(THy,mg, 1)) :

T Hy, mo, Y(THy, m, 1)) ~ (T Hy, mo, Y(T Ho, mo, to)). (11.59)

e Approximation 3 (¥(TH,,ms, t5) ~ V(T Hy, my, 1)) :

X(THy, mo, Y(THy, mo, t9)) = (T Hy, mo, ¥(T H,, ms, 15)). (11.60)

The line above the parameters highlights the approximations.

A typical LWR single pin case as shown in Figure 11.5 is used to demonstrate the accuracy of these approx-
imations. A super-prompt reactivity insertion with TH feedback pulse history is shown in Figure 11.6.
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Figure 11.5. Single pin case geometry to demonstrate TH feedback.

60
50
—e—Ap. 1
—e—Ap. 2
40 Ap.3

——Reference

Normalized Power
(8]
o

0 0.05 0.1 0.15 0.2
Time (seconds)

Figure 11.6. Power pulse with three approximations.

As shown in Figure 11.6, approximation 3 predicts the solution very well, whereas approximations 1 and 2
overestimate and underestimate the pulse height, respectively. In approximation 1, the TH condition used is
from the previous step, and the Doppler feedback is delayed, resulting in a higher pulse. In approximation
2, the flux used to weight £" is from the previous time step, and it underestimates the pulse height, as well.
This is because when the temperature increases, the absorption in the fuel increases as a result of the Doppler
feedback effect, and the flux in the fuel region is reduced. If the weighting flux is from the previous time
step, then the flux decrement from the increase of absorption is ignored, resulting in overestimation of the
Doppler feedback and underestimating the pulse height.

Approximation 3 is a reasonable assumption, because initially, the flux distribution in Eq. (11.56) is used
to homogenize the CMFD-based cross sections rather than to directly calculate the fission source, delayed
source, and so on. Therefore, a reasonable approximation to the flux is acceptable, because it is only a
weighting function. Secondly, the TH sub-pin temperature distribution is global, whereas the material varia-
tion from my to ms is local. This observation validates the advantages of approximation 3 over approximation
2. Finally, the sub-pin distribution varies slowly with respect to time once the TH conditions and materials
are the same. Therefore, this should introduce only a small discrepancy for the time advancement from #; to

Virtual Environment for Reactor Applications 118 ORNL/SPR-2023/3090



ts.
11.2.5.1 Second-level TH coupling for 3D CMFD/EPKE

Once the feedback is applied to the model, the CMFD matrix coefficients change simultaneously. As a
result, the dynamic coefficients must be re-evaluated with the new CMFD matrix coefficients.

11.2.5.2 Overall flow chart for TML with TH feedback

The overall flow chart for TH feedback in the TML algorithm is shown in Figure 11.7, where the three
vertical blocks present the three levels of TML. The left column of blocks represents the general transport
transient iteration scheme with TH feedback, in which the angular and subpin flux shapes are assumed to be
accurate. The pin-wise amplitude function of the transport solution is corrected using intermediate time steps
by performing CMFD steps, as shown in the middle column of blocks. Similarly, the global shape function
predicted by the CMFD steps are assumed to be accurate, and the whole core amplitude is corrected by the
fine EPKE steps illustrated in the right column of blocks.

Steady-State Forward
Transport/ TH Solve

'

| Adjoint CMFD Solve

‘L 4.-{ Start CMFD Steps ‘
l Start Transport Steps

! A.I Next CMFD Step ‘
—I-| Next Transport Step | ¢
# Linearly Interpolate CMFD . .
| Predictor Transport Solve }— J(.‘m-.t‘fffmnls ‘ —>| Start EPKE Steps |
+ v
| Correct Transport Solution }1 ‘ Predictor CMFD Solve ‘ "| Next EPKE Step |
‘ Update Pin Power ‘ | Caleulate EPKE Parameters }7 Linearly Interpolate EPKE
l. Parameters
‘ TH Solve ‘ | Correct CMFD Solution ‘1— ¢
) - - | EPKE Solve
| Update XSEC | N /Y_HH
‘—quljast Step? > No ~_
— L >
N - " -
—ne;/fl’:asl Step? > ves Yes
T / |
T‘I’es
The End |

Figure 11.7. Flow chart for TML with TH feedback.

11.2.6 Transient Multilevel Method with One Group CMFD Acceleration

A one-group CMFD (1GCMFD) solver is incorporated into TML to improve the overall performance. In
the new TML method, the IGCMFD equation is introduced into the original multigroup CMFD equation
(MGCMEFD) to converge the transient fixed source. At the same time, a new 1GCMFD level is introduced
between the 3D CMEFD level and the EPKE level to correct MGCMEFD solutions and reduce the number of
MGCMED calculations. The new TML (TML4) method was shown to be more accurate and faster than the
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original TML method, because 1GCMFD equations help reduce the complexity and computational intensity
of MGCMEFD calculations.

This chapter introduces the 1GCMFD equation to accelerate MGCMFD equation, and then it provides the
details of the derivation and implementation of the 1GCMFD.

11.2.6.1 One-group CMFD acceleration in MGCMEFD calculation

The one-group and two-group diffusion equations have been well studied and used to accelerate the higher
order calculations in steady-state simulations [1, 161, 164]. The 1GCMFD method is one acceleration
scheme. It may be viewed as an extension of the CMFD method in which a lower order method is used
to accelerate the higher order method. Recently, a multilevel in space and energy diffusion (MSED) method
which used a 1GCMFD has been implemented in MPACT to accelerate the steady-state eigenvalue prob-
lem [161]. Following the same idea, the 1GCMFD is used to accelerate the MGCMFD calculations in the
TESP. It is assumed that IGCMFD is a sufficiently accurate approximation to converge the fission source,
and this has been demonstrated for steady calculations [161]. With the IGCMFD, the fission source term in
MGCMFEFD is moved to RHS, and the MGCMFD system becomes much easier to solve. Because the number
of unknowns in 1GCMFD is much smaller than in the MGCMFD system, the overall computation time to
solve MGCMED is reduced, although some computation effort is needed to solve the 1GCMFD system.

The 1GCMFD coefficients are collapsed from MGCMFD coefficients. Then the 1GCMFD flux is obtained
by solving the 1IGCMFD equation, and the fission source can be calculated. Eventually, with the fission
source from the 1GCMFD, the MGCMFD scalar flux is calculated. The original MGCMFD calculations
become the inner iterations between the simpler 1G/MGCMFD calculations.

The details of the collapsing process are illustrated here. For cross sections,

G
Zg:] ¢g,m2g,m

<X >= ~ , Z=A, X, vZy, (11.61)
m
where m denotes the index of coarse mesh, and
G
= (11.62)
g=1
For the spectrum and source,
G
<Sp>=>Sn. §=C B (11.63)
g

The diffusion coefficients can be collapsed just as the cross sections. The details about how the coefficients
are collapsed can be found in [161]. Essentially, the MGCMFD equations are simply summed over energy.
Once the 1GCMFD coefficients are calculated, the 1GCMFD scalar flux is calculated by

(My—-S1-F1-A1—-BF)®, =Cq, (11.64)
where the subscript 1s denote the IGCMFD coefficient. Then the MGCMFD flux is calculated by
M-S—A—-BF)® =C+ yF®;. (11.65)

11.2.6.2 1GCMFD level in TML

Beyond a simple 1GCMFD accelerator of the MGCMFD system, the TML scheme is modified to include
a 1GCMEFD level. This is illustrated in Figure 11.8. At this level, the shape function of coarse mesh scalar
flux in energy is assumed to vary slowly in time, and the amplitude function is needed to be corrected by
1GMCEFD calculation. 1IGCMEFD solutions are only used to update MGCMEFD results. As a result, there is
no direct coupling between 1GCMFD and EPKE. The EPKE is coupled with MGCMEFD solutions corrected
with 1GCMFD.
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Figure 11.8. TML iteration scheme with 1IGCMFD (TML-4).

11.2.6.3 1GCMFD/MGCMEFD coupling in TML

The 1GCMEFD can be factorized as
Gg.j(1) = @ (D), (1), (11.66)

where ¢, ; is the MGCMFD flux in cell j for group g, and @ () and ¢, ;(?) represent the coarse mesh—-wise
single group amplitude and coarse mesh group dependent shape functions, respectively. Once 1GCMFD
flux is solved from Equation 11.61, the MGCMFD flux is updated by

¢
$oi= <o Phi (11.67)
s=1 95

The PCQM algorithm for the MGCMFD/1GCMEFD level is as follows:
e Step 1:Solve the MGCMFD TFSP for MGCMFD step dt, cyrp using Equation 11.26.

e Step 2: Linearly interpolate the MGCMEFD coeflicients between and t,_1 cyrp and t, cyrp, and
the 1GCMEFD coefficients are generated using the equations from Equation 11.61 with the predicted
MGCMEFD flux at h,CMFD-

e Step 3: The 1G transient fixed source is summed from the MG transient fixed source. Solve the
1GCMFD using the dt, 16 = dty,cmrp/N. Update the MGCMFD flux using Equation 11.67.

e Step 4: Update the precursor concentrations and transient fixed sources.

11.2.6.4 Dynamic iteration strategy

The 1GCMFD in TFSP is slightly different from the 1GCMFD in MSED for steady-state eigenvalue prob-
lems. For the TFSP, the CMFD coefficients vary for each time step because the cross sections vary as a result
of perturbation and feedback. However, in MSED, the CMFD coefficients gradually converge to constants.

Therefore, if the number of iterations is insufficient at the transport level, then the fission source calculated
in the 1GCMFD would not be accurate, and the total calculation time would increase as a result of the ad-
ditional transport iterations required to converge the pin-wise transient source. Moreover, in the MGCMFD
level, the MG scalar flux becomes less accurate and cannot capture the the amplitude of the flux.

To remedy this issue, a dynamic iteration strategy is proposed as illustrated in Figure 11.9. nliter is the
number of 1G/MGCMEFD iterations. In the MGCMFD level, niter is set to be 3 based on the results of
numerical test investigations. In the 3D transport level, if the reactivity is increasing or decreasing by more
than 1%, then the number of sweeping is set to 3. If the outer iteration number of MOC calculation in the 3D
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Figure 11.9. Flowchart of dynamic 1G/MGCMFD iterations strategy.

transport calculation stays unchanged for 4 steps or iteration number decreases, then the iteration number is

deducted by 1.

In general, the time of one 1G/MGCMFD iteration is about one-fourth of that of a pure MGCMFD calcula-

tion, so 3 would be the maximum number of iterations to accelerate the calculation.

11.2.7 Overall Flowchart for TML-4 with TH feedback

To summarize the TML-4 scheme, a chart is provided in Figure 11.10. The second and third vertical blocks
represent the application of the 1GCMFD method to accelerate the transient calculation. In the MGCMFD
level, the 1IGCMFD equation is used to converge the source. In the IGCMEFD level, the 1GCMFD solver is
used to reduce the number of MGCMEFD steps, assuming that the flux shape varies slowly in energy.
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Figure 11.10. Flowchart of TML iteration scheme with 1GCMFD.
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CHAPTER 12. MULTIPHYSICS COUPLING

This chapter describes some of the multiphysics coupling capabilities included in MPACT. These include
internal TH solvers, coupling the CTF TH code and its ANTS solver [127,128], species transport capabilities
for advanced reactors, chemistry coupling for CRUD calculations, and coupling to the thermochemistry code
Thermochimica [120, 121].

12.1. SIMPLIFIED TH

There are two TH solvers in MPACT. The first is a simplified TH solver which provides a basic mechanism
to apply TH feedback to the reactor. It applies this feedback in two steps. The first step is to solve for
the flow distribution through the reactor to obtain the coolant temperature and density. When the coolant
conditions are obtained, the second step is to solve for the fuel temperature for each pin in the model.

12.1.1 Fluid Flow Model
12.1.1.1 Single-Phase Flow

The first flow model in MPACT provides the basic mass-energy balance of the fluid flow through the reactor.
This is applicable for single phase flow for PWRs operating at 2250 psia. The first approximation involves
the use of closed flow channels. A flow channel can be either a full assembly, a quarter assembly, or the
region between four fuel pins, as illustrated by Figure 12.1. The flow through the core, .y, 1S given as
user input. The flow through each channel is determined by weighting each channel by its inlet area, A pqy,

as shown in

Achan

Mehan = ( A )mcore s (121)
c

ZCEc‘hannels
where A pqn 1s the flow area of a given channel, and the denominator is the total flow area of all channels in

the core.

Once the mass flow rate at the inlet of each channel is determined, the solver sequentially progresses up the
channel and determines the enthalpy at the outlet of each node in the neutronic solution using

P
hour = hin + = . > (12.2)
Mchan

where h;, and h,,,, are the flow enthalpy at the inlet and outlet of a node, respectively, and P,, is the power
generated by all fuel contained in a a given node. The outlet enthalpy becomes the inlet enthalpy for the next
node. This marching procedure represents an enthalpy balance for each neutronic node, but the main pieces
of information needed are the average quantities within the node. A linear assumption is made to determine
the average enthalpy inside the node of interest:

h(mt + hin

h=
2

(12.3)
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Figure 12.1. Representative flow channels for a 3x3 assembly: full assembly (blue), quarter assembly
(red), or closed channel (green).

Once the average enthalpy is determined, equations of state are used to determine the coolant temperature
and density:

m =T (E, Psys) > (12.4a)

Pcool = P (hv Psys) s (12.4b)
where Py is the system pressure.

The equations of state for the simplified TH model are obtained from tables in the subchannel TH code
CTF [127], where the property of interest can be looked up as a function of enthalpy or temperature. The
pressure is assumed to be 2,250 psia, the nominal operating pressure for most PWRs. The temperature
ranges from 279 to 647 K, which encompasses the operating range of a standard PWR.

Once the coolant properties are determined for each channel, the fuel temperature model is applied to each
pin in the core.

12.1.1.2 Two-Phase Flow

For BWRs, significantly more physics are included in order to ensure a sufficient approximation of the
boiling and two-phase flow. Start with the steady-state mixture mass, momentum, and energy balance for a
closed channel:

Vomvm) =0, (12.5a)

@ PrPg

V(omvi) = —VP+V(T+T,W;,)—V(1 oo

vgj) +pmg+ M, (12.5b)

DP
P1Ps ) +A. (12.5¢)

V (omvmhm) = Vg -V (a/p—nghm + —

m

Several terms are neglected for this simplified solver:
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Ignore the momentum carried by the drift velocity: V (%’%Vé) =0,
Ignore the extra momentum body force: M ~ 0,

Ignore the energy involved in void drift: V (a/pfﬁ Ve jhm) ~0,

Pm
Ignore the energy transport through the material derivative of pressure: % =0,
117

The energy body forace is fission energy directly into the coolant: A = ¢"”’,
6. Ignore all conduction in the liquid: Vg = 0.

M

With these assumptions, the final set of equations becomes:

V (omvm) =0, (12.6a)
V(omvn) = =VP+ V(T + Tu) + pmg » (12.6b)
V (OmVmhm) = ¢ . (12.6¢)

The equations are integrated over an axial node and the entire area of the channel. In order to discretize this
problem, we’ll use a face-centered grid scheme with node-averaged quantities being the linear interpolation
of the inlet and outlet conditions of the node:

Yn tYs
2 b

y=
where y is one of the quantities of interest for the node such as enthalpy, quality, temperature, or density.

