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INTRODUCTION

In 2010, the U.S. Department of Energy created its first
Energy Innovation Hub, which is focused on developing
high-fidelity and high-resolution simulation tools for model-
ing Light Water Reactors (LWRs). This Hub, Consortium
for Advanced Simulation of LWRs (CASL), has developed
a reactor simulation tool called the Virtual Environment for
Reactor Applications (VERA). One thermal hydraulic tool in
VERA is CTF [1], which is a specialized version of Coolant
Boiling in Rod Arrays-Three Field (COBRA-TF). The fuel
performance tool used in VERA is BISON [2], which is a
code developed at Idaho National Laboratory using the Multi-
physics Object-Oriented Simulation Environment (MOOSE).

To address the reliability and predictive capability of
complex simulation tools, it is necessary to establish a pedi-
gree for these tools. This process is accomplished through a
series of tasks, which successively add evidence that a tool is
reliable [3, 4].

1. Software quality assurance (SQA) minimizes the error
introduced by coding mistakes.

2. Code verification ensures that the numerical algorithm is
a faithful representation of the underlying mathematical
model.

3. Solution verification quantifies all sources of numerical
uncertainty.

4. Validation quantifies how faithfully the simulation tool
can model a real system.

5. Uncertainty quantification attempts to bound the quan-
tity of interest.

Following recommendations for improving the code ver-
ification evidence in CASL [5], additional work was per-
formed for both CTF [[0] and BISON [7]. These works are
briefly summarized in this paper, and a few examples are pro-
vided. For both codes, a series of problems are created and
solved. All problems are compared to a known solution and
the numerical error is quantified as the spatial and/or tempo-
ral mesh is converged. The error behavior is compared to the
expected behavior to quantify the success of each problem. A
physics-based approach is used to direct development work
towards areas of the codes that are lacking. By ensuring that
most conservation equations, discretizations, and geometry
are tested, this approach maximizes confidence in the numer-
ical algorithms employed by a particular simulation tool.

The next section in this paper discusses the verification
procedure. Then a few examples are presented from the CTF
and BISON verification matrices.

METHODS

In this work, convergence studies are used to quantify the
behavior of numerical error with mesh refinement.
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Here, y is the analytic solution to some problem, 9 is the
numerical approximation, and II II indicates a Euclidean norm.
The numerical error can be described as a function of an ar-
bitrary constant C, the characteristic spatial and/or temporal
mesh spacing h, and the order of accuracy p.

There are techniques for establishing the formal order of
accuracy for a particular finite difference or finite element
method [8, 9, L111, 1111 The observed order of accuracy is
approximated by (1) choosing an analytic model with an ana-
lytic or manufactured solution, (2) creating the computational
model of the problem, (3) running the computational model
on successively refined meshes, and then (4) approximating
the observed order using Equation L Once the observed or-
der is established, it is required to match the formal order to
within ±0.1 [3] to deem the verification process as successful.

In the work summarized in this paper, verification ma-
trices were created for each code. The matrices were con-
structed such that most conservation equation terms, geome-
try choices, and discretization options are tested. This vastly
improves the confidence in the underlying numerical algo-
rithms

CTF DEMONSTRATION

CTF is a thermal hydraulic subchannel code for reactor
core analysis M. It solves a two fluid, three field formulation
of two-phase flow and a conduction equation in solid struc-
tures.
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The first three equations are the phasic liquid conserva-
tion equations of mass, momentum, and energy. The phase
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indicators have been omitted, but they represent an equation
for each of the three fields in CTF: water, steam, and droplets.
The only exception to this is that the droplets are assumed to
be in thermal equilibrium with the water, and therefore do not
have a separate energy equation. Turbulent mixing and void
drift are omitted from the equations, but are included in the
code. The final equation is the conduction equation in the
solid.

Previously performed code verification studies are docu-
mented in the CTF V&V manual [L12]. The code verification
matrix was previously extended in [11 31]. New problems added
to the CTF verification matrix have been added to the V&V
manual and are described in a new CASL report [ii]. This
section describes two new problems added to the CTF verifi-
cation matrix: convection and advection.

