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1 Executive Summary

This report describes the work carried out for completion of the Thermal Hydraulics Methods
(THM) Level 3 Milestone THM.CFD.P9.06 for the Consortium for Advanced Simulation of
Light Water Reactors (CASL).

2 Introduction

The primary objective of this milestone is to report on the following two major tasks that
are intended to enhance turbulence modeling capabilities in Hydra-TH. The two major tasks
are:

1. Implement and evaluate a rotation/curvature correction for the Spalart-Allmaras RANS
turbulence model in Hydra-TH.

2. Contribute to the design and implementation of a nonlinear £ — ¢ RANS model in
Hydra-TH.

The two major tasks are comprised of the following tasks:

e Become familiar with the Hydra-TH code development process.

e Design and implement the rotation/curvature correction term.

e Test the new model and evaluate its performance.

e Document the new model in the Hydra-TH theory and user manuals.
e Consult on formulation and design of the non-linear k — ¢ model.

e Contribute to the implementation of the nonlinear k£ — ¢ model.

e Write L3 milestone report.

e Stretch-goal: Document a formulation and implementation plan for new enhanced wall
functions. This task will likely commence in earnest next year.

The rotation/curvature correction and work supporting the nonlinear model are discussed
at length in §3, while summary and an outline for future work are given in §4.
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3 Milestone Accomplishments

This section begins with a description of the rotation/curvature correction for the Spalart-
Allmaras model. This is followed by a description of the U-channel problem and the results
from simulation used to evaluate the correction. Next, Elmahdi et. al’s 3x3 rod/spacer grid
sub-assembly model [9] is simulated to evaluate the correction on a CASL THM problem of
interest. The section concludes with a brief discussion of work related to the nonlinear k — ¢
model development and deployment.

3.1 Rotation/Curvature Correction for the Spalart-Allmaras Model

Eddy viscosity models that are used in Reynolds averaged Navier-Stokes (RANS) simulations
such as the Spalart-Allmaras (SA) model [13] typically contain a production source term that
relates the production of eddy viscosity (in this case) to some measure of the mean shear.
This is referred to as the Boussinesq approximation. The SA model makes use of the rotation
tensor to estimate shear. In flows where significant vortical structure exists or geometric
curvature, the eddy viscosity can be over predicted. There have been several ”corrective
measures” described in the literature to address this shortcoming in the model. The first
correction is by Spalart and Shur [14], Shur et. al [12] (SA-S) and a second correction is due
to Dacles-Mariani et. al [8] [7] (SA-DM).

The Shur et. al correction is very invasive requiring the computation of material deriva-
tives for the symmetric stress tensor which practically amounts to solving six additional
transport equations. The Dacles-Mariani et. al correction only requires a modification to
the production term. The Shur et. al correction was considered to be out-side the scope of
this exploratory milestone and so the Dacles-Mariani correction was pursued instead.

The Spalart-Allmaras eddy viscosity transport model is;

ov 0 . o~ N> 0 [(p, . OU\ Pew OV O
—+ — (po;v) = — - — | = (1
ot i Oz, (PUs7) = PenSal = Peut fu (d) * 0z (O'( 7 (9xj> * o Ox; 0z, (1)
The eddy viscosity is given by,
Vy = /ﬁfvl. (2)

Functions defining the damping function, source terms and non-conservative diffusion terms
in the model are listed below;
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where ﬁij is the rotation tensor. Model parameters are listed in table 1.
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k Cbl Cb2 o Cwl sz CwB Cvl Cvz

0.41]0.1355 [ 0.622 | 2/3 | S + =2 [ 0.3 [ 20 | 7.1 | 5.0

Table 1: Model parameters for Spalart-Allmaras turbulence model.

A different formula for S, has been proposed in Blazek [5] (also used in Hydra-TH [6])
that prevents it from taking a value of zero. The modified S, is;
o ﬂf v2

Sa = fv?)Sr + W:

-3
3 X
= 1
fv2 ( + CU2 )

.]?;3 _ (1 + val)i(l — fv2) ) (6)

k is von Karman’s constant, and d appearing in the source terms represents the normal
distance to the wall. At a solid wall, 1, = 0, and therefore the boundary condition is,
v = 0.