The volume integrals become surface derivatives at the north and south faces; body forces will be defined
through node averages. This gives the final form of the conservation equations as they are implemented in
the node:

(PmeA)n = (PmeA)s > (12.7a)
(omvnA) = (omviA) = =Pady + PiA; + f V(T + Tyup) dV — pmgV (12.7b)
©mVmhmA), — (EmVmhnA)g = qﬁlV s (12.7¢)

where p is density, v is velocity, A is the flow area, P is pressure, 7 is shear stress, 74, is the turbulent shear
stress, g is the gravitational force constant, V is the node volume, 4 is the enthalpy, and ¢’ is the volumetric
heat source in the node.

There are three components of the shear stress: wall friction, form losses, and axial shear. For these pur-
poses, only wall shear and form losses are considered, giving the final form of the momentum equation:

2
PV (P20f K
(pmViA)n — (pmvan)s = _PnAn + PsAs _Fm¥m ( + 0ss

2 Dh Az
where @, is the two-phase friction multiplier, f is the wall friction coefficient, Dy, is the hydraulic diameter,
Kjoss 1s the geometry-dependent forms loss coeflicient input by the user, and Az is the height of the node.

)V—p_mgV, (12.8)

Several closures must also be defined. In each of these closures, the subscripts m, f, and g refer to mixture,
saturated liquid, and saturated vapor, respectively.
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1. Mixture density:
pm=apg+ (1 -a)pys, (12.9)

where alpha is the void fraction.

2. Mixture quality, ignoring the effect of subcooled boiling:

h, —h
x= h’”_hj:; (12.10)
g
3. Void fraction: X
a= o (12.11)
Pg 1 _ PgVej
Colx+ 521 - ) + £

where Cy is the distribution parameter and V,; is the drift velocity. In MPACT’s STH implementation,
these parameter are obtained from Chexal and Lellouche’s correlation [19], but other correlations
could be used as well;

4. Two-phase friction modifier: the Chisholm correlation is used [20];

5. Wall friction, which uses a modified form of the Blasius relationship [52]:
f =0.1892Re™ %2 (12.12)

where Re is the Reynold’s number.

The iteration scheme for a channel presumes an outlet pressure, an inlet mass flow rate, and an inlet enthalpy.
Starting at the inlet, the energy equation will be solved for the north face enthalpy, quality, void fraction,
and mixture density. This solution is marched upward until the outlet is reached. Once at the outlet, a sweep
downward can be solved to obtain the pressure distribution.

Figure 12.2 illustrates the single channel solve. For each node starting at the bottom:
q;/I V
PsVsAs .

hy = hg + (12.13)
Compute quality, void fraction, and mixture density, then compute cell-averaged quantities for density,
enthalpy, and velocity. The north face then becomes the new south face and the process is repeated. Upon
reaching the top, the friction loss terms are computed for the south face of the top node:

1 Vi (P K
P,=—|PA, + (Pm"%z )n _ (pmv’ZHA)S + PmVm ( 20f + loss

V+ponmeV]|. 12.14
A, ) D, AZ) + Pom8 ) ( )

The south face then becomes the north face, and the process is repeated until the bottom is reached. This
completes the channel solve by determining the total pressure drop in the channel.

The channel solve is performed for every fuel bundle in the core, then a core-wide mass and momentum
balance is performed. For the first iteration, the inlet flow distribution is assumed to be uniform. After each
iteration, an updated distribution is calculated and normalized:

k+l k dm,- & k
Ckts
mi =m; + dP; : (Pcore,inlet Pi,inlet) ’ (12153')
iinlet
. Meor ket
k= T2 (12.15b)
! k+d 1
)
Zimi
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Figure 12.2. Illustration of single channel calculation quantities for BWR STH.

where k is the iteration index and i is the channel index. The average pressure drop across the core is
calculated as .
k _ Zi Pi,inlel (12 16)

core,inlet — N, ’
chan

where N pq, 1s the number of channels in the core. If at any point the relative difference between the core-
averaged pressure drop and any single channel pressure drop is greater than 107>, then the derivative of inlet
flow with respect to pressure is updated based on the previous two iterations and the fuel bundle calculations
are repeated.

12.1.2 1D Heat Conduction

To obtain fuel and clad temperatures, two different methods can be used. The first is a 1D heat conduction
solver that can be applied to each pin in the model. The second method uses fuel temperature tables to
obtain average fuel and clad temperatures.

The first method solves the 1D heat conduction equation in every pin in the model. The first step is to
determine the cladding surface temperature. This is achieved through the use of the Dittus-Boelter heat
transfer coefficient, which is modified to account for a regular square array of pins [148]:

Py
Tclad,surf = Tiod + ﬁ s (12.17a)
surf'"mDB

k
hwpp = Co—Re™Pr0? | (12.17b)

Dy,
Co = 0.04222" _ 0,004 , (12.17¢)

Yelad
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where P; is the local pin power, Ay, ¢ is the surface area of the clad, A,,pp is the modified Dittus-Boelter
heat transfer coefficient, £ is the fluid thermal conductivity, Dy, is the hydraulic diameter of the channel, Re
is the Reynolds number of the fluid, Pr is the Prantl number of the fluid, p,;, is the pin pitch, and r 4 is the
clad outer radius. When a pin touches multiple flow channels, 4,,pp is calculated for each of the channels
and then is harmonically averaged to obtain a single heat transfer coefficient for the pin. Several properties
of the fluid are needed for this calculation, and they are calculated using the same tables discussed in the
previous section.

The second step is to treat the fuel-clad gap, a small region filled with an inert gas (typically He), providing
a relatively large thermal resistance. Many complex physical phenomena influence the gap thickness, fuel-
clad contact, and the overall thermal resistance of the gap. Consequently, the dynamics of the fuel-clad gap
are difficult to model exactly, so instead of modeling the numerous complex physical phenomena through
this region, the solver relies on an effective heat transfer coefficient for the gap. This value may be set by
the user, or it may rely on some semi-empirical correlation or tabulated evaluation. The equation relating
the fuel pellet’s surface temperature to the clad’s inner surface temperature is given by

Py

. (12.18)
Asurfhgap

Tfuel,surf = Tclad,in +
where T fyer sury 18 the fuel surface temperature, T¢jqq,in 18 the inner clad temperature, P; is the local power,
Ay 1s the surface area of heat transfer, and Ay, is the gap conductance.

The final step is to solve the heat conduction equation,
-V - k(T)VT (x) =g(x) , (12.19)

where k is the thermal conductivity, T is the temperature, and ¢ is the heat generation rate. This is simplified
into a 1D cylindrical equation for the solution here,

1irk(T)iT(r) =q(r) . (12.20)
rdr dr

To discretize the 1D heat conduction equation, finite volumes are defined between a ring bounded by r; and
ri+1. Inside these volumes, the heat generation rate and the thermal conductivity are considered constant.
Using these two approximations, an analytic expression can be derived for the temperature inside a region.

The temperature at r;;; and the heat flux at r; are used as the boundary conditions for each ring:

T(r) = —%r2+C01n(r)+C1, (12.21a)
T (riv1) = Tour » (12.21b)

dT
q; (r)) = —ki— . (12.21c)

dr

These conditions result in the following equation for the temperature inside a volume:
. s 2 ’
qi o) o) qir; qiti r
T(ry=—I\ri,—-r)+|——-—|In|— |+ T (ris1) ,
1= 3 (=) ( 7outrnel L] (e R CSY
rp <r<ri1, (12.22)
where k;, ¢;, and ql’. are the thermal conductivity of the fuel, volumetric heat rate, and linear heat rate in

region i, respectively. Using Eq. (12.22), the temperature on the inside of the volume, r;, can be determined.
The volume-averaged temperature of the volume is

_ 1 Tit]
Ti= —— f 20T (r)dr . (12.23)
bs (r2 - r2) ri

i+1 i
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With the equation relating the temperature at r; and the average temperature 7; to the temperature at r;,, an
iterative scheme can be devised, starting at the outside of the clad and moving inward. The equation for the
cladding is simplified because there is no heat generation:

/
T =" T L n<r < (12.24)
1
Because the thermal conductivity is a function of temperature, each volume is iterated until the average
temperature converges. Once the temperature in the clad is obtained, the gap conductance model is used to
obtain the fuel’s surface temperature. Then the same procedure is used to solve for the average temperature
in each ring of the fuel. Since the fuel generates heat, the linear heat rate at r; changes at each ring. The
iteration procedure continues into the the fuel until the innermost region is reached. The major difference
about the center core of fuel is that r; = 0, and ¢’ (0) = 0 because of the symmetry of the 1D equations.

12.1.2.1 Thermal properties
The thermal conductivity of the clad and fuel are modeled in units of % using semi-empirical correlations
based on low order polynomials. The thermal conductivity of the clad is modeled using

ketag (T) = 7.51 +2.09- 10727 — 1.45-107°T? +7.67- 10777 . (12.25)
This correlation is recommended in NUREG/CR-6150 [46], which provides a detailed review of the exper-
imental data justifying this correlation.

The thermal conductivity of the fuel does not account for burnup, porosity, initial plutonium loading, or
gadolinium loading; instead, it is only a function of temperature:

2150

(1) =1.05 4 ——2
Kpuet (1) = 1.05 + Z7—=373

(12.26)

12.1.3 Fuel Temperature Tables

In addition to 1D conduction calculations, MPACT can also use fuel temperature tables. These tables return
average clad and fuel temperatures as follows:

T tyet = Tpuik + aPy + bP12 , (12.27a)
Teiaa = fetaaT fuet + (1 = fetad) T fuel » (12.27b)

where T, is the average moderator temperature in the neighboring channel, P; is the linear power rate
in the pin, f,;,4 is a constant value set to 0.2, and a and b are exposure-dependent constants found in the
temperature table. The table constants are generated externally by a fuel performance code.

12.1.4 Discussion

The simplified TH solver described above is useful for predicting leading order effects of TH feedback.
The 1D conduction solver can provide radial temperature distributions within each pin, and the tempera-
ture tables facilitate depletion calculations by incorporating the fuel temperature’s dependence on exposure.
However, these capabilities are limited in accuracy and flexibility and should only be used as a preliminary
scoping capability. It is recommended that more advanced TH and fuel performance capabilities such as the
subchannel TH code CTF [127] and the fuel performance code BISON [59, 67, 156] be used for production
calculations.
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Figure 12.3. The MPACT mesh (left), CTF mesh (right), and conformal coupling mesh (center) [95].

12.2. CTF COUPLING

The other TH solver is direct coupling to the CTF thermal hydraulics code [127]. In this case, CTF is called
as a subroutine through exposed coupling interfaces. This solve is more expensive that the simplified TH
solver, but it contains more physics and provides more accurate solutions.

The CTF coupling consists of three basic phases: a setup phase, the solve, and a results phase. During the
setup phase, solution data required for the TH solve are sent from MPACT to CTF. During the calculation
phase, CTF performs the fluid calculations, and if temperature tables are not in use, then the fuel heat
conduction calculations are performed. During the last phase, results of the calculation are passed from
CTF back to MPACT.

Two different coupling meshes can be used. The first is a pin-based coupling mesh that is ideal for LWRs
or other similar models with regular rod-based lattices. The second is a more general channel-based mesh.
The channel-based approach can be used for molten salt reactors that do not have fuel rods or for BWRs
with important flow regions that are not part of a fuel rod cell in the pin-based coupling.

12.2.1 Pin-Based Coupling

Figure 12.3 shows the coupling mesh in the center. MPACT calculates the linear power rate and burnup
for each rod on the coupling mesh and passes that to CTF, which solves the TH problem on the subchannel
mesh. Once the calculation is complete, CTF averages the solution back onto the rod-centered coupling
mesh by averaging all the subchannels that surround each rod. The rod powers are calculated as follows:

_ 2rera) Zgzl KXf.r gPr g

P = — , (12.28a)
’ P
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Figure 12.4. Salt channels (blue) in a graphite block (red) with overlaid CTF channels (black).

5’ P total

ZrER ZzinZ lz,r '

where subscript r, z is rod index r at elevation z, subscript ’ is an MPACT mesh region index, subscript g is
the energy group index, G is the total number of energy groups, R is the total number of rods, Z is the total
number of axial levels, kX is the heat production from fission, ¢ is the scalar flux, P’ is the nominal linear
heat rate (LHR), [ is the heated length at axial level z, and P, is the total power for the reactor.

(12.28b)

In addition to simply setting the rod power, MPACT also contains direct energy deposition models to account
for the energy deposition of neutrons in various reactor components as they slow down. Power sources can
be set for the entire rod, as described previously, or they can be set individually for the fuel, clad, and
moderator materials to calculate a more precise temperature distribution.

CTF also exposes interfaces for providing a radial shape function for the power and burnup distributions
in each rod. This accounts for the fact that the power generation is not uniform throughout each pellet and
provides a more accurate radial power shape for the heat conduction calculations. MPACT uses multiple
radial rings to mesh each fuel rod, so the average power generation in each ring can be used to calculate
coeflicients of a Zernike polynomial that accurately preserves the total power in each mesh while providing
a continuous shape function for the CTF heat conduction calculations. The same procedure can be followed
to generate a radial burnup function for each rod.

Once the calculation is complete, CTF returns temperatures for the fuel, clad, gap, moderator, clad surface,
pellet surface, and guide tube. It can also return densities for the moderator surrounding the rod or filling
a guide tube. These temperatures and densities are then used to modify the isotopics, and thus the cross
sections, for the next MPACT neutronics calculations.

12.2.2 Channel-Based Coupling

Channel-based coupling follows a similar procedure, except that instead of mapping from MPACT rods to
CTF rods, MPACT must now map all of its cross section regions to the appropriate CTF channel. To do
this, CTF provides interfaces for the number of channels, the bounding box of each channel, and the axial
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mesh within each channel. The bounding box is defined in terms of minimum and maximum positions in X,
y, and z. The axial mesh for the channel is assumed to align with the MPACT axial mesh for parts of the
channel that are modeled by both codes. If the centroid of a cross section region falls inside the bounding
box, then it is mapped to a channel. Otherwise it is ignored. Regions that are not mapped to any channels
will not contribute to the power calculations and will not be modified by the TH solutions returned by CTF.
Figure 12.4 shows a 2D example of the bounding boxes for a portion of a model of the Molten Salt Reactor
Experiment.

Once the mapping is complete, a similar but simpler procedure to the pin-based coupling is followed:
1. the volumetric power of each level of each channel is calculated by MPACT and sent to CTF,
2. the TH calculation is conducted,

3. the temperature, density, and pressure of the fluid at each level of each channel are then retrieved from
CTF by MPACT to update the cross sections for the next neutronics calculation.

12.3. USER TH

MPACT also has a user TH capability. This allows the user to set up an HDFS5 file with constant TH dis-
tributions specified at pin and assembly levels and allows the user to include fuel temperatures and coolant
temperatures and densities. The format of the HDF5 datasets is the same as the output from coupled calcu-
lations, so the user can apply constant but realistic TH conditions to MPACT calculations without coupling
to another code.