Convection

This problem is designed specifically to test wall heat
transfer governing the coupling of the CTF solid and fluid
equations. A stationary fluid and solid are initially at differ-
ent temperatures and come to thermal equilibrium over time.
The following assumptions are made: (1) the fluid and solid
are zero-dimensional, (2) all properties and the heat transfer
coefficient are constant, and (3) there is no heat generation.
The fluid and solid have initial temperatures T fo and T50, re-
spectively.
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Fig. 1: CTF convection problem
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Here, T is temperature, h is heat transfer coefficient, A
is surface area, and t is time. The thermal capacitance is no-
tated as C = Vpcp, where V is volume and p is density. The
subscript indicates the field: fluid f or solid s.

The results are shown in l-qgure 14 The thermal capac-
itance of the solid is larger than the fluid, so the fluid tem-
perature changes more over the transient. [Figure 1b is a con-
vergence plot. The error between the code solution and ana-
lytic solution converges at approximately p = 1.06 for both
the solid and fluid solution. This is within ±0.1 within the
formal order; therefore, the code displays the expected first
order convergence for the solid-to-liquid coupling.

Advection of a Hyperbolic Tangent

This problem was originally performed for CTF in [LIA].
Single phase water flows through a horizontal pipe with: (1)
constant velocity, (2) constant pressure, and (3) no external
sources. The analytic solution to this problem is the advection
of the inlet condition with the constant velocity u. Three wave
shapes are tested in the CTF verification matrix, but here we
outline results for the hyperbolic tangent wave.
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Here, h is enthalpy, x is the spatial coordinate, initial and
inlet conditions are respectively indicated by the subscripts o
and in. The constant wave velocity is u, the wave is offset
in time by T and its width in space is determined by l. The
initial and inlet quantities were iteratively selected such that
the velocity and pressure are approximately constant.
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Fig. 2: CTF hyperbolic tangent advection problem



kigure 24 shows the enthalpy results for four different
mesh sizes and a convergence plot is shown in [Figure 213. The
successive refinements show the expected diffusive numerical
errors. As the convergence plot shows a observed order of
about p = 0.93, the verification study is deemed successful.

BISON DEMONSTRATION

BISON is a fuel performance code which models the
thermo-mechanical behavior of nuclear fuel [2]. It solves
three fully-coupled equations for energy conservation, me-
chanics, and species conservation.
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The temperature results are shown in Figure 34 for three
meshes and two different types of one-dimensional finite ele-
ments. The BISON predicted distribution accurately predicts
the temperature distribution, even though this is a problem
with nonlinear conduction. The convergence plot is shown in

for the two different element types. The elements
each show the correct order of convergence.
1-igure 

Conduction with Manufactured Solution

This problem utilizes the BISON capability for using the
Method of Manufactured Solutions (MMS). The manufac-

(10) tured solution is a simple trigonometric form:

Previously performed V&V work is documented in [TS],
though most verification work is SQA-oriented. The first BI-
SON code convergence study was introduced in [ii]. In the
current work, this has been extended to over twenty conver-
gence studies [7]. Here, we summarize two of the new prob-
lems: one that uses an exact solution and one with a manu-
factured solution.

Conduction with Analytic Solution

A slab with uniform heat generation is exposed to some
constant temperature on each side: T(0) = To and T (L) = T L.
The thermal conductivity varies linearly with temperature k =
kL(1+flT). The temperature profile can be obtained [17, pages
129-132] by
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T(x) = sin(curx). (13)

With this manufactured solution the source added to the
conduction equation becomes:

Q = a27T2 sin(curx). (14)

In the manufactured problem solved here, the arbitrary
constant a = 2. This manufactured solution is solved in
BISON using one-dimensional Cartesian coordinates. The
results are shown in [Figure 44. BISON accurately predicts
the temperature distribution. plgure 41  is a convergence plot,
which shows the correct order of accuracy for this problem.
Therefore, BISON is capable of utilizing the MMS for code
verification.

CONCLUSIONS

New CTF and BISON code verification work is sum-
marized in this work. Verification matrices are created for
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each code which cover conservation terms, geometry, and dis-
cretization choices. New problems are selected to fill existing
gaps in these matrices. Though neither of the matrices are
fully covered, this work establishes a more thorough pedigree
of these codes.

In addition to the creation of the verification matrices and
addition of new verification studies, these processes were also
automated in both CTF and BISON. This will enable any fu-
ture verification studies performed for these codes. In the
future, the verification matrices will be expanded to exam-
ine combinations of conservation terms and coupling between
different equations. This could reveal numerical bugs that are
hidden when only individual terms are tested.
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