Examination of the production source term;

P(D) = pe Sav (7)

shows a dependence on the magnitude of the mean rotation through §a and on v itself. In
flows with significant vortical structure or geometric curvature, this can lead to an over-
prediction in the eddy viscosity. Dacles-Mariani et. al [8] proposed a modification to the
production term that accounts for solid-body-rotation and curvature by distinguishing be-
tween mean shear and mean rotation;

P(V) = peyv [(ST +2min(0, S;—S,))+ ZJZ};} : (8)

In this equation, S, is the magnitude of the symmetric stress tensor;

== - 1[0y Oy
—4/28..9.. I Y AN
S, SuSu S =3 ( 5t axj> 9)

3.2 U-Channel

To evaluate this correction, we investigate its performance in a two-dimensional U-channel
flow that has a 180 degree bend. The U-channel was investigated experimentally and numer-
ically by Monson et. al [11] and also numerically by Shur et. al [12] in the context of their
version of a rotation/curvature correction. A comparison of solutions using both uncorrected
and corrected versions of SA will be compared.

An example of a computational mesh that also illustrates the geometry is shown in
figure 1. Flow enters at the lower left boundary and the exits upper right. The bend is a half
circle. Later in this report, skin friction and pressure coefficients will be plotted in terms
of arc length (s/H) normalized by channel height H, measured from the inlet to the exit
along the center line of the channel for both outer and inner walls. The inlet is located at
s/H = —10, the start of the bend at s/H = 0, the end of the bend is at s/H = 7 and the
outflow is at s/H = 12 + 7.

CASL-U-2014-0194-000 5



1.

Figure 1: The computational mesh for 204x111 resolution.

Nx | Naz | Ny | Nz Ay,

204 | 100 | 111 | 1 | 3.5e-5/1.78e-3
408 | 200 | 111 | 1 3.5e-5

816 | 400 | 111 | 1 3.5e-5

Table 2: Computational grids for the U-channel flow.

Four meshes were generated using the Sandia mesh generator Cubit [1]. Each mesh
has 111 elements in the cross channel direction but varies in the axial direction. Table 2
summarizes the different computational grids. Nx is the total number of elements in the flow
direction (s), Naz is the number in the half circle (azimuthal direction), Ny, the number in
the cross stream direction, Nz, the z-direction and Ay, is the wall spacing of the first cell
next to the wall. The coarsest grid is roughly equivalent to the mesh used in the study by
Shur et. al [12]. Ny was kept constant because it corresponded to a y+ ~ 1 in the first cell
off the wall which is the appropriate value for the SA model. Spacing at the wall for these
three meshes was Ay, ~ 3.5e — 5.

y+ is plotted along the outer and inner surfaces of the U-channel geometry in figure 2.

y+ is defined as;
UT n Tw
y+ = Y ) Ur = —_
v p

where u, is the friction velocity, 7, is the wall shear stress and y,, is the normal distance from
the wall. The Spalart-Allmaras model contains a damping function and requires the normal
distance to the wall. This distance is computed by Hydra-TH as part of the initialization.

While the main objective was to evaluate the SA rotation/curvature correction, a second
model, the RNG k£ — ¢ model was also run for comparison. The RNG model employs a
different strategy for handling wall bounded flows. Instead of integrating to the wall and
directly computing the viscous sub-layer, the RNG k — ¢ model applies a y*-insensitive wall
function [6]. The y*-insensitive wall function can significantly reduce the overall mesh size
by requiring fewer cells to capture the boundary layer and also reduce sensitivity of the
turbulence model to near wall mesh spacing. However, it was found that the three meshes
with a spacing of Ay, = 3.5e — 5 and y+ ~ 1 produced significant oscillations in the wall
shear. The Hydra-TH theory manual suggests that y* be in the range, 20 < yx < 30. y* is
defined as;

y*:u*yn’ u*:C’i/‘l\/E.
v
where v is the kinematic viscosity, C), is the coefficient for the expression of the eddy viscosity
in the £ — ¢ model and k is the turbulent kinetic energy. Therefore, a fourth mesh with
wall spacing approximately fifty times larger than the original meshes (Ay,, = 0.00178) was
constructed. All of the k —e model (KE) results were obtained with this mesh. The variation
of y* along the inner and outer walls is shown in figure 3.