12.4. MULTISCALE COUPLING

For BWR calculations, the CTF solution can be prohibitively time consuming. This is due to two factors.
First, the two-phase flow is a much more challenging TH problem that results in a stiffer numerical solution
that takes many more iterations to solve than the single-phase PWR calculation. Second, during the early
coupled iterations, the MPACT power distribution sent to CTF is far from reality and changing rapidly, thus
causing CTF to spend even more time converging to a TH solution driven by evolving power distributions.

To mitigate these runtime issues, a multiscale TH coupline approach was developed. This approach uses
the BWR STH capability during the first few iterations to provide an approximate TH solution for MPACT.
Once the power distribution is partially converged from the approximate STH solution, the flow distribution
calculated by STH is sent to CTF and CTF is used for the TH calculation for the remainder of the solve.
This has no impact on accuracy because the calculation still ends with CTF, but dramatically improves the
runtime. This procedure is illustrated in Figure 12.5 and described in greater detail in [64].

12.5. BYPASS FLOW CALCULATION

For BWR models, a significant amount of heating occurs in the bypass region due to several factors: control
blade heating caused by absorption, bypass flow heating caused by down-scatter, and conduction through
the channel box of heat deposited in both the coolant and channel box. The simplified TH (STH) solver
described in Section 12.1.1.2 can be applied to the bypass flows as it already is for the channel to address the
heating in the bypass region. A single channel is set up for each assembly’s bypass flow. The geometry of
the channel accounts for the detailed outer edge of the channel box—including thick-thin channel boxes—
and the presence of control blades. The flow areas increase and the perimeters decrease above the tips of the
control blades. The heated perimeters are set equal to the wetted perimeters.

Given these channel descriptions, the STH solver calculates axial temperature and density distributions for
the bypass flow around each assembly; it also calculates axial temperature distributions for the control blades
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Figure 12.5. Illustration of the multiscale coupling procedure.

and channel boxes and adjusts the amount of heat in the channel from conduction through the channel box.
As with the in-bundle coolant solve, the bypass flow around each assembly is rebalanced to obtain the same
pressure drop in all bypass flow channels, which results in a radial flow distribution for the bypass as well.
This information affects the neutronics calculation for coupled simulations.

MPACT calculates the direct heating of the channel box, bypass flow, and control blades caused by down-
scatter and absorption. These calculations are performed as follows:

Ppoxiz = f fKCZC (x,E)¢ (x,E) + f(E —E)I;(x,E > E)¢(x,e)dE'dEAV , (12.29a)
Ve(box,iz) 0 0

(o) (o9

Phypassic = f f KeZe (x,E) p (x, E) + f (E-E)E,(x,E - E')¢(x,e)dE'dEAV , (12.29b)

Ve(bypass,i,z) 0

Phladeiz = f fKCZC (x,E)¢ (x,E) + f(E —E)I;(x,E > E)¢(x,e)dE'dEAV, (12.29¢)
Ve(blade,i,z) 0 0

where subscripts box, bypass, and blade refer to quantities in the channel box, bypass flow, and control
blade, respectively; subscripts i and z refer to quantities in assembly i and axial level z, respectively; k. is
the heat release per capture; X, is the capture cross section; X is the scattering cross section; and phi is the
scalar flux. These values are then used in the STH solve for the bypass region to calculate temperatures and
densities.

12.5.1 Bypass Heating Parameters

Three major parameters control the behavior of the bypass STH model. These parameters are presently
user inputs to VERA, and therefore reasonable values must be chosen. Each of these values and the value
selection process are discussed in the following sections.
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12.5.1.1 Bypass Flow Fraction

The bypass flow fraction is the most well understood of the three parameters at this time. It is a state-
dependent value that must be input by the user. For full-core models, the bypass fraction is typically input
as a power- and flow-dependent table based on plant data. This allows the bypass flow to properly match the
state-dependent power and flow without the user entering the bypass every time.

12.5.1.2 Bypass Heating Fraction

A significant amount of the reactor power is due to gamma rays, which are not typically modeled during
multiphysics calculations with MPACT. To account for this gamma heating and other secondary effects that
may not be resolved by MPACT, a second user-specified parameter is the bypass heating fraction, which is
a single value for the entire calculation. This controls the fraction of additional power that is deposited into
the solid structures that affect the bypass flow: the control blades and channel boxes. A reasonable value for
this may be several percent.

The bypass heating fraction is a fraction of the total core power that will be added to the MPACT-calculated
power distributions for the bypass. The bypass heating fraction will then be divided up as follows:

Pbox,i,z = fonProtal Pooxi > (12.30a)
i 22z Proxiiz + Phiade,i

= Pplade,i,

Phlade,iz = fonProtal ne (12.30b)

9
i 22z Proxiiz + Phlade,i

where fp, is the user-specified bypass heating fraction and P, is the total reactor power. In other words,
additional user-specified heating is placed in all the channel boxes and control blades and uses the MPACT-
calculated heating as a shape function to distribute the user-specified heating. The reason this heating is
restricted only to the solid structures is that gamma rays primarily interact with high-Z material, so it is
expected that the vast majority of gamma heating would occur in the structural materials, not the fluid. The
Ppox and Pyjuq. values are what are actually used in the STH calculation.

12.5.1.3 Bypass Inlet Orifice Loss

The final parameter is the inlet orifice loss for the bypass flow, which is specified as an assembly-wise
map. For the channel TH calculation, the inlet orifice loss coefficients may be on the order of 1.0 or less;
typically, the map has one value for the peripheral assemblies and a different value for the interior assemblies.
However, for the bypass flow, this parameter is about two orders of magnitude higher, and typically no data
are available for the actual loss coefficient for the bypass flow. To avoid forcing the user to manually tune
the distribution for the bypass flow, a search capability was implemented. If the distribution is not input,
then the code will assume (1) that all assemblies have the same inlet orifice loss for the bypass flow and
(2) that the pressure drop in the bypass regions must be the same as that inside the bundle. Using these
two assumptions, the bypass flow solver can iterate on the inlet orifice loss until the bypass pressure drop
matches the in-bundle pressure drop. This iteration is implemented as a Newton iteration, which in practice
takes only about three Newton iterations to sufficiently converge. The bypass flow solver is efficient enough
that the increased runtime from the additional STH solves to obtain the loss coeflicient is negligible.

12.5.2 Channel Box Conduction

To account for the channel box conduction, a simple 1D slab geometry conduction calculation is performed.
The conduction equations for this scenario are as follows:
d&°T

_kﬁ =q", (12.31a)
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aTr
oypass (T () = Thypass) = k— o (12.31b)
ar
hcoolant (T (L) - Tco()lant) = kd_ s (12.31c)
X x=L

where x = 0 is interface between the bypass flow and outer edge of the channel box, x = L is the interface
between the coolant flow and the inner edge of the channel box, Tpypuss and Teooans are the bypass and
coolant fluid temperatures from the previous TH solve, hpypass and hepoans are the convective heat transfer
coeflicients for the bypass and coolant flows, k is the channel box heat conductivity, and ¢’”’ is the volumetric
heat rate in the channel box. These equations do not have an analytic solution, but they can be integrated
over finite volumes to set up a simple linear system to solve for the channel box temperature. Then, the
heat flux from the channel box to the bypass and coolant flows is calculated and used to update the power

deposition in the fluid.

12.5.3 Coupled Calculation Flow

The calculation flow for a coupled neutronics—TH solve with the bypass flow heating and inlet orifice loss
coefficient search enabled is shown in Figure 12.6. The coolant TH is solved first, iterating until the pressure
drop in all fuel bundles is the same. The channel box conduction occurs next, using the most recently
available coolant and bypass conditions; for the first iteration, the bypass is assumed to be at inlet conditions.
The heat fluxes out of either side of the channel box are used to modify the total heat deposition in the bypass
flow for the upcoming solve, as well as in the coolant flow for the subsequent iteration’s coolant solve. The
bypass flow TH solve occurs next. As with the coolant TH solve, the solver iterates on the flow until the
pressure drop in each bypass region is the same. Next, the bypass pressure drop is compared to the coolant
pressure drop. If they are not equal, then the inlet orifice loss coefficients are updated, and the bypass flow
TH calculation is repeated. This results in bypass flow temperature and density distributions that have a
pressure drop consistent with the rest of the coolant.
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Figure 12.6. Calculation flow when using bypass heating with inlet orifice loss coefficient iteration.

12.6. NATURAL CIRCULATION

A simple natural circulation capability is available in MPACT as part of the STH module. The fundamental
equation for PWR flow rate given a computed pressure drop from STH or CTF is given by

_ fen(Hz — Hy)in® fscLsgin® foc(Hy — Hy)in® N Kcpin® Ksgm?

APy, = - d
y 2A)26’C;1p2De,Ch ZA?C’SGpSGDe,SG ZA)ZC,DC,OlDe,DC ZA,ZC,Chpz 2AiSGpSG
Kpci? m (1 1
+ ?C — + p28(H3 — Hz) + p18(H\ — Ha) — psGg(H3 — Ha) + — (— - —) . (12.32)
2A% peP xsG WL P2

where the subscripts and variables have the following meanings:

e Rx: reactor core,

e Ch: chimney,

e SG: steam generator,
e DC: downcomer,
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Integer subscripts 1, 2, 3, 4 refer to the labels in Figure 12.7a,
H: elevation at the location indicated by the subscript,

A,: cross-sectional area,

f: friction factor,

m: mass flow rate,

K: local loss coeflicients due to geometry changes (e.g., pipe branching or recombining, pipe narrow-
ing or widening, spacer grids)

L: length of a component of the loop,

p: fluid density,

p: component-averged density,

D,: hydraulic diameter,

g: gravitational acceleration.

The equivalent for BWRs is given by

APo. = fen(Hz — Hym?* foc(Hs — H)in®  Kepii? Kpcrin?
BT 0A2_ oD oCh A D e | 242 EEYY
x.chPfPeCh x,pcP1e.DC X ChPf x,pcP1
+ p28(H3 — Hy) — p1g(H3 — Hy) (12.33)

where variables retain the same meanings and new variables have the following meanings:

py: density of saturated liquid,
pg: desnity of saturated vapor,
(DIZO: two-phase friction multiplier,
Y: two-phase local loss multiplier.

Additionally, the number and components subscripts for the BWR expression refer to Figure 12.7b instead
of Figure 12.7a.

The natural circulation solver calls the in-core TH solver first, then uses one of the preceding equations to
update the mass flow rate i1, for the current iteration n. The solver continues to iterate until |riz,, — rit,—1| >
rii,€, where € is convergence criterion. Additional details on the derivation, implementation, and results can
be found in the paper by Herring [73].
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Figure 12.7. Illustration of primary loop model used for natural circulation calculations.

12.7. PARTIALLY CONVERGED CMFD FOR TH COUPLING

When using TH feedback or other feedback mechanisms, the convergence behavior of the 2D/1D calcula-
tions accelerated by CMFD can be degraded. The traditional approach to solving this problem is to introduce
a relaxation factor in the CMFD calculation. While this helps to stabilize the iteration scheme, it can signif-
icantly increase the total number of coupled iterations required to solve the problem.

To address this, Fourier analysis was performed on a linearized form of the neutron transport equation with
coarse mesh diffusion-based acceleration and TH feedback. This analysis showed that partially converging
the CMFD calculation during the early iterations has the effect of improving the convergence of the overall
system. The nearly optimally partially converged (NOPC) CMFD method is implemented in MPACT as an
option to improve the performance of multiphysics simulations. Additional details of this method are left to
the literature [133, 134]

12.8. ENERGY DEPOSITION

The solution of the Boltzmann transport equation gives neutron flux and related reaction rates. To obtain
the pin power distribution, the user must calculate the energy deposition based on these reaction rates. The
energy release and recovery in a nuclear reactor system involves several physical mechanisms. In addition
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to the direct fission energy release, energy is also deposited by the slowing-down and capture of neutrons.
Most recoverable energy is released instantaneously, such as the kinetic energy from fission fragments,
prompt gamma rays, and slowing-down of fission neutrons. About 7% of energy is released some time after
the reaction event from the radioactive decay of fission products or from activation materials in the form
of delayed beta and gamma rays. The delayed energy reaches equilibrium after a period of steady power
history. The time-dependence of the delayed energy is usually neglected in most reactor core simulations,
except when estimating the decay heat during reactor shutdown. Table 12.1 presents the various energy
release mechanisms from neutron fission and capture, along with the characteristics of these mechanisms.
To accurately model the energy deposition regarding the spatial and time dependence, special considerations
are required for the terms in boldface font.

Table 12.1. Fission energy release from the section of MF1/MT458 in ENDF/B-VIIL.

Mechanisms Fraction | U-235 (MeV) | U-238 (MeV) | Range Time

Fission fragments 80% 169.13 139.80 Local Instant

Beta decay of 3-4% | 6.50 8.48 Local Delayed
fission products

Fission | Prompt | 3-4% 6.60 6.68 Global Instant
gammas | Delayed | 3-4% 6.33 8.25 Delayed
Anti-neutrinos 4-5% 8.75 11.39 Unrecoverable | Delayed
Neutron capture’? | 3-5% 6.0-11.0 Global Instant/delayed
Neutron scattering” | 2-3% 4.0-5.0 Global Instant

1. Energy released by capture of neutron of all absorbers in the system via reactions of (n,y), (n, @), etc.
2. The kinetic energy of fission neutrons is not included in this table because it is accounted for by neutron capture and scattering.
The energy releases via neutron capture and scattering are estimated ranges that depend on the specific reactor system.

12.8.1 The Default Energy Deposition Model

Conventionally, MPACT uses the effective isotopic fission energy release for core operation calculations
[86]. The effective energy release includes kinetic energy of fission fragments and fission neutrons, prompt
gamma energy, equilibrium delayed gamma and beta energies from the Evaluated Nuclear Data File (ENDF),
and a typical energy release contribution from neutron capture [78]. With this approach, the slowing-down
energy is assumed to be equal to the kinetic energy of fission neutrons. Given a reactor’s thermal power P,
the neutron flux is normalized by a factor f, as determined in the following equation,

P(t) = fZ Vj ZFEf,isoNiso,j Z O-f,g,iso,j¢g,j . (1234)
J

iso g

where, k7,5, is effective fission energy release for isotope iso (unit: J), and j is the region index. When the
summation of material regions applies to a pin cell, Eq. (12.34) computes the pin power. Therefore, MPACT
assumes local energy deposition at fission sites inside the fuel rods. To consider the heat directly generated
in the moderator via neutron and gamma reactions, a direct moderator heating fraction (user-defined) is
presently used.

12.8.2 The Explicit Energy Deposition Model

Several limitations of the default energy deposition model in MPACT include (1) time dependence of the
delayed energy mechanisms is not considered in the time-dependent problems like depletion and transient
calculations; (2) a typical value of the neutron capture and slowing-down heat is built into fission kappa
without considering the fuel composition explicitly; (3) all heat generation is assumed to be deposited in
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fuel rods when computing the pin power; and (4) no gamma smearing effect is considered. To eliminate
these assumptions and account for all the boldface terms in Table 12.1, an explicit energy deposition model
is developed in MPACT.

12.8.2.1 Explicit model with time dependence

Accounting for the time dependence of energy deposition involves two considerations. First, in depletion,
the overall effective energy release per fission varies with the isotopic concentrations via fission and capture
reactions. As described below, this effect is considered in the new model because it accounts for the fission
and capture energy releases explicitly. Second, the time dependence of the delayed energy mechanisms
should be modeled for depletion and transient calculations. To proceed, the thermal power of a reactor, P(¢),
is written as the sum of a prompt component, P,,(t), and a delayed component, P,():

P(t) = Ppr(t) + Pae(t) . (12.35)

For a fissionable isotope, a fraction yfs of the fission energy is released sometime after the fission event
through fission product decay. Similarly, the delayed fraction, y¢_ , of the energy for neutron capture can be
defined, so P,,(r) is written as

pr(t) f@® Z Z Niso j(t)[(l 'y[};O)Kflso Z O f.g.iso j¢g /(t)

iso

+ ( - yiso)KC»iSO Z O—C,g,iso,j¢g,j(t) + Z Z O—S,g/—>g,is0,j¢g’,j(t)AE(g/ - g)] . (1236)
8

g &

iso

In Eq. (12.36), the energy release from neutron fission, capture, and slowing down are explicitly modeled;
this corresponds to the three terms in brackets. s, is the direct fission kappa without the contribution from
fission neutrons (and the subsequent energy from neutron capture and slowing down). . s, 1s the average
energy release from neutron capture of isotope iso. AE(g’ — g) is the average energy loss of neutrons
scattered from group g’ to g calculated by the midpoints of the two energy groups. Because the inelastic
scattering effect is small for thermal systems, all the slowing-down heat is assumed to be promptly released.

To determine the delayed power P,.(f), a common approach is to lump the numerous components of the
delayed heat source into a relatively small number of groups [49] [125]. This approach is similar to the
treatment of delayed neutron precursors, but in this case, the group is characterized by the half-lives of
delayed heat emitters. The constants for the delayed heat groups are obtained by exponentially fitting the
delayed energy release as a function of emission time. This approach was implemented in MPACT to
investigate the effect of the delayed energy release on the time-dependent calculations [108]. If D7 . iso.j is
defined as the concentration of the delayed heat emitters in group m from isotope iso at region j for induced
reaction x (fission or capture), then the balance equation that Dj; iso.j satisfies is given as

aD’ . (1)
o = FOV Y isokisoNiso (1) Z T rgiso i/ 0) = Ayiso Do /D) (12.37)
where y* . and A* . are the yield and decay constants of delayed heat group m, so that }},, y*

m,iso m,iso m,iso
to y* in Eq. (12.36). By using D* . . the delayed power is calculated as

m,iso, j’

Pae(t) = Z Z Z Z/lm iso mzsz)] ). (12.38)

iso x=f,c m

is equal

Lso

To account for the time dependence of delayed energy, MPACT can solve Egs. (12.35)- (12.38) instead of
(12.34).
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12.8.2.2 Spatially dependent energy deposition with gamma smearing

Most fission energy is deposited locally in fuel rods in which fission events occur. However, a small but
nontrivial fraction of the energy can also be deposited in the nonfuel regions, such as the clad, moderator,
control rods, and structural materials. By applying Eqgs. (12.36) and (12.38) to a spatial cell (i.e., the
summation over the material regions of the cell), the local heat can be estimated explicitly.

The spatial model should also account for the energy deposition of gamma rays, essentially from neutron
fission and capture for thermal systems. Liu et al. [111] developed an approximate gamma smearing model
based on the following rationale: (1) the spatial gamma energy sources can be estimated according to the
fission and capture rates, (2) the gamma energy originated from a pin cell is assumed to be redistributed
within a predefined block of n X n pin cells due to the longer mean free path, (3) pseudo fuel pins with a zero
gamma source are placed in the radial reflector (almost transparent to gamma) to account for the leakage
effect, and (4) according to Knoll [92], the gamma interaction cross sections are essentially proportional to
the power of the isotope atomic number. Considering gamma smearing, the final pin power 13,-, jis calculated

as
K

M

Pij=Pij- Pl + Z Z P (12.39)

k=1 m=1

where P; ; is the initial pin power before gamma smearing at the x and y indices (i, j); Pz i is the gamma
source energy originated from pin (i, j), including prompt and delayed gamma from fission and capture;
K and M are the total numbers of pins on x and y side of a 2D plane (pseudo pins can be filled for the
jagged core such that all rows or columns have the same number of pins); and sz_”.j is the gamma energy
deposition in pin (7, j) due to the gamma source from pin (k,m). Based on the assumption that gamma
smearing is within a predefined n X n (an odd number should be chosen for n to ensure that the gamma

source pin is in the center of the block), PZ . is calculated as
m—ij

)
2o Diso Zr,iw,i,er,iSO,i’jVr,i,j

Y =pY (12.40)
km— k,m D) .
"y ;(,J:]C{_x Z;Z::);—x Zr Ziso Zﬁ,,'so,p,qu,iso,p,q Vr,p,q
-1 — — —
ifk—nTsisk+n and m — <j<m+ . (12.41)

where Z is the atomic number of isotope iso in subregion r of pin (i, j), N is the number density of the
isotope, and V is the volume of the subregion. For values of k, m, i, and j that do not meet the above
conditions, sz_)ij = 0. Figure 12.8 shows the gamma smearing ranges for three pin cells: an inside fuel rod
(A), a control rod (B) near the reflective boundary, and a fuel rod (C) near the reflector. For the reflective
boundary, the pin cells are unfolded according to the symmetry within the block.

If Eq. (12.39) is summed over all pins of the 2D plane, including the pseudo pins, then

K M K M

Pior = Piog =Pl + D 3N 3 P = Puor. (12.42)

i=1 j=1 k=1 m=1

Py and Pj , are the total power and total gamma power of the 2D plane. The summation term is also the
total gamma power, so the gamma smearing scheme preserves the total power.

The coefficients / and n in Eq. (12.40) are determined by trial and error according to the MCNP gamma
transport solutions of a set of 2D assembly problems [153]. It was found that [ = 1.6 and n = 7 resulted
in good agreement for a range of 2D assembly problems. Also, the Z-dependence of the photoelectric,
Compton, and pair production cross sections are in the form of Z* — Z°, Z, and Z?, respectively [92], so Z'
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Figure 12.8. Visualization of the gamma smearing ranges with n = 7.

is a reasonable approximation because Compton scattering is the dominating gamma reaction in the reactor.
Furthermore, only the 2D indices (i,j) are involved in Eq. (12.40), so the axial gamma smearing effect is
neglected. When estimating the gamma power distribution within a pin cell, the weighting function of the
same form is calculated for each material region.

12.9. DECAY HEAT COUPLING

The ORIGEN application programming interface (API) provides a straightforward function that can be
called to calculate decay heat. The function simply takes in a list of isotopic number densities and returns
the total heat generation in watts for that set of isotopes. All of the various decay mechanisms and heat
generated by each decay are handled internally by ORIGEN. MPACT was modified to call this ORIGEN
interface for every mesh region to obtain a 3D decay heat distribution. These values are then converted to
decay heat LHRs to match the format of the prompt power production used for the coupling with CTF. The
decay heat values are updated at the start of a calculation and after each call to ORIGEN so that the decay
heat generation always matches the current isotopics in the MPACT model.

The MPACT-CTF coupling incorporates the decay heat distribution. The distinction between decay and
prompt heat is made only on the MPACT side; ultimately, CTF receives only total heat from MPACT. First,
the total power is decomposed into prompt and decay power:

Ppmmpt = Protal — Pdecay s (12.43a)
Pdecay = Z Z PDrz nz s (1243]3)
reR zeZ
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where Pgecqy and Ppromp, are the decay heat and prompt portions of Py, and Pb’ e is the LHR due to decay
heat at axial level z of rod r as calculated by ORIGEN. Using these definitions, we can devise a modified
version of Eq. (12.28):

P = P;,“ + P})M , (12.44a)

G
_ Zr’e(r,z) Zg:] Kzf,r’,g(pr’,g

Pp,, = — : (12.44b)
7
- P rompt
pp = — (12.44c)
ZreR ZzinZ lz,r

These modifications allow the MPACT-CTF coupling to use the same subroutines in the CTF coupling API
while separating out the prompt and delayed portions of the pin power distribution on the MPACT side of
the coupling.

12.10. SPECIES TRANSPORT COUPLING

This chapter discusses mass transport models for molten salt reactor (MSR) calculations. The first model is
a simplified neutron precursor drift model [31]. This assumes only axial flow, allowing a simple equation
for the drift of neutron precursors to be derived as a function of fuel flow velocity and the length of the
primary loop external to the core. The second model is a generalized species transport module in CTF.
These calculations use the CTF TH solution to transport arbitrary species around the loop [66].

12.10.1 Simplified Neutron Precursor Drift

The standard precursor balance equation is given by

dc
—~ =By f VEf$dE — 4Cy , (12.45)

dt
where C is the precursor concentration, 5 is the delayed neutron fission yield, A is the precursor decay
constant, and subscript k denotes the precursor group index, where the standard 6 precursor groups are used.
For flowing fuel, the precursors migrate away from their initial location prior to decaying, an effect that
cannot be ignored. To account for this, a convection term is added to the previous equation:

dC
d—t" =B f VEf¢dE — 44,Ci = V - (Cov) (12.46)
where v is the fluid fuel velocity vector. This gives the distribution of the precursors, even when the fuel is
moving.
The simplified model in MPACT assumes steady-state axial drift. This simplifies the equation to

d(Cyv)

4 + 4;.Cr Z,Bk fVZf(ﬁdE , (12.47)
4

where v, is the axial component of the fluid fuel velocity vector. Additionally, the axial velocity is assumed
constant, specified by user input. With this assumption, the previous equation can be integrated axially

across a mesh cell to obtain the precursor concentration in the cell as a function of axial position:

A A
Ci(2) = C (0) el 4 ﬁ—"% (1 - e—rﬁz) , (12.48)
k
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where Wr is the total fission source. The average precursor concentration can be calculated by integrating
over a cell of height H:
o _ (CeO) =~ Cu(H)v: i
k= + .
MH Ak

(12.49)

Using this formulation, the average and outgoing precursor concentrations can be found in each mesh cell by
starting at the core inlet and marching upward across each axial level for each flow channel. The outgoing
precursor concentration for each level can be used as the incoming for the level above it. All that remains is
to determine the core inlet concentration C core,in. To do this, the outlet concentration Cy core our 1 calculated
as the average of outgoing concentrations of all the cells at the top of the core. The inlet concentration can
then be calculated from the outlet concentration using the length of the primary loop external to the core
Ley:

A

_Lky
Ck,core,in = Ck,core,oute ve et (12.50)

The first time this calculation is done, a guess is used for Ci corein to update the concentrations in each cell
and obtain a better estimate of Cy core,in. This process is then repeated for each of the precursor groups until
the change in the inlet concentration is small.

The delayed fission source in a cell is defined in terms of the precursor concentrations:

6
Y ielayed = Z AC . (12.51)
=1

The fission source contribution to each energy group g can then be defined as

6
W, = (1= B)xe¥r + Xag ) 4Cr (12.52)
k=1

where  is the sum of i, and x, and x4 are the prompt and delayed fission spectra, respectively.

For CMFD acceleration, the fission source must be defined such that there is no inhomogeneous source. To
accomplish this, the delayed fission source is divided by the fission source from the previous iteration:

26 4Cr

Y. 12.53
Y1 014 g ( )

\Pg = (1 _ﬂ)/\/g‘PT + Xd,g
At convergence, W74 = W7, returning the typical definition of the fission source.

12.10.2 CTF Species Transport

The species transport coupling with CTF is built on the channel-based coupling from the TH coupling
section. MPACT generates source terms and sends them to CTF, which uses the velocity fields to transport
the species through the model. The results are then sent back to MPACT to modify the neutron transport
mesh appropriately.

First, the user inputs to the code are briefly discussed, as they are useful in describing the coupling between
MPACT and CTF. Then, each of five different types of species are described, along with their feedback
effects on the MPACT calculation.
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12.10.2.1 User inputs

Several user inputs warrant discussion to enlighten the remainder of the species transport coupling discus-
sion. First, the MPACT input exposes options to name certain CTF cells using the “component* option.
This allows CTF cells relevant to the species transport calculation to be referenced in other input options.
Example names that are used in this work are “bubbler” and “offgas,” which identify portions of the loop
where helium gas bubbles are inserted and removed, respectively.

Two other options that are noteworthy are the “source” and “sink” options. These allow the user to specify
constant source or sink terms at various parts of the loop. These options take a component name, a value,
kg

and units. The units can be either a mass insertion or removal rate in => or a percent. This allows, for

example, 1 X 10_6% of helium gas to be injected at the bubbler component, or 50% of all gas bubbles to be
removed at the location in the loop corresponding to the off-gas system. These inputs can also be used to
specify online processing of the fuel salt, online refueling, or other phenomena that are unique to MSRs and
relevant to the species transport calculations and coupling.

Finally, there are several input options related to species interacting with gas bubbles. First is the list of
interacting species. This list tells MPACT which isotopes can move between the salt and gas bubbles. It
tells MPACT to generate two versions of that species and to create a transition between them in CTF. Second,
a list of Henry’s Law coefficients must be supplied for each species to govern the transitions between the
two phases. MPACT does not use these coeflicients, but because it is driving the calculation and setting up
the species, it must pass the coefficients to CTF.

12.10.2.2 Delayed neutron precursors

The first category of species is delayed neutron precursors, an important subset of fission products that emit
neutrons as a result of radioactive decay. Traditionally, and in MPACT, the precursors are divided into six
groups based on half-life, with values ranging from approximately 0.2 to approximately 55 seconds. This
timescale is significantly longer than that of prompt fission neutrons. The timescale is not an issue in LWRSs,
in which the fuel is solid, but in MSRs, it gives the precursors time to drift from their point of origin before
decaying. This causes shifts in the shape of the power source, and it even causes production of power outside
the active core region in the primary loop.

Two pieces of information must be calculated to transport the precursors. First is the production rate from
the fission of each precursor group, defined by S g;:

(o)

S i =pBi f vEs (x, E, 1) ¢ (x, E, 1) dE , (12.54)
0

where subscript i indicates the precursor group, §; is the delayed neutron yield (the fraction of fission neu-
trons that are delayed) for the group, v is the average number of neutrons produced per fission, X is the
fission cross section, and ¢ is the scalar flux.

The other piece of information is the decay constant for each group. This constant is provided as part of
MPACT’s cross section library and is the same for every region. Thus, the decay constants are simply passed
directly to CTF for each region without modification.