CASL-U-2014-0194-000 6



U-Channel Hydra-TH
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Figure 2: y+ for outer and inner U-channel surfaces.
U-Channel Hydra-TH
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Figure 3: y* for outer and inner U-channel surfaces for £ — e model and the coarse mesh.
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3.2.1 Inflow Boundary Conditions

Two inflow velocity profiles were studied. The first is a simple uniform profile which has
a value of U;, = 1 on each inflow cell edge. Therefore, the reference velocity is simply
Uref = Uip. The second profile is an estimate of a fully developed turbulent flow using a 1/7
power law. The profile is given by the function;

|y_yc|)1/7 (10)

Uly) = Us, <1—2 —

where 3. is the value of the center of the channel. This produces a symmetric profile about the
channel center line with a 1/7 power dependence on the y coordinate. The reference velocity
in this case is the value averaged across the channel which can be analytically determined by
integrating the profile function. Its value is 0.875U;,,. By letting U;, = 1/0.875, the reference
velocities for both profiles are approximately equal. Simulations using the 1/7 power law
velocity inlet profile will be denoted with the number 17.

The inflow boundary condition for v is not explicitly specified and therefore is assumed
to have a zero slope in the axial (x) direction and can float up or down.

3.2.2 U-Channel Results

For the U-channel numerical simulations, the Reynolds number based on channel height was
Re=1,000,000, the channel height was H = 1, the reference velocity was U,.; = 1.0, density
was p = 1.0 and dynamic viscosity was p = 1.0e — 6. Results from six simulations are
presented below. Table 3 summarizes the six simulations. The coarse mesh was chosen to
represent the solutions because tests showed that the finer mesh solutions did not significantly
improve the match between simulation and experimental data. The convergence history for

Simulation Model Curvature Correction Inflow
SA-CC SA Yes Uniform
SA-NOCC SA No Uniform
SA17-CC SA Yes 1/7 power law
SA17-NOCC SA No 1/7 power law
KE RNG k — ¢ NA Uniform
KE17 RNG k —¢ NA 1/7 power law

Table 3: Summary of U-channel simulations.

the SA model is shown in figures 4 and 5. For the RNG model the history is shown in
figure 6. All U-channel simulations were run with the semi-implicit time integration solver
and the maximum CFL was 5. The 1/7 power law inlet velocity profile simulations require
longer to converge than the uniform profile simulations. Hydra-TH has the capability to
ramp up the inflow velocity from a quiescent initial condition. In many cases, this has been
shown to improve convergence rates, however, it was not used for any of the simulations in
this report.

Examples of the steady-state axial and cross stream velocity components are shown in
figures 7 and 8 for the SA model, course mesh and uniform inlet velocity. There is a small
separation on the inner surface near the end of the curved section.

The eddy viscosity fields for the uniform inlet without and with correction are shown in
figures 9 and 10, and those corresponding to the 1/7th power law inlet without and with
correction are shown in figures 11 and 12, for the coarse mesh. The differences between

CASL-U-2014-0194-000 ]



U-Channel Total Kinetic Energy History
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Figure 4: Total kinetic energy history for the U-channel and Spalart-Allmaras model with a

constant velocity inlet profile.

U-Channel Total Kinetic Energy History

0.655 . . . .
0.65 F i
5 0.645 ]
[
T
o 064 -
g
S  0.635 -
s SA17, cc, 204 ——
o 063 SA17, cc, 408 !
SA17,cc, 816 -

SA17, nocc, 204 ]
SA17, nocc, 408

SA17, nocc, 816 - -~
0.62 L . \ .

0 50 100 150 200 250
Time
Figure 5: Total kinetic energy history for the U-channel and Spalart-Allmaras model with a

1/7th power law inlet velocity profile.
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U-Channel Total Kinetic Energy History
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Figure 6: Total kinetic energy history for the U-channel and k£ — ¢ model with a constant

and 1/7 power law velocity inlet profile and course mesh.
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Figure 7: X-component of velomty for 204x111 grld resolution.
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Figure 8: Y-component of Velomty for 204X111 grld resolution.
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./L' ) turbnu0

0.000e+00 1.654e-03 2.481e

—
Figure 9: Eddy viscosity for é%-%'vithout curvature correction for 204x111 grld resolution.