The delayed neutron precursors are applied by modifying the fission source. For a steady-state calculation,
the steady-state fission source F, in region r is typically written as follows:

k
Fi ==L ®F,. (12.55)
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where k. 7y is the system criticality, y, is the energy spectrum of fission neutrons, and F;, is the total fission
source in region 7:

[ee)

Fp, = f vEs, (E) ¢ (E)dE . (12.56)
0

This expression assumes that the amounts and positions of delayed neutron precursors are unchanging,
allowing the delayed neutrons to be lumped in with the prompt neutrons in calculating the fission source.
Because the assumption of unmoved precursors does not apply in MSRs, even during steady-state operation,
the fission source must be written in a different form that allows the precursor concentrations to directly
impact the fission source distribution:

Fo- kefer (E) f[l _ Zﬁ’?’] vis, (E) ¢, (E)dE + Z A;C;

47T 0 €Ny iENy
=11->5 Fy s, (E) Y AiC;
. Lr r 4r r ‘ 1“i
iENy €Ny
A;C;
=|1- (ﬂi,r+#) F?
= a,F*, (12.57)

where N, is the number of delayed neutron groups, usually six, and C; is the delayed neutron precursor
concentration in region r obtained from the CTF species transport calculation. Instead of explicitly treating
the prompt and delayed portions of the fission source separately, a scaling factor @, can be defined for each
region. This scaling factor subtracts the steady-state amounts of each delayed neutron group fission source,
and then it adds the actual source back in after accounting for the movement of the precursors prior to decay.
When a, = 1, the precursors have not moved, so the expression is equivalent to the steady-state fission
source. For a, < 1, more precursors have flowed out of r than into it, whereas the opposite is true for
a, > 1. Thus, applying the feedback of the delayed neutron precursor drift is as simple as calculating that
scaling factor for each region.

For transient calculations, such a modification to the fission source is unnecessary. Instead, the prompt and
delayed portions of the fission source are calculated explicitly. The prompt fission source is calculated from
the flux and fission cross section:

(o)

Fp,r = fvpzf,r (E) ¢, (E)dE, (12.58)
0

whereas the delayed portion is calculated from the precursor concentrations:

For= ) ACi, (12.59)

€N,

where subscripts p and d refer to prompt and delayed, respectively. The precursor concentrations in this
case are taken from the transient species transport calculation for the timestep. Currently, an explicit time
integration method is applied. Future work could apply more advanced time-stepping techniques.
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12.10.2.3 Isotopes

The second category of supported species in MPACT is isotopes. For isotope transport, users can specify
any isotope in the cross section library and have CTF transport it around the loop. Isotopes make use of the
fission source yield and decay constant preparation just like precursors, but they also require some additional
setup. One quantity that is required by isotopes is an absorption rate, which takes into account the fact that
some isotopes are removed from the system as a result of nuclear interactions in the presence of a neutron
flux. It can be calculated as follows:

[Se]

Lgj= fo-a,j x,E, )¢ (x,E,1)dE , (12.60)
0

where L, ; is the loss due to absorption of isotope j and o ; is the microscopic absorption cross section for
the isotope. This term is then included in the species transport matrix as a coefficient for j components of
the solution.

Another piece of information unique to isotope transport is production of an isotope from another isotope.
When multiple isotopes are being transported and one decays to the other, the loss of the parent isotope from
radioactive decay is treated as a source term for the daughter isotope.

Finally, isotopes are assumed to be evenly distributed around the loop at the beginning of a calculation. This
choice was made because it is important to capture isotopes flowing into the active core region from other
parts of the primary loop. The code essentially assumes "fresh fuel" everywhere in the primary loop at the
start of the calculation, resulting in a uniform distribution of all isotopes. After the first species transport
calculation, this assumption is no longer made since a distribution is now available from CTF.

Applying the feedback effects for isotopes is much more straightforward than applying the precursor effects.
For each region in the MPACT mesh, the concentration of each isotope in the corresponding CTF cell is
used to update the number density on the MPACT mesh by simply assigning the new value. This is done for
every isotope tracked by CTF. For those not tracked by CTF, the number densities are unchanged from the
previous MPACT calculation. After updating the isotope number densities, MPACT calculates macroscopic
cross sections as usual. The updated isotopic densities impact the cross sections, thus providing feedback to
the next neutron transport calculation.

12.10.2.4 Elements

The third category of species is elements. Elements in species transport are a collection of individual isotopes
that are exposed to the user as a convenient shorthand. When a user specifies an element, all isotopes of
that element that exist in the MPACT cross section library are prepared and sent to CTFE. The only unique
preparation for elements, compared with isotopes, is the unfolding of the element into its constituent isotopes
based on the cross section library.

12.10.2.5 Chemical species

A fourth type of species is the chemical species. These are other generic species of interest that are not
directly produced as a result of the neutron transport and depletion calculations and provide no feedback,
but whose movement around the loop could be of some other interest to a user.

12.10.2.6 Gas bubbles

Finally, gas bubbles can also be transported. Some MSR models inject an inert gas such as helium into
the salt to aid the uptake of gaseous fission products from the salt, enabling easier removal of those fission
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products via an off-gas system. Like isotopes, gas bubbles also assume an initial distribution that is uniform
around the loop. This distribution is taken from the input options for the bubble or a similar component.

The only other piece of data that must be supplied to CTF is a list of interacting species. This list tells CTF
which species could exist in either the liquid or the gas phase, allowing them to leave the fuel salt and enter
the gas bubbles. This mechanism is governed by Henry’s Law coefficients, mentioned above, but it requires
MPACT to set up two species for an isotope and then inform CTF that transitions can occur between those
two species based on Henry’s Law behavior.

For gas bubble transport, it is assumed that the MPACT mesh was specified without accounting for the gas
bubbles. After the species transport solution, the void fraction v, from gas bubbles can be retrieved from
CTF for each region in the MPACT mesh. To apply this void, the number densities of all non-gas isotopes
in the MPACT mesh region are multiplied by a scaling factor 1 — v,. The appropriate amount of gaseous
material is then added to the mesh, including any isotopes that may have moved from the salt to the gas
bubbles. As with the isotope updates, the new number densities then provide feedback into the macroscopic
cross section calculations in MPACT.

12.11. CHEMISTRY COUPLING
12.11.1 MAMBA Coupling

Under certain coolant chemistry and power conditions, LWRs exhibit CRUD-induced power shift (CIPS).
CRUD is a build-up of entrained coolant particulate impurities, mostly Ni-Fe-Oxides, on the surface of
the fuel. This layer is porous in nature. CRUD preferentially forms in the upper spans of the reactor
where coolant temperatures are largest and where subcooled nucleate boiling occurs on the rod surfaces.
The porous layer contains micrometer-sized boiling chimneys which drive an advection process that draws
coolant impurities into the CRUD layer. Because the coolant contains soluble boron and lithium, the wick-
ing effect can locally concentrate soluble boron and lithium such that solid boron-containing compounds
precipitate in the CRUD layer, thus trapping boron near the rod’s surface. If enough of these boron-rich
deposits form in the upper spans of the core, a depression in power results in the upper spans of the reactor,
leading to a power shift toward the bottom of the core, thus yielding CIPS.

The accurate prediction of CIPS has remained an important challenge problem identified by the nuclear
industry. MAMBA [32] coupled with MPACT and CTF provides a capability to simulate CRUD growth
with pin-by-pin fidelity, which is important for the prediction of localized boron precipitation in CRUD and
for estimating the risk of CRUD-induced local corrosion (CILC). The difficulty of the problem stems from
its multiphysics nature: correct simulation of CIPS requires coupling neutronics, thermal hydraulics, CRUD
deposition, solid boron compound precipitation in the CRUD layer, and the buildup of CRUD precursor
impurities in the primary loop from corrosion processes.

Several important neutronic-CRUD feedbacks are considered by coupling MPACT and MAMBA. First, the
spatial fission distribution computed by MPACT is used in the larger core TH energy balance to resolve
the rod surface heat flux and temperature. These surface conditions are passed to MAMBA and used in
conjunction with other coolant properties to determine the CRUD growth rate. Critical to the prediction of
CIPS, the power feedback effects caused by the presence of boron inside the CRUD are captured. This is
handled by having MAMBA provide the CRUD thickness to MPACT, along with the number densities of
B10 and other isotopes in the CRUD layer, such that the neutronic effects of the thin boron-rich CRUD layer
can be captured. This feedback is resolved in the fixed-point iteration loop, where for a given operating
condition and time step size, a steady-state neutronic, TH, and CRUD solution is found. Additionally, the
depletion of B10 in the CRUD layer is also resolved. MPACT supplies a microscopic reaction rate of the
B10 n-alpha reaction in the CRUD layer. This information is used in MAMBA to compute the amount of
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B10 in the CRUD. Toward the end of cycle, the B10 depletion in the CRUD layer tends to shift the power
distribution toward the top of reactor for cases in which heavy CIPS was encountered mid-cycle. Finally,
the ability to clean CRUD off of the fuel rod surfaces during an outage and fuel reshuffle is provided.

Overall, the net effects of CRUD buildup on the power distribution and fuel depletion rates can be significant
over the course of a cycle, so the coupling of MPACT and MAMBA provides an important capability when
assessing a particular core design’s CIPS risk over multiple cycles with fuel reshuffling and crud cleaning.

12.11.2 User CRUD

In addition to coupling with MAMBA, MPACT also supports a user-specified CRUD capability, similar
to the user TH capabilities discussed above. The user can set up an HDF5 file with pin and assembly
distributions of CRUD and boron that are applied to the MPACT mesh. This allows the user to perform
analysis on the effects of CRUD (such as CIPS) without coupling to another code.

12.11.3 Thermochimica Coupling

One problem unique to MSRs lies in the chemistry of the reactor. A fresh fuel salt may contain a dozen
elements, and the system components have even more, all at high temperature. Additionally, once fission be-
gins occurring, almost the entire periodic table is available in this molten solution. Therefore, it is important
to characterize the chemistry of the system, in addition to the neutronics and TH. Such analysis is important
to determine whether system components will corrode, whether certain phases will plate out on the heat
exchanger, which compounds could leave the liquid phase, and other potentially important phenomena.

To broach this type of analysis, the Thermochimica [120, 121] thermochemistry code has been coupled
to MPACT and CTF. A detailed discussion of the Thermochimica methods is deferred to the referenced
literature, but this section presents a brief overview of the inputs and outputs of Thermochimica in the
context of MSR multiphysics simulations. The coupling with MPACT and CTF is described.

12.11.3.1 Thermochimica overview

Thermochimica takes temperature, pressure, and elemental compositions as inputs to a CALculation of
PHAse Diagrams (CALPHAD) calculation using a Gibbs energy minimization (GEM) technique. This
calculation determines exactly which chemical compounds and phases exist in those conditions, as well as
the chemical potentials for each compound and element. Thermochimica calculations are all equilibrium
point calculations, so they are limited in capturing rapid changes to the system state. However, at typical
operating temperatures, it is expected that chemical equilibrium will be achieved quickly and that steady-
state analysis is useful for identifying potential issues in certain system components.

To inform the Thermochimica calculations, a database must be provided. This database contains energetic
information about possible states of the system: possible phases, species within each phase, and equations to
calculate the Gibbs energy of those species. The GEM calculations then make use of the data to determine
which phases and species are present in the system and in what proportions. For this work, the Molten
Salt Thermodynamic Database (MSTDB) [12] was used: specifically, the fluoride salt database file from
December 10, 2019. This database has been developed—and is still being added to—for analysis of both
fluoride- and chloride-based MSR fuel salts.

12.11.3.2 Thermochimica coupling

Because Thermochimica currently provides no feedback to the MPACT calculations, the Thermochimica
coupling has been implemented as a post-solution operation instead of as a feedback operation. This means
that at the end of each state point, after the neutronics, TH, and species transport have all converged, a single
Thermochimica calculation is performed using the converged coupled solution.
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For each cell in the CTF solution, MPACT gathers the volume-averaged temperature, pressure, and ele-
mental compositions and sends them to Thermochimica. Thermochimica performs its GEM calculations
to determine the phases that exist at that state. MPACT then retrieves data of interest: the total chemical
potential of the system, the chemical potential of each element in the system, and concentrations of each
solution and pure condensed phase in the system. This information is then written to the MPACT output
file.

Databases such as MSTDB often contain a limited number of elements. An MSR will automatically contain
the vast majority of the periodic table as results of fission and neutron absorption; therefore, each element
that is not present in the database but is present in the reactor in sufficient quantity to be chemically impor-
tant must use a surrogate element. MPACT has an input option to name pairs of elements, so that the first
in the pair is the actual element, and the second is the surrogate that appears in the chemical database. In
this work, zirconium is one such element that is chemically important but does not appear in the MSTDB.
A commonly used surrogate for zirconium is plutonium, as it has similar oxidation states and forms similar
compounds. Thus, in the results presented later in this work, anywhere zirconium is present in the Ther-
mochimica calculations, the data used from MSTDB are actually for plutonium. Using these surrogates can
be very important, as zirconium plays a crucial role in ensuring that the salt is actually liquid at the operat-
ing conditions of the MSRE. When zirconium is neglected, large quantities of solid compounds are formed,
which could not be the case physically.

Virtual Environment for Reactor Applications 151 ORNL/SPR-2023/3090



CHAPTER 13. NODAL CROSS SECTION GENERATION

MPACT can generate nodal cross sections and other values of interest to drive nodal simulator calculations.
This chapter presents the details of how these calculations are performed, followed by a discussion of some
additional features related to the nodal data generation.

13.1. NODAL DATA CALCULATION METHODOLOGY

The next several sections will describe how nodal data are calculated by MPACT. A number of different
subscripts will be needed to distinguish values. These are shown in Table 13.1.

Table 13.1. Nomenclature for subscripts used to describe nodal data generation theory

Subscript

Description

N

node index

fine group index

coarse group index

delayed neutron precursor group index

decay heat precursor group index

cell surface index

node surface index

node corner index

fine mesh region index

isotope index

~| =~ <. Ol w | = x| Qo

full set of isotopes in a region

13.1.1 Node-Averaged Data

The following node-averaged data are calculated for each node:

e Volume Vy
e Scalar flux ¢y
e Adjoint flux ¢y

e Cross sections:

Transport X,y

Removal 2, v

Fission X7y g

Nu-fission vZ¢ G
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— Kappa-fission kX7 y G
— Fission distribution yny g
— Scattering X y.Gc’
e Surface-averaged quantities:
— Surface currents Jy s G
— Surface flux ¢y 5.6
— Surface discontinuity factors Dy s g

e Thermal hydraulic quantities:

Fuel volume fraction Fy ry

Wetted volume fraction Fy wy

Moderator density py

Moderator temperature 7y

Moderator fluid fraction Fy y

Coolant density py.c

Coolant temperature Ty ¢

Coolant fluid fraction Fyc = Fnwv — Fyum

Fuel temperature Ty ¢

Fuel surface temperature 7'y, rs
o [sotopic quantities:

— 1331 number density Ny ;

— 135Xe number density Ny x.

1499pm number density Ny py,

— 199Sm number density Ny.spm

0B number density Nn.B

— 135Xe absorption cross section X, v xe
— 1%9Sm absorption cross section X, y.G.sm
- 10 absorption cross section X, y.G. 5

e Time-dependent data:

Delayed neutron group fission distribution yp 4n.c

Delayed neutron group decay constants Ap 4 n

Delayed neutron group yields 8p 4 n

Decay heat group decay constants Ag ;N

Decay heat group yields By
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— Neutron group velocities vy g
— Burnup By
— Heavy metal mass My

e Miscellaneous data:

Control rod insertion fraction for each node CRy

Axial mesh for the core AZ,

Corner point fluxes ¢y cg

Transfer leakage moments Ly 4.