./L' . turbnu0

c_
0.000e+0 153g-03 2.305e-03 3 458e-

—
Figure 10: Eddy VISCOSIty for SA with curvature correction for 204x111 grld resolution.

the model with no correction and with correction are hard to distinguish. Much greater
differences exist between the uniform and 1/7th power law inlet velocity profile. solutions.
The maximum values of eddy viscosity are larger by a factor of four and the cross stream
distributions are quite different. The uniform inlet produces a distribution with two peaks,
one close to each surface and the 1/7th power law inlet produces a distribution that is much
more uniform. Figure 13 show the eddy viscosity in the cross stream at § = 90 degrees
for the four cases. x/H=0 corresponds to the convex (inner) wall and x/H=1 corresponds
to the concave (outer) wall. The behavior is such that less eddy viscosity is produced on
the convex surface and more is produced near the concave side. The rotation/curvature
correction produces slightly less eddy viscosity on the convex side compared to the non-
corrected model. This observation was also made in the study by Shur et. al [12].

Skin friction for the outer and inner walls are shown on figures 14 and 15 respectively.
The skin friction coefficient was computed by;

ti = QIUSUTL]
S; = tz — (n]tj)nl
Sw = 5;M,; (].1)

where ¢; is the traction vector, n; is a unit vector normal to the surface, s; is the shear-
traction, and m; is a unit vector tangent to the surface which for this geometry is formed
by the cross product of a unit vector in the z-direction with the surface normal. Using the

D

0.000e+0 1.495e-03 2.242e-03 —
Figure 11: Eddy VlSCOSlty for SA without curvature correction for 204x111 grid resolution

and 1/7th power law velocity inflow profile.
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-J_' N turbnu0

1.048e- 2.097e-03 3.1

0.000e+00 . 03 | 3.145e.03 4.194e-03 .
Figure 12: Eddy viscosity for SA with curvature correction for 204x111 grid resolution and

1/7th power law velocity inflow profile.

U-Channel Eddy Viscosity, theta=90
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Figure 13: Eddy viscosity profile 6 = 90.
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U-Channel Hydra-TH, outer wall
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Figure 14: Skin friction coefficient on the outer wall.

reference velocity and density;

— Sw —
o %pUTQef -
Here, the effect of the correction can be clearly seen. SA-CC has a higher peak on the
outer surface than SA-NOCC matching the experimental data better while the KE model
under predicts the data more than either SA model. On the other hand, it is hard to say
which model is better on the inner surface because the experimental data is so sparse. The
recirculation region is evidenced by the negative friction coefficient. The skin friction for KE
was computed using Hydra-TH’s native wall shear surface data output instead of using the
the shear-traction as described above. This was due to the fact that the traction calculation
is altered by the wall function. It should be noted that Hydra-TH does have the capability
to write out the shear-traction. The experimental data was obtained from Shur et. al’s [12]
paper.
Pressure coefficients for the outer and inner walls are shown in figures 16 and 17 respec-
tively. The pressure coefficient is computed by the following;

25, (12)

(p_pref)
Cp = 5= =2(p— Pres) (13)
: %pref d

where the reference pressure was chosen as the pressure at s/H=-5 for the SA-NOCC model
with the constant inlet profile. Here, SA-CC captures the data better than the other models
on the suction side of the outer wall. However, all models over predict the pressure recovery.
The predictions are all very similar and reasonable on the inner wall.

CASL-U-2014-0194-000 13
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U-Channel Hydra-TH, inner wall
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Figure 15: Skin friction coefficient on the inner wall.
U-Channel Hydra-TH, outer wall
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Figure 16: Pressure coefficient on the outer wall.
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U-Channel Hydra-TH, inner wall
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Figure 17: Pressure coefficient on the inner wall.
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U-Channel Hydra-TH, theta=0
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KE
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D
X
=]
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0.2 _
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y/H
Figure 18: Mean velocity profile at 8 = 0.

Velocity profiles at four locations; § = 0,90, 180 degrees, and s/H = 7 + 2 are shown
in figures 18, 19, 20 and 21 respectively. Velocity profiles at these same four locations are
presented in Shur et. al [12]. At the § = 0, 180 degrees and s/H = 7 + 2 locations, the
x-component, of velocity is plotted. At 6 = 90 degrees, the y-component is plotted. The
agreement between models and experiment is pretty good for all three models. The 1/7
power law velocity inlet profile produces slightly better predictions in the bulk flow at 90
degrees and near the outer walls for the 0 and 90 degree locations. There is a significant
discrepancy between experiment and all models at § = 90 degrees near the outer wall. This
same discrepancy is present in the results obtained by Shur et. al [12].