13.1.1.1 Volume

The node volumes are calculated by simply summing up the fine mesh region volumes in the node:

Vy = ZV,. (13.1)
JjEn
13.1.1.2 Scalar and adjoint flux

The node-averaged scalar flux is calculated by volume-averaging the fine mesh fluxes and performing an
energy collapse for each coarse group:

V. .
o = 2L ]VZgGG Dis. (13.2)
N
This same procedure is also followed for the adjoint flux:
, 2jen Vi 2ge ¢
NG = v 2 (13.3)
N

13.1.1.3 Cross sections

All cross sections are calculated using a flux-volume weighting of the fine mesh cross sections while also
collapsing the fine groups for each coarse group:

2 jen Vi deG Xy jsPig
énGVN

where X, can be X, X,, Z¢, vZ¢, kX¢, or X; ... To homogenize the fission distribution, a fission source
weighting must be used:

LNG = ; (13.4)

2 jen Vi deG XjgVxf.jgPis
VEFNGOING VN '

XNG = (13.5)
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13.1.1.4 Thermal hydraulic quantities

Several volume fractions are calculated by examining each of the fine mesh regions:

ZjeN,jEfuel Vj

F = , 13.6
NFV Vy (13.6)
S v
Fywy = —ZJEN”;f i 1 (13.7)
N
B 7
Fyy = Zjenjem Vi (13.8)
Vn
oV
Fyc = Zienjec Vi (13.9)
Vi
Average temperatures are calculated by volume-averaging over the appropriate regions:
e TV
Ty = Ziejex LV, (13.10)
Vn
where x can refer to moderator M, coolant C, or fuel F. Likewise for the density:
Z. . ; V:
P.x = —’EN”;’CP” L. (13.11)
N

Finally, the node-averaged fuel surface temperature is calculated. This is done by looping over all fuel rods
Ry in node N and using a perimeter weighting (which is equivalent to surface area weighting since all rod
segments in N are the same height):

iRy TFs.iPi
Yiery Pi
where P; is the perimeter of rod i in node N. In most cases, this is equal to the outer circumference of the

clad, but for pins that are split across node boundaries, it can be one half or one quarter of the outer clad’s
circumference.

Tnrs = , (13.12)

13.1.1.5 Isotopic quantities

The isotopic number densities are calculated by volume weighting:

N .V
NN,x = M , (13_13)
VN

where x refers to 131, 13Xe, 149Pm, 14°Sm, or moderator-dissolved '°B. The absorption cross sections can

also be calculated: S VIT.E 5
TG = SIS T (13.14)
dnG VN

where x refers to the three strong absorbers from the previous list: '3*Xe, 14°Sm, and '°B.
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13.1.1.6 Time-dependent data

The node-averaged burnup is calculated through volume weighting the burnup in the fuel regions:

. V:B.
By = Zicvser ViBi (13.15)
VNENFy

The delayed neutron group spectra xp 4 n.c are calculated using a fission source weighting of the fine mesh
region delayed y values. The only difference is that the calculation from Eq. (13.5) must be repeated for
each of the 6 delayed neutron groups.

The yields for the delayed neutron precursors are calculated using adjoint fission source weighting for each
delayed group d:
2 jen ViBp.d.j 2.6'eG Ziger XDd.jig ¥ o F i

Z./'EN Vj ZG/EG deG’ Xj,g(bj',gFj

Fi= " 3 Vijabis (13.16b)

G’eG geG’

Bp.an = ; (13.16a)

where the fine mesh region betas are calculated as follows, to account for the differences in yields between

fissionable isotopes:
el BD.d,iNi 2.6 21geG VT 1,89 )g

Vif.iePg

Bp.a,j= , (13.17)

where Bp 4, is taken from the cross section library.

The delayed neutron precursor group decay constants must also be calculated for each node. Although the
precursor isotopes in each group are fixed, the distribution of those isotopes produced by fission depends on
which fissionable isotope produced them. Because of this, the precursor group decay constants are isotope-
dependent, resulting in node-dependent homogenized decay constants. Thus, the precursor decay constants
are calculated via isotope-dependent fission source weighting:

Yjen Vi Ziet Ap.ailNji X6 Xgec VT 1.jg.iPig
VXfNGPNGVN

ADpdN = , (13.18)

where Ap 4 ;; is the precursor group d decay constant (from the cross section library) for fission by isotope
i, Nj; is the region j number density of isotope i, and vo s, ;. ; is the microscopic nu-fission cross section for
isotope i.

The decay heat precursors are calculated using isotope-dependent heat production weighting. This essen-
tially works out to be the same equation as Eq. 13.18, replacing the nu-fission cross section with kappa-
fission and the decay constant with the yield:

2 jen Vi Ziet BHRNji 2.6 2igeG KT f,j.g.iP g

BunnN = (13.19)
KX fNGONGVN
Likewise, for the decay heat precursor decay constants:
ien Vi 2ier AHniN i KO figifi
At = ZJEN J Diel H,h,itV ji 26 deG f,],g,t¢],g . (13.20)

KXfNGPNGVN

The values for g and Ag,; are taken from the ANS Standard ANSI/ANS-5.1-2014 [3].

Virtual Environment for Reactor Applications 156 ORNL/SPR-2023/3090



Finally, the group-wise neutron velocities must be homogenized by performing a flux-weighted average of
the inverse of the velocities to match how the velocities are used in the time-dependent transport equation:

1 -1
ZjeN Vj deG Ed’j,g
VNG = 5

FIpRTA (13.21)

where v, are the energy group neutron velocities taken from the cross section library.

13.1.2 Surface Flux Moments

Surface flux and surface current are calculated during the 2D/1D calculations on the pin-homogenized mesh.
For the pin cell surfaces that are also part of a node surface, the surface flux and current can be averaged
over the node surface using the pin cell surface areas as weights:

. ZseS AS deG ¢S,gAs

#s.G , (13.22)
ZSES
ZYES As deG Jsg
Jsg = = L (13.23)
erS As

where A; is the surface area of a pin-homogenized cell surface s.

13.1.3 Corner Point Fluxes

In MPACT, it is not strictly possible to calculate the corner fluxes. Instead, MPACT takes the fine mesh
region fluxes of the nearest neighbors and volume-averages them to obtain a good approximation of the
corner flux. In most cases, there are 4 regions touching the corner that are averaged. However, around the
edges of the model, there could be only 1 or 2 regions.

For cases in which a corner lies on a rotational boundary, the 1 or 2 regions that touch the corner are averaged.
The rotationally equivalent corner is then identified by looking across the boundary, and the results for the
two equivalent corners are averaged as well. This ensures that the rotational symmetry of a problem is
properly reflected in the corner fluxes.

13.1.4 Discontinuity Factors

To calculate the discontinuity factors, the same nodal kernels described in Chapter 6 are used. Specifically,
the one-node NEM kernel can be used with quartic basis functions, and the one-node SENM kernel can be
used with either quadratic or quartic polynomials in addition to the sinh and cosh functions that are always
used for SENM.

For each node and each direction (X, y, and z), the user-requested nodal kernel is applied. The cross sections
and node-averaged flux are taken from the calculations described earlier in this chapter, and the surface
currents Jg ¢ are taken from the fine mesh transport calculation. The diffusion coefficient uses the traditional
definition:

1
Dyg = . (13.24)
3ztr,N,G
The nodal method is applied to all energy groups simultaneously to capture potential up-scatter effects, with

the result of the method being the homogeneous surface fluxes ¢g"gf.

The surface discontinuity factor is defined as the ratio of the homogeneous surface flux from the nodal kernel
to the transport surface flux:
s
fa’f,S,G = —. (13.25)
e

Virtual Environment for Reactor Applications 157 ORNL/SPR-2023/3090



13.2. ADDITIONAL FEATURES
13.2.1 Meshing Options

MPACT supports two primary radial mesh options for nodal data generation. The first is the quarter assem-
bly node, which is written to a NODAL_XS group in the HDFS5 file. For this data, all quantities of interest
are averaged over every quarter assembly at each axial level of the MPACT model. The second option is the
assembly node, which is written to an ASSEMBLY_XS group in the HDFS5 file. In this case, the data are
averaged over the entire assembly for each axial level. By default, both sets of data are written to the HDFS5
file when the nodal data generation is enabled.

MPACT also has an option to collapse data axially in the axial reflector region. By default, the data are
generated for every axial level in the MPACT model. However, this option allows the upper and lower axial
reflectors to be collapsed into a single level for each. This allows support for nodal codes that only use one
node for the reflector regions.

13.2.2 Energy Group Structure

Currently, all nodal data are generated for just two energy groups. The default behavior is for the boundary
between the two groups to be set to the upper boundary of the first fine energy group that has up-scatter from
lower energy groups. A user option allows this behavior to be changed so that the coarse group structure can
be adjusted. The boundary between the two groups can be set to any of the fine group structure energy group
boundaries. When the user specifies a boundary, it must align exactly with one of the fine group boundaries.
Support for “splitting” fine groups across coarse groups is not implemented.

13.2.3 Adaptive Discontinuity Factors

The normal discontinuity factor calculation makes no guarantee that the discontinuity factors will be positive
or otherwise reasonable. In many cases, especially for nodes along a vacuum boundary, the factors can be
very large or negative, which can cause problems for nodal core simulators.

To address this, an adjustment is made to the discontinuity factors on vacuum boundaries. The node balance
equation is given in Eqs. (6.8a) and (6.8b) and is repeated here for convenience:

d,(2) @) I
Dy 5 H T (De(D) = T D VEre @D+ = ). Zopp(D9p @)~ TLY (2),
dz keff P i¥g sy

1 1
TLY (2) = h—x(JL,x,g<z> — Jrg(2) + h—y(JL,y,g@ — Jryg(2)).

To improve the quality of the discontinuity factor, a correction factor is added to both TL?Y and X, . This
reduces the leakage of neutrons across the vacuum boundary, but it increases the amount of absorption in
the node to preserve neutron balance. After making this adjustment, the discontinuity factor is recalculated.

This procedure continues iterating using Newton’s method, targeting a discontinuity factor of 1.0. This is
done for each energy group until a combination of vacuum boundary current and removal cross section is
found that results in discontinuity factors between 0.8 and 1.2 for each energy group. Because of the rapid
convergence of Newton’s method, convergence is typically reached within a handful of iterations. Between
each iteration, the values for all energy groups are updated before the next iteration is performed. This
accurately captures the coupling between the groups from up-scattering.
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CHAPTER 14. MISCELLANEOUS TOPICS

This chapter addresses topics that do not fit into any of the previous chapters. These topics required modifi-
cations to the various solvers (MOC, CMFD, axial transport), so they are best discussed separately.

14.1. MODULE-BASED DECOMPOSITION STRATEGY

One improvement made to the data-passing schemes in MPACT was the incorporation of a module-based de-
composition scheme, which easily allows for more flexible and load-balanced partitions. In most production-
level cases, a quarter assembly is considered to be a module, which is the smallest repeatable geometry
component. As such, the partitions are formed on the module basis. Figure 14.1 shows an example 2D
quarter-core slice with 257 modules distributed among 4 partitions. With the old partitioning restrictions,
which effectively projected a Cartesian grid onto the problem, all domains could only have one neighbor
partition in each direction (N/S/E/W) and could not have mixed boundary conditions. The data passing
for the transport solvers was performed across the entire domain interface at one time. For example, all
9 modules along the east boundary of partition 3 would be used to construct a single buffer of data to be
transmitted to partition 4.

212|2(2(2(2|2]|2]|2 Partition |# Modules
2|2(2|2|2|2|2(2|2 1 64
2|2(2|2|2|2|2(2|2 2 72
212(212)12(2]12|12]2 3 72
2|2(2|2|2|2|2(2|2 4 49
2|2(2|2|2|2|2(2|2
2122121221222
2|2(2|2|2|2|2(2|2

W (W | W W ||
W (W | W |w W w
W (W | W W ||
W (W | W W ||
W (W | W W ||
W (W | W W ||
W (W | W W ||
W (W | W W ||

Figure 14.1. Quarter-core layout with four partitions using old scheme.
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There are at least two ways this could have been modified to allow for more flexible partitions. One method
would be to preserve this behavior so that all modules along a parallel boundary are used to build a buffer.
However, there would be an arbitrary number of parallel boundaries for each partition. Another option
which was pursued in MPACT because of its relative simplicity is to allow each module to be responsible
for its own data communication. This means that each module constructs a buffer and sends it to its parallel
neighbor and also receives one back. The initial concern with this option was that the parallel efficiency
would suffer since many more smaller messages would be sent. In practice, however, the efficiency was not
observed to suffer, so this approach has been adopted throughout MPACT.

With each module handling its data communication, fairly arbitrary partitions can be obtained. Figure 14.2
shows the comparable 4 domain partition, which allows for nearly perfect load-balancing, as all domains
have 64—65 modules. The only primary restriction at this point is that each domain must be convex. How-
ever, this restriction is imposed because of MOC ray tracing limitations, not parallel communication itself.

2|2(2|2|2|2|2(2|2 Partition |# Modules
2122121221222 1 64
21212222222 2 64
21212222222 3 64
2122121221222 4 65
21212222222
21212222222

[~

3131333 (3|3
313|333 [3]|3
313|333 [3]|3
3|13|3|3|3[3]|3
3131333 (3|3
313|333 [3]|3
3|13|13|3|3([3|3
313|333 [3]|3
313|333 [3]|3

Figure 14.2. Quarter-core layout with four partitions using new scheme.

14.2. AUTOMATED SPATIAL DECOMPOSITION

With the newly available module-based decomposition strategy, it became possible for a user to manually
specify a decomposition. Manual specification allowed the user more freedom in the number of domains
compared to previous methods. However, manual specification is a tedious and time-consuming process,
and the resulting decomposition may not be well balanced. A graph-based decomposition scheme has been
adopted to automate the process of generating these spatial decompositions in an efficient and effective
manner.

Graph-based decomposition methods are based on graph partitioning methods. Three graph partitioning
methods have been implemented and used in the spatial decomposition process in MPACT. The first method
is the recursive spectral bisection (RSB) method [122], which uses connectivity of the graph to create a
partitioning. The second method is the recursive inertial nisection (RIB) method [58], which uses only the
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geometric information of the graph to create a partition. Finally, a new recursive expansion bisection (REB)
method [56] was developed for specific application to rectilinear reactor cores, which takes both connectivity
and geometric information of the graph into consideration during partitioning.

For decomposition, the reactor core is abstracted into a weighted graph based on the ray-tracing module
mesh. Each module becomes a vertex, with the weight determined by the number of computational cells
in the module. In 2D calculations, a radial decomposition is performed. In 3D calculations, weights are
averaged over all axial planes, and these average weights are used to decompose a single plane. The resulting
decomposition is then applied to all axial planes within the calculation.

Figure 14.3. Z-tree automated decomposition. Figure 14.4. Graph-based decomposition us-
ing the REB method.

The previous automated decomposition method in MPACT was based on recursive spatial bisection based
on Z-order curve (Z-tree). This previous decomposition method and these graph-based methods were used
to decompose VERA problem 5a-2D [62] using 16 domains. Graph-based methods were able to give a
reduction of 17-24% in overall runtime due to increased parallel efficiency. Each of the graph-based meth-
ods results in similarly balanced decompositions. Additionally, these graph-based decomposition methods
allow for decomposition into an arbitrary number of domains. The original method only allows for certain
numbers of domains to be used.