CASL-U-2014-0194-000 16



U-Channel Hydra-TH, theta=90
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Figure 19: Mean velocity profile at 6 = 90.
U-Channel Hydra-TH, theta=180
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Figure 20: Mean velocity profile at # = 180.
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U-Channel Hydra-TH s/H=2+pi
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Figure 21: Mean velocity profile at § = 7 + 2.
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Figure 22: Helicity (red) positive orientation value=1000, (blue) negative orientation value=-
1000. Uncorrected SA model.

Figure 23: Helicity (red) positive orientation value=1000, (blue) negative orientation value=-
1000. Curvature corrected SA model.

3.3 Elmahdi 3x3 Rod/Spacer Grid

In order to evaluate the value of the correction in a problem of interest to the CASL THM
development effort, a 3x3 rod/spacer grid model of Elmahdi et. al [9] was run without and
with the correction. The model is one span with a center rod surrounded by four half rods
on the four sides and four quarter rods at the corners. The length of the span is 0.40132m
and its width is approximately 0.0252m. The inflow velocity is 5m/s, density is 942kg/m?,
dynamic viscosity is p = 2.32e — 4kg/ms and the rod diameter is D = 0.0095m. The
Reynolds number based on rod diameter was Re = 192,866. This geometry creates four
sub-channels. Hydra-TH was run with a fully-implicit solver strategy using Picard iterations
and a maximum CFL=300.

Helicity contour plots for SA-NOCC and SA-CC are shown in figures 22 and 23 respec-
tively. Positive helicity is colored red while negative is colored blue. The values are +1000.
Long tubes of helicity persist from the trailing edge of the spacer grid along the spanwise di-
rection. The helicity predicted from both SA-NOCC and SA-CC is plotted along the center
of one of the sub-channels. There is an initial peak close the the spacer grid and then a long
decay as it is advected down stream. The comparison between the two models shows that
there is a slight difference 1/3 the way down the span but otherwise there is no significant
difference between the two predictions.

3.4 Nonlinear k£ — ¢ Model Design and Implementation

This work was done in support of a level 2 milestone entitled ”Single Phase Validation of
Hydra-TH for Fuel Applications (FY14.CASL.010)” [3]. One objective was to design, imple-
ment and validate the nonlinear & — ¢ model of Baglietto [2] and Baglietto and Ninkata [4]
in Hydra-TH. The majority of the work was performed by Baglietto, Christon and Magolan.
I contributed to this objective by reviewing the code and comparing it to the formulation,
reviewing the tensor/vector math operators, reviewing the Jacobian terms for the left-hand-
side of the implicit solver and running many debug runs.

Work remains to mature this model to point where it is production ready. I envision that

CASL-U-2014-0194-000 19



Elmahdi-3x3 Helicity in a Sub-Channel
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Figure 24: Helicity in the center of a sub-channel for both uncorrected and corrected SA
models.

I will continue to contribute to this effort in the coming year. Several runs were made on
the U-channel with this model. Preliminary results show that the behavior is similar to the
SA and RNG models, however, oscillations downstream of the bend occur. This issue will
be addressed in a subsequent study.
A brief description of the model is included here to facilitate the task of documenting it
at a later date in the Hydra-TH theory manual. The description follows closely Baglietto [2].
The ”standard” k — e model of Jones and Launder [10] can be written as;

dpk o ,__ 0 ok
— 4+ —(pvjk)=— (1 — | P —p
o +8xj (pu;k) o, ((M“‘,Ut/Uk)axj) i — PE
ope 0 ,__ 0 Oe € g2
— 4+ — (pvje) = — | (1 ) — Co—P, — Coop— 14
o+ e ) = o (0 /o) g ) + Cat P = Car (14
where the production is defined as;
_——0v;
P, = —puv; Iz,
and the eddy viscosity is define as;
C,.pk*

Mt = ——-
€
Unlike the standard model C), is not constant. Based upon realizability considerations, C),

is a function of the shear and rotation invariants S and W,

C o CaO
M (Cat + CaaS + CozW)
where,
k= =~ k = =
S - g 2S¢jSi]’, W - g QQ'jQij,
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The Reynolds’s stresses are represented by a nonlinear stress-strain relationship, neces-
sary to capture anisotropic stress behavior which is responsible for the creation of secondary
flow in fuel rod bundle flows. The quadratic stress-strain relationship is given by

7 2_ S
puiv; = (gpkéij - #tSij)
k|~ ~ 1. ~ ~
+ Cl/itg SitSkj — g(sijsklskl}

+ Czﬂtg ﬁzkgkg +§jk§ki]

k=~ ~ 1.~ ~
+ C3Mtg Qi — g@ijle}

where the first term on the right-hand-side is the usual linear contribution. For realizability,
the three constants, (C, Cy, C3) are non-constant given by;

o — Cnia = Cnr2 Cn — Cners
' (Cnis + CnirS?)Cy ? (Cnre + CnirS?)C, ’ (Cnrs + CnirS?)C,

Model parameters are listed in table 4 and table 5.

Ok O¢ Ca 1 052 CaO Ca 1 Ca2 Ca3
1.0 1122|144 1192 |0.667| 3.9 | 1.0 0

Table 4: Model parameters for nonlinear k£ — ¢ turbulence model.

Cni1 | Oni2 | Onis | Onis | Oner
0.8 11 4.5 | 1000 | 1.000

Table 5: Model parameters for nonlinear k£ — e turbulence model quadratic stress terms.

The current implementation uses the y*-insensitive wall function described in the Hydra-
TH theory manual. Baglietto and Ninokata [4] present damping functions to allow integra-
tion to the wall. These functions have not been implemented yet. In addition, the current
implementation neglects sensitivities of the nonlinear stress terms in the implicit left-hand-
side operator and so currently, the Jacobian terms for the nonlinear model are identical to
the standard model. This choice was expedient and will have to be re-evaluated at a later
time.

4 Summary and Future Work

The rotation/curvature correction proposed by Dacles-Mariani et. al [8] has been imple-
mented in Hydra-TH and tested. It was accessed for validation through numerical experi-
ments similar to Monson et. al [11] and Shur et. al [12]. There were small differences in
the solutions between the un-corrected and the corrected solutions. These were evident in
the skin friction and pressure coefficients. Differences were also observed in velocity profiles,
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especially near the outer wall. These were attributed mainly to differences between inlet
velocity profiles.

The correction was also accessed qualitatively on the 3x3 rod/spacer model of Elmahdi
et. al [9]. Here, it was observed that the predicted helicity in the center of a sub-channel
downstream of the mixing vanes, in a single span of a 3x3 rod/spacer grid model, were very
similar.

Finally, contributions to the nonlinear £ — ¢ model design and implementation were
described. Additional work will be necessary to mature this model.

The stretch goal of documenting a formulation and implementation plan for advanced
wall functions was not completed this year. This important task will start up again next
year.

In the course of running Hydra-TH and analyzing the data several issues have been
identified that if addressed, would enable the analysis to be performed in a more straight-
forward way;

e [t is necessary to write plot files using the distributed file type in order for side set
defined surface data to be written to the plot file. However, the local-to-global node
and element maps are not written to the distributed files so the files cannot be properly
joined using exoduslI utility software. The ability to collect the distributed files into
a single file would be convenient for data analysis on small to medium sized problems.

e The user defined velocity bce sets the velocity on the boundary edge. The mechanism for
projecting the user defined velocities to the nodes was not working properly, however,
has been subsequently corrected.

There are several interesting questions that could be addressed in future work. Though
perhaps academic in nature, may lead to better solutions for industrial problems as well.

e Understand why the 1/7th power law inlet profile slowed convergence of the k — ¢
model simulations.

e What is the root cause of the oscillations in the k — ¢ model shear-traction. Varying
the mesh resolution in the stream wise direction did not correct this problem. It was
necessary to increase y* greater than 20 in order to remove the oscillations.

o Would a low-Reynolds number version of k—¢ using damping functions and integrating
to the wall lead to better predictions of shear-traction.

e Several simulations of the U-channel were run with the nonlinear model. However, due
to time constraints and oscillations in wall shear downstream of the bend, the results
are not included in this report. A detailed comparison of the nonlinear model with SA
and RNG models would be valuable.

e Finally, the U-channel flow is a good validation problem for RANS models and will
added to the Hydra-TH verification and validation suite.
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