For highly decomposed cases in which the number of domains is close to the number of modules, the graph-
based methods may result in slower converging calculations. This results from re-entrant rays. The Z-Order
spatial bisection method avoids this issue by forcing domains to be rectangular.

14.3. ROTATIONAL SYMMETRY BOUNDARY TREATMENT

Several boundary conditions are available in MPACT, but the two that are most commonly used are mir-
ror and rotational symmetry. This section clarifies rotational symmetry and briefly discusses the parallel
communication modifications that were necessary to enable it in MPACT.

If the quarter core can be rotated through 90°, 180°, and 270°and the four quarters can then be stitched
together, then rotational symmetry holds. Mirror symmetry, on the other hand, holds if the quarter core
can be reflected across the x axis to create a half core and then the half core can be reflected across the
y axis to create the whole core. Figure 14.5 shows the core layout and control rod bank assignments for
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Watts Bar Unit 1 [62]. If unfolded, the core layout and many of the control rod banks (A-D and SA-SB) are
mirror symmetric. However, it can be seen that SC and SD are not mirror images, but rather are rotationally

symmetric.
B

A

SB

10

11

12

13 SD

14 SA

Enrichment
Number of Pyrex Rods

15

15

Figure 14.5. Watts Bar Unit 1 - core (left) and rod bank (right) layouts.

To allow these to be appropriately modeled, several modifications to both the CMFD and MOC solvers
were necessary, particularly regarding the parallel communication. Along the north and west boundaries,
which are considered to be the quarter-symmetry boundaries, special accommodations were required. With
mirror symmetry, angular fluxes in MOC on these boundaries are simply reflected to a corresponding angle.
However, with rotational symmetry, the angular fluxes must be communicated to the corresponding module
and angle on the opposing face. For example, a ray coming into contact with the northern boundary of
assembly D-8 must be transmitted to the western boundary of H-12, and the angle must be adjusted to
reflect this transmission. Similar modifications also had to be made to the CMFD solver, which must now
construct coupling coefficients using the flux data from its rotational partner instead of using an albedo
boundary condition, as is done with mirror symmetry.

Rotational symmetry has become the default quarter-symmetry boundary condition because it is most rep-
resentative of operating reactors. When eighth-core symmetry exists, rotational and mirror symmetry are
equivalent.

14.4. POLYNOMIAL ROD CUSPING TREATMENT

A common issue with 2D/1D calculations, as well as many other deterministic methods, is that of rod
cusping. This occurs when a control rod or control blade is partially inserted into a MOC plane. When axial
heterogeneities occur within a plane in MPACT, the materials are volume-homogenized axially, because it
is a requirement of the 2D MOC calculations that there be no axial change in the cross sections for a given
plane. However, the volume weighting does not accurately preserve the true reaction rates in the rodded and
unrodded portions of the plane. This is illustrated in Figure 14.6.

To resolve this, a set of correction curves was generated to help resolve this issue. Control rods were
simulated in MPACT at various depths in an MOC plane, with the difference between expected and simulated
reactivity calculated in each case. Polynomial curves were then generated to allow MPACT to calculate
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Figure 14.6. Illustration of the rod cusping error. [81]

updated weights to use when homogenizing the materials. This process always results in weighting the
control rod region less than its volume fraction and weighting the unrodded region more than its volume
fraction. Curves were generated for control rods made of silver-indium-cadmium (AIC), boron carbide
(B4C), and tungsten (W):

Carc (Vy) = 38.348V§, — 95.832V7, + 90.477V, — 39.326V;, + 7.0843V7 — 0.4708Vy, , (14.1a)
Cp,c (Vy) = 46.843VE — 117.14V3, + 109.78V}, — 47.104V3, + 9.1734VE - 0.5527Vy (14.1b)
Cw (Vy) = 4.7734V8 — 14.751V3, + 19.512V], - 12.762V;, + 4.0769VE - 0.1505Vy , (14.1¢)

where Vi is the unrodded volume fraction, and C; is the corresponding percent change in K.y from full
insertion to full withdrawal for a given rod type x. An illustration of this process is shown in Figure 14.7.
This process and the results are discussed in more detail in the paper by Graham et al. [65].

14.5. SUBPLANE CMFD

Using conventional CMFD, each pin cell is homogenized using the quantities defined in Eq. (7.3) in every
slice in the model so that every axial CMFD cell corresponds to a MOC plane. The radial coupling coeffi-
cients defined in Eq. (7.8) are obtained by calculating the current at the interface between each pair of pin
cells using the transport sweeper, whereas the axial coupling coefficients are obtained from the axial currents
calculated by the axial solve during the previous iteration.

To ensure stability and minimize runtime of the 2D/1D method, it is desirable to use a small number of
thick MOC planes. However, to achieve sufficient accuracy, this axial mesh must sometimes be refined.
To do this while avoiding stability issues or without significantly increasing the computational burden of
the calculations, researchers at the Korea Atomic Energy Research Institute developed the subplane scheme
[26, 126]. While preparing the CMFD and axial calculations, this scheme divides the MOC planes, referred
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Figure 14.7. Polynomial fits to correct the control rod cusping issue [65].

to as macroplanes, into multiple subplanes, as illustrated in Figure 14.8. This axially refines the CMFD
and 1D transport meshes to allow them to capture intra-plane detail without increasing the number of MOC
planes required. This efficiently produces a more accurate 2D/1D solution without the expense or stability
concerns normally associated with 2D/1D mesh refinement. This section explains the modifications to the
2D/1D calculations required for the subplane scheme.

14.5.1 Homogenization

For traditional CMFD calculations, each pin cell is homogenized into a single CMFD cell. When using
the subplane scheme, the homogenized pin cell is divided axially into a stack of cells. This causes the
CMFD system to have more cells in the axial direction than the MOC transport mesh, allowing CMFD to
capture subplane axial flux shapes that would otherwise be ignored. To do this, a subplane scaling factor is
introduced that provides an axial shape within a 2D plane:

(-1) (-1) vp
o by ¢g, 2 Vi
&i T (-1) T Ny (- 1) ’
¢g,i Z ! ¢ V’

(14.2)

where superscripts indicate from which iteration the values are taken, and Nj), is the number of subplanes
on each macroplane for the pin cell of interest. When the homogenized values are calculated from the 2D
transport solution using Eq. (7.3), the fine mesh flux is multiplied by this subplane scaling factor everywhere
it appears to update the radial shape of the fine mesh flux. It is assumed that materials are constant axially
within each pin cell, so this subplane factor has no impact on the homogenized cross sections. However,
the homogenized flux ¢<) and fission source distribution /\( ) are changed, providing an axial shape for the
source term in the elgenvalue calculation.
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Figure 14.8. Illustration of multiple subplanes in one macroplane.

14.5.2 Coupling Coefficients

In addition to the homogenized cell terms, the coupling coefficients described by Egs. (7.6) and (7.8) must be
calculated for each subplane. To maintain consistency, the area-averaged current calculated by the transport
sweep must be preserved across the sub-surfaces used by the subplane scheme. Thus, the current calculated
by the transport sweep at an interface is used at the corresponding interfaces for all subplanes in that plane.
To maintain consistency, the cell-homogenized flux used in the calculation of the diffusion coefficients must
be defined for the entire MOC plane, as in Eq. (7.3), rather than using the subplane scaling factor for each
subplane.

The axial coupling coeflicient can be treated in a more straightforward manner. Because the 1D axial solvers
use the same pin-homogenized mesh as the CMFD solver, axial currents are naturally calculated at the top
and bottom of each subplane. Thus, these currents can be used together with the subplane fluxes to calculate
subplane-dependent axial coupling coefficients.

14.5.3 Projection

The projection of the CMFD flux back to the 2D planes must also account for the presence of the subplanes.
To do this, the solution is volume-averaged over all subplanes for each pin cell, resulting in an equation
similar to Eq. (7.9):

Ngp (k) 4
w | Ze=1 Pemgd Vi g (14.3)
trans,g,j ZNW ¢(k—1) v’ trans,g,j * .
i’=1 "CMFD,g,i’ " i

The surface fluxes can also be homogenized axially in the same way to scale the angular flux boundary
conditions using Eq. (7.10).

14.6. SUBPLANE-BASED SUBGRID SOLVERS

While the subplane scheme allows for stable, faster calculations using 2D/1D, the thicker macroplanes
used by the MOC calculations can lead to degradation of the solution accuracy. This is especially true
when intraplane heterogeneities start to change significantly enough within a macroplane that the coarser
macroplane mesh can no longer accurately capture the effects in the MOC calculation. Examples of such
heterogeneities are partially inserted control rods, intraplane temperature and density distributions resulting
from TH feedback, and intraplane isotopic distributions during depletion calculations. To address these
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issues, subgrid methods have been implemented to improve the accuracy of the 2D/1D calculations and to
make use of the subplane scheme. The methods presented in this section have been exercised on control rod
cusping [65] and on spacer grids, TH feedback, depletion calculations, and axial reflectors [140].

14.6.1 Subgrid Heterogeneity Treatment

The first method to deal with intraplane heterogeneity is to simply extend the homogenization and projection
steps described in the previous section. For the homogenization step without subplane, Eq. 7.3 is applied.
However, this equation assumes that the cross section for each fine mesh region is axially constant in the
macroplane. To apply the subgrid treatment, this assumption must be removed, allowing the cross section
to vary axially, leading to a modified homogenization equation:

Yiej Lkei ZxkgPhg Vi

Tie = , (14.4a)
8 Ziej ¢i,g Vi
¢1’—1
brs = biss g - (14.4b)
Vi

where subscript z refers to the subplane index in region i of a macroplane, and Z is the collection of subplanes
in a macroplane. Effectively, the previous subplane CMFD solution is used as an axial shaping function on
the current fine mesh flux. Combining this axially shaped fine mesh flux with the axially heterogeneous cross
sections provides unique cross sections for each subplane CMFD cell. This allows the CMFD calculation to
more accurately resolve axial heterogeneities in a macroplane.

To complete the treatment, it is desired to improve the macroplane cross sections as well. Typically, when
there is an axial heterogeneity in the macroplane, the cross sections are volume weighted, which leads to
poor estimates of the reaction rates. To resolve this issue, the projection step of the CMFD acceleration
should also be augmented to address the cross sections instead of only addressing the fine mesh flux. This
leads to a new projection equation for cross sections:

Dukei 2ck,gPhg Vi
Ykei PregVi

where each variable has the same meaning as that of the homogenization step. This improves the accuracy
of the cross sections for the MOC calculations.

Xiig = (14.5)

14.6.2 Subplane Collision Probabilities Rod Decusping

The subgrid heterogeneity treatment presented above significantly improves accuracy in the vicinity of ob-
jects such as control rods and spacer grids. However, the radial calculations are still completed using only
homogenized cross sections. Thus, improvements can be made to this treatment by introducing correc-
tions to the radial portion of the calculation. This is done by using an auxiliary collision probabilities (CP)
calculation to generate radial flux profiles in each subplane.

14.6.2.1 Collision Probabilities Method

The CP method can be used to calculate flux spectra inside a pin cell [93]. The transport equation is written
with the entire source on the RHS:

Q- V(pg + 2tr,g (%) Pg (x,Q) = qg (x, Q) , (14.6a)
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&=liz

Z f VEf g (X) @y (x, Q) dQY .

(14.6b)
The source can be assumed to be exclusively composed of scatter and fission, and the scattering source can
be assumed to be isotropic, giving a simplified form of the source term:

1
G (6. Q) X 4 (1) = 20 Bagrosg (1) by () + 70 Z VEfg (X) by (X) . (14.7)

The problem is now discretized into a 1D radial problem, assuming that the source g, (x) is flat inside each
region r. The total source of neutrons in each region r can now be calculated simply by multiplying the
source by the region volume V. If the probability T ,-_,, of a neutron born uniformly and isotropically in
region r’ reaching region r is known for all regions 7/, then the scalar flux can be calculated as follows:

R
o = Z TorrGerVy - (14.8)
r'=1

All that then remains is to determine the components of the transport matrix T,. These components are

functions of both geometry and cross sections, but for the 1D cylindrical problem of interest here, they take
the following form:

Tii = Ztr,ivi - PiiCi = er’,'Vi - Zs,iVl- - 2Cj (S i+ Si—lj—l - Sij—l - Si—lj) , (1498.)
Tij = =Pjicj = =2c;j (Sii +S8i1j-1 = Sij-1 — Si—lj) , (14.9b)
R
f (Kis (7, 0)) = Kis (15 ) dy , (14.9¢)
0
G= 2 (14.9d)
Ztr,i

where Ki3 is the third-order Bickley-Naylor function which is numerically integrated to calculate the trans-
port matrix elements for the collision probabilities method.

As derived here, the CP method has several important approximations. First, a white boundary is used. This
means that all exiting neutrons re-enter the cell, but not at the same angle. In other words, all escaping
neutrons are isotropically returned into the cell. Second, it is assumed that the scalar flux varies in the radial
direction only. No axial or azimuthal dependence is determined. Finally, no axial leakage sources from
the greater 2D/1D calculation are handled. The 1D CP calculation is performed in isolation from the rest
of the MPACT calculation. Since the CP method is only used to generate shape functions for the subplane
flux, these assumptions are reasonable and do not hinder the efficacy of the CP method for this particular
application.
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14.6.2.2 Subgrid CP

When a macroplane contains an axial heterogeneity, the CP method can be used to improve the cross sections
going into both the CMFD and the MOC calculations. The first step is to identify the pin cells in each
macroplane that have axial heterogeneities such as control rods or spacer grids. Once these pin cells are
identified, a 1D CP calculation is performed for each subplane in each pin cell, the results being a radial flux
profile for each subplane of the pin cell.

Applying these radial profiles is straightforward. The main drawback in Eq. 14.4 was that the subplane
fluxes used in the cross section homogenization have no radial shape. Thus, simply replacing the subplane
fluxes used to calculate ¢y , with the subplane CP fluxes for each radial region i gives improved cross sections
for the CMFD calculation. This in turn improves the accuracy of the subplane CMFD flux solution, which
provides a more accurate axial shape to use during the projection process. This procedure is illustrated in
Figure 14.9 for a partially inserted control rod. Figure 14.10 illustrated the meshing when applying subgrid
methods to spacer grids.

Control Rod
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N\ T N TR
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Unrodded CP —
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Figure 14.9. Illustration of the subgrid CP treatment [65].
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Figure 14.10. Illustration of the subplane meshing applied to spacer grids.

14.6.3 Other Subgrid Applications

The subplane subgrid treatments can also be applied to several other situations in MPACT to accelerate the
solution time. First, the subgrid treatments can be applied to TH feedback. This allows the TH code to
solve on a finer axial mesh without the requirement that MPACT use the same number of MOC planes.
This can be important for some calculations, especially for accident scenarios for which the TH solution is
important. A second application is for depletion calculations in which the depletion mesh is allowed to be
more refined than the MOC transport mesh. For subgrid calculations applied to TH feedback and depletion,
the TH parameters and isotopics are stored for each subplane. For the subplane CMFD calculation, these
quantities are used directly; for the MOC calculations, they are homogenized within a macroplane to obtain
the MOC cross sections. Application of the subgrid method to TH feedback (with a spacer grid explicitly
meshed) is shown in Figure 14.11.

Finally, subgrid methods have also been applied to the axial reflector regions. Because no fission occurs in
these regions, it is often not necessary to use multiple MOC planes to resolve the flux shape. Subplane-based
subgrid solvers allow a single MOC plane to be used for each axial reflector, with subplane CMFD and the
subgrid method resolving the intraplane shape. This is illustrated in Figure 14.12.

Virtual Environment for Reactor Applications 169 ORNL/SPR-2023/3090



/ Spacer Grid

MOC Plane 2 — Tfuels TT Tinod,6i Pmod.6
—

Tfuel,S - Tmad,s; Pmod,s

Tfuel,4 T Tmod,4) Pmod,a

MOC Plane 1< Tryel3 — Tnod 3’ Pmoa,3

Subplane 2 Tfuel,2 T Tnod,2i Pmod,2

Subplane 1 Tryetn T lmod, 1) Pmod,1

Figure 14.11. Illustration of the subplane meshing applied to TH feedback.

Core Plate
ozzle
MOC Plane < Gap
""" Fuel Rod Cladding T
1— Plenum
Subplane 2 :l [ }Incone! Grid
Subplane 1
— _

Figure 14.12. Illustration of the subplane meshing applied to axial reflectors.
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14.7. 2D/1D RELAXATION STRATEGY

The early 2D/1D method (in the DeCART code) was simpler and less stable than the 2D/1D method in
MPACT described previously in this chapter. The old 2D/1D method was based on Eq. (4.12):

N,
awn,k (9%,,( > 4
Q2 (x,y) + Qy—(x, )+ Znp(x,y) = o Z Um i (X, Y)W,
0x dy 4m £
N,
Vi N 1

’ N J ? - ‘] - H s 1410
* le I YW = g1 06 3) = et ()] (14.10)

using a finite difference approximation and Fick’s Law to calculate the currents:

Gr1(x,y) — (X, y)

Jek+172(%,y) = =Dis172(x, y) A (14.11a)
k+1/2
where
Ars1 + Ay
Diy12(x,y) = , (14.11b)
Y 3 k106 V) Apr1 + 3% 1 (x, ) A
1
Agr12 = 3 (Ars1 + Ap). (14.11c)

An obvious iteration method for solving these equations consists of the following steps: (i) for estimated
axial leakages, perform independent sweeps on each axial slice, (ii) use the results of these sweeps to update
the axial leakages, and (iii) return to step (i) or stop if the solution is converged.

A deficiency of this method was its instability for problems with thin axial slices. To understand and prevent
this instability, a Fourier analysis of the iteration method was performed [83], [82]. It was found that by
properly under-relaxing the iterations, unconditional stability can be guaranteed. These Fourier analysis
results were confirmed in numerical simulations. Later, it was demonstrated (again, with Fourier analysis
and numerical testing) that the CMFD-accelerated iterations could also be stabilized using under-relaxation
[84].

The following section provides some details and results of these Fourier analyses. This discussion is in-
cluded because the 2D/1D method described earlier—which is commonly used in MPACT—has been im-
plemented in ways that can require under-relaxations in certain circumstances. The 2D/1D method based on
Egs. (14.10) and (14.11) is not commonly used in MPACT.

The Fourier analysis is based on the following fixed-source version of Eqs. (14.10) and (14.11):

0 0 1
(Qx— cad, zt,k) D3, ) = {6 ) + O )

2
a); D ” D (14.12a)
k+1/2 k—1/2
| By, (Pt (0) = dux) = 2= (¢k<x,y)—¢k_1<x,y>)]},
mww=fm@xQMQ. (14.12b)

To solve this equation, a simple source iteration scheme that can be made stable for all A, > 0 is considered.
While the right side of the above equation depends only on the scalar fluxes ¢ in adjacent axial slices, a
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simple 2D sweep is considered on each slice to update the scalar flux:

0 0 +
(Q 5+ Qg+ )w“’ V2(x y,sz)——{ Zoady (x,y) + Ok(x, )

1
Ak

Diy12

(610 = 8 0 y) = 5 Die 1/2(¢(€)( -4, (x,y))}}, (14.13a)

Aks1)2

(€+1/2)( y) fw(f"'l/z)( X, , Q’)dQ’ s (14.13b)

followed by a (nonstandard) relaxation step to define the end-of-iteration scalar flux:

o Py = 00 Py + (1 -0 (). (14.13¢)

In the Fourier analysis of this method, Eqgs. (14.13) are not treated with any angular or radial spatial dis-
cretizations. While these choices affect the accuracy of the discrete solution, they do not affect the iterative
performance in converging to this solution. The relaxation parameter 6 in Eq. (14.13c¢) is to be determined;
if 6 = 1, then the method defined by Eqgs. (14.13) is basically source iteration. In each iteration, the nu-
merical solutions in slice k are directly coupled only to the numerical solutions in the neighboring slices
k + 1 and k — 1. Therefore, many iterations may be required for the numerical fluxes in all the axial slices
1 < k < K to sufficiently communicate. For an infinite, homogeneous medium with uniform A, = A_, the
iterative performance of the method shown above can be assessed by a Fourier analysis. Referring to Kelley
and Larsen’s work [83, 84] for details, for § = 1 (the standard source iteration method), the growth factor w
is bounded from above and below by

Wmin < W < Wpax » (14.14)

where

z
Wpax = € = — = scattering ratio , (14.15a)
t

which is attained for “flat" radial and axial modes. Also,

0 , XA, > ,(“large" A,) ,
Wmin = {C ) r ’

(14.15b)
DIVIVIRS (“small" A;),

4
3EAR «F ’

which is attained (i) for large A, by radially oscillatory modes, and (ii) for small A, by radially flat modes
and axially oscillatory modes. The error of iterate n satisfies

Error of Iterate n ~ (constant) p”,

where
0 = max(|Wminl, |Wmax]) = spectral radius .

Therefore, the method is unstable when p > 1, is stable, but it is slowly converging when p < 1 but p = 1,
and it is stable and rapidly converging when p < 1.

Using Eq. (14.13c¢), the Fourier analysis for 0 < 6 < 1 yields
OwWmin +1 =0 < W < Owpax +1 -6 (14.16)
For 6 = 1 (the source iteration method originally in DeCART), Egs. (14.15) and (14.16) give

2
, = < XA, ,
‘/; g (14.17)

_4 2
oAy ¢ 0 BAS< i

pP= |w|max =
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This method is stable for o)
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but for small A, it becomes unstable, similar to the original method in DeCART.

The optimum value of 6 in Eq. (14.16) is the value for which the left and right sides are equal in magnitude
but opposite in sign:
Oopt@Wmin + 1 = Oppt = =[Oopr@max + 1 = Oppi ). (14.18a)
Thus, )
Qf)pt =

(14.18b)

2 — (Wmax + Wmin) ’
and then

P = |wlnax = Hoptwmax +1- gopt

Wmax — Wmin
_ . (14.18¢)
2 — (Wmax + Wmin)

Combining Eqs. (14.15) and (14.18) results in

2 2
2-c —= <ZA
= 2-c ’ 3 127
Qopt - M z\:/z < 2 (1419a)
283(I—0)(ZA)? TP = e
_c L
p=f 3w (14.19b)
iomay 0 =A< 5

Equation (14.19b) shows that the iterative method defined by Eqgs. (14.13) with 6 defined by Eq. (14.19a) is
stable for all scattering ratios 0 < ¢ < 1 and all axial grids A, > 0. Like standard source iteration applied to
the S equations, this method becomes slowly converging as ¢ — 1. It also becomes slowly converging as
A, — 0. However, like source iteration, it does not become unstable. The DeCART-like method with 6 = 1
is stable only for sufficiently large axial grids.

CMFD acceleration can be applied to the source iteration method presented above to effectively couple the
axial planes to more than their nearest neighbor by solving an axial diffusion equation (embedded within
the CMFD method) and thereby more rapidly converging the transport solution. However, before applying
a Fourier analysis, it is necessary to linearize this method. Previous work shows that the linearized form of
CMFD is equivalent to diffusion synthetic acceleration (DSA) [100]. The DSA equivalent of this CMFD
system yields an update term 6¢(€+1/ ? for the scalar flux. (Kelley and Larsen [84] provide an explicit

k
definition of this correction term.) A CMFD iteration then consists of

(1) an axial sweep, as shown in Eq. (14.13a),

(ii) calculation of ¢"'/%, Eq. (14.13b),

(ii) the CMFD calculation of 6¢\ *'/? [84], and
(iv) the relaxed update equation

oDy = 06 y) + 600D + (1 - 06 (x,y) (14.20)

These equations constitute a complete linearized CMFD iteration scheme. Because steps (i) and (ii) are
unchanged, so are their corresponding equations in the Fourier analysis. The growth factor for the CMFD-
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accelerated planar synthesis scheme with 8 = 1 (no relaxation) may be written in the following form:

w0 =1- I_L(i)_l , (14.21a)
1 - 4(1 + %)
2
l=c— % , (14.21b)
_sin(4.%,A,/2)
=T wAp (14.21¢)

The maximum and minimum values of w(4,,{), for 0 < A, < o and 0 < A, < (E,AZ/2)_1 must be
determined to be used in Eq. (14.18b) to obtain the optimum relaxation factor. Here, A, is the spatial
frequency in the radial direction. Unfortunately, extremum values of w cannot be determined explicitly
given the form of Eqs. (14.21). This function is evaluated numerically, and these extrema can be seen in
Figure 14.13. The extremum of the growth factor decreases monotonically with the parameter £, and the
maximum value of w (occurring for { = ¢ = 1) is given by w =~ 0.2247 (the standard result from traditional
CMED).

-0.4
-0.6

-0.8

-1 3
0 2 4 6 8 10 12

Figure 14.13. Growth factor w for various radial frequencies A, for sample of parameterized values (.

Figure 14.13 shows that when ¢ > 0, the maximum value of w;(4,,¢) is positive, and when ¢ < 0, the
minimum value of w(4,, {) is negative. For each ¢, let A.,,({) denote the value of A, at which these extrema
occur. An approximate relationship between 4., and £, obtained by curve fitting, is given by
Aot =S + M(F — f)P,
S =1.93801895412889, M = 1.88037759461481, (14.22)
F =1.07821249297909, P = 0.487975837139675.

Now that A, is known, w,,;, can be calculated from Eqs. (14.21), and thus 6,,, can be calculated from Eq.
(14.18b).

Traditional (unrelaxed) CMFD occurs for 6§ = 1; this method is conditionally stable based on the axial plane
thickness. This method is stable if £ g —10.947, or

2

I 14.23
V3(c + 10.947) (1429

A 2
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but otherwise it is unstable. However, as is the case with source iteration, the optimum relaxation factor
yields optimal convergence and unconditional stability.

Figure 14.14 illustrates that the region of conditional stability for the unrelaxed CMFD method is much
larger than that of unrelaxed source iteration. This improvement comes from the improved communication
between the axial slices. At each iterate, the slices receive information from the whole system rather than
just from neighboring slices. The figure also shows that (i) the optimally relaxed SI scheme is uncondition-
ally stable, (ii) the optimally relaxed CMFD method is unconditionally stable, and (iii) the relaxed CMFD
method is significantly more efficient than the relaxed SI method. When the axial slice thicknesses tend to
0, the optimally relaxed SI and CMFD methods both become increasingly slow in converging. However, the
CMFD method always converges much faster than SI, and for realistic problems, the axial slice thicknesses
are not small enough to be a practical concern.

The analysis above applies specifically to the 2D/1D Egs. (14.12), which employ a finite-differenced Fick’s
Law to express the axial current on each axial slice edge in terms of the scalar fluxes in the slices above and
below the edge. This simple axial solver is available in MPACT, but more sophisticated nodal diffusion and
nodal P3 solvers are more commonly used. When these nodal solvers are used instead of the finite-difference
method described above, the resulting discrete methods are stabilized, and there is no need for relaxation.

However, nodal diffusion solvers introduce complexity because they effectively couple each axial slice to
more than just its nearest neighbors. In MPACT, the full 1D axial solves are typically compromised by
limiting the coupling between axial slices to the sufficiently near neighbors. Although this reduces the
algebra and the amount of data that must be moved between processors, it has a negative effect on stability.
However, it has been found that when the under-relaxations described above are included, the iterations
in MPACT become stable. Whether these under-relaxation parameters are optimal for more complicated
iteration schemes containing incomplete axial solves is an open question. However, they do rigorously
stabilize the iterations when the simplest axial solver in Eq. (14.13a) is used.

o
o

Unrelaxed SI

Relaxed SI

Relaxed CMFD Unrelaxed CMFD

0 . . ‘ A,
0.01 0.1 1 10

Figure 14.14. Spectral radius p for SI and CMFD vs. optical thickness 7, = ;A_, with ¢ =0.9.
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14.8. 3D MOC CMFD ACCELERATION

CMFD becomes unstable when accelerating transport methods, but not when accelerating diffusion-type
methods (the 1D Py kernels). Thus, only the optical thickness of the coarse cells in the x and y dimensions
will cause CMFD to be unstable or adCMFD to converge slowly if using a 1D Py kernel. When using 2D/1D,
the axial height of the MOC planes can become arbitrarily large without affecting CMFD convergence
properties.

3D MOC introduces an extra complication to the CMFD convergence properties. Because 3D MOC is a
transport method in all three spatial dimensions, the optical thickness in the axial direction also matters. The
convergence rate of adCMFD will become very slow as the optical thicknesses of the coarse cells become
large (several mfp). When using 2D/1D, the axial heights are often larger than the pin pitch. Thus, if the
coarse mesh for 3D MOC is defined with the same axial heights typically used for 2D/1D, then the iterations
may converge very slowly due to large axial optical thickness. Although the size of the coarse mesh in the
radial dimension is usually fixed to conform to the periodic Cartesian geometry of an LWR, the axial coarse
mesh can be varied more easily. The coarse mesh used for 3D MOC should have similar sizes in each
dimension (roughly cubic) to avoid excessive degradation of the convergence rate.

2D/1D with a 1D Sy axial solver can also have CMFD-related stability problems. However, by default, the
1D Sy axial solver has five inner sweeps, as well as five up-scatter iterations. Using this many transport
sweeps will probably mitigate any CMFD instability unless the optical thickness is extremely large. There
are still stability issues related to transverse leakage source positivity, but these are not directly related to
classic CMFD instability.

14.9. CRITICAL SEARCH

MPACT can perform a critical search capability by searching on a number of variables. The most common
of these variables is soluble boron concentration, but it is also possible to search for critical control bank
position, inlet flow temperature, core power, or core flow. The theory for critical boron search is described
briefly; the procedure is generally the same for any of the other variables.

For a given iteration k, the reactivity worth estimate is calculated using previous boron concentrations b:

0.0, k=1
Ao =1-107, k=2, (14.24)
kerrherr
pI_pk2 » k>2

Using this worth, the new boron concentration can be calculated as
b* = min (u w ApF + (1 —u) ApFT, 0) , (14.25)

where u is an underrelaxation factor to ensure stable convergence of the search algorithm.
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