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A hybrid Reynolds-averaged Navier—Stokes and kinetic eddy simulation turbulence model is proposed for
external and internal flow applications. This hybrid Reynolds-averaged Navier—Stokes and kinetic eddy simulation
model solves Menter’s k-»-SST model near walls and switches to a kinetic eddy simulation model away from walls.
The kinetic eddy simulation model solves directly for local turbulent kinetic energy and local turbulent length scales,
thus alleviating the grid-spacing dependency found in other detached eddy simulation and hybrid Reynolds-
averaged Navier-Stokes and large eddy simulation models. Within the hybrid Reynolds-averaged Navier—Stokes
and kinetic eddy simulation model, four different options (a combination of two different blending functions and the
use of realizability constraints to bound the Kinetic eddy simulation model parameters) have been evaluated and
studied for flows over airfoils (RAE2822, NACA0015) and a turbine vane configuration. Although all four options
showed good correlation with the test data, blending k-»-SST with kinetic eddy simulation using Menter’s k-0 -SST
F, function showed better predictions in separated flows than using the baseline k-»-SST model.

1. Introduction

OST current computational fluid dynamics (CFD) methods

used in the simulation and analysis of external and internal
flows are based on Reynolds-averaged Navier—Stokes (RANS)
approaches, which depend on turbulence-closure models to provide
flowfield turbulent variables. Although RANS approaches yield
good predictions for attached flowfields, they fail to accurately
predict flow structures in separated-flow regions because they
resolve only a portion of the turbulence scales of interest. Of course,
the ideal approach would be direct numerical simulation (DNS),
because the entire range of spatial and temporal scales of turbulence
is resolved, but the computational cost of DNS is prohibitive.
Another intermediate technique between DNS and RANS has been
proposed to replace RANS in such cases; this approach is called large
eddy simulation (LES).

In LES, the contribution of large energy-containing structures and
all scales larger than the grid resolution to momentum and energy
transfer is computed, and the effect of subgrid unresolved small
scales is modeled. The main limitation of LES is that the wall shear
layers have to be accurately resolved. To capture the near-wall flow
structures in the LES approach, the distance from the wall to the first
grid point should be about one wall unit (y* ~ 1) [1]. This
requirement along with commencing grid spacing in the other
directions gives rise to a large grid requirement and thus a prohibitive
computational cost. To alleviate this grid resolution requirement,
researchers have proposed using RANS in near-wall regions and use
LES approach away from walls. These approaches have been called
hybrid RANS/LES (HRLES) methods.

The need for different approaches for computing turbulent
Reynolds stresses near the wall and away from the wall was
recognized as early as the 1960s. Smith and Cebeci [2] computed
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eddy viscosity in the region close to the wall using Prandtl’s mixing-
length model while using eddy viscosity that is proportional to the
product of the boundary-layer edge velocity and the displacement
thickness away from the wall. This approach, called the Cebeci—
Smith model, was adopted in early turbulence models for use in
Navier—Stokes analyses. For example, the well-known Baldwin—
Lomax model [3] uses Prandtl’s mixing-length theory near walls and
an approach similar to that of Cebeci—Smith elsewhere. In these
models, the distance from the nearest solid walls was used to
compute the model length scales.

Spalart et al. [4] realized that in free shear layers, the distance from
the wall does not represent an appropriate length scale. Other length
scales such as shear-layer thickness are more relevant. Inspired by
ongoing research on LES, Spalart et al. extended the earlier Spalart—
Allmaras (SA) model [5] so that it yielded a conventional eddy
viscosity near the wall-bounded regions but switched to a pseudo
Smagorinsky LES model that is proportional to the grid spacing A
away from the wall. This approach, called detached eddy simulation
(DES), was found to yield superior results compared with the earlier
approaches for separated flows (e.g., static and dynamic stall). Other
researchers [6-9] investigated similar concepts of DES based on two-
equation turbulence models.

Other HRLES approaches have also been proposed. Speziale [10]
proposed to bridge RANS and LES by means of a reduction in the
RANS stress tensor, and the transition between them was controlled
by the grid size and the Kolmogorov microscale. Baurle et al. [11]
proposed a hybrid technique based on a combination of the two-
equation k-w-SST model [12] and the one-equation subgrid-scale
turbulent kinetic energy model [11]. Xiao et al. [13] proposed a
hybrid technique based on a combination of the two-equation k-{
(enstrophy) model [14] and the one-equation subgrid-scale turbulent
kinetic energy model. Basu et al. [15] proposed a hybrid technique
based on a combination of the two-equation k-¢ model [16] and the
one-equation subgrid-scale turbulent kinetic energy model [17].
Sanchez-Rocha et al. [18] proposed a hybrid technique based on a
combination of the two-equation k-w-SST model [12] and the one-
equation localized dynamic subgrid-scale turbulent kinetic energy
model [19].

These models used a one-equation subgrid-scale turbulent kinetic
energy model in the free shear layers to estimate the velocity scales
associated with turbulent eddies. The length scale was estimated
based on the grid spacing, as done in early LES work. This deficiency
was addressed by Fang and Menon [20,21]; they developed a two-
equation subgrid model for the LES of wall-bounded turbulent flow
at high Reynolds numbers. This approach, called kinetic eddy
simulation (KES), solves for both subgrid kinetic energy k and
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subgrid length scales /. KES [20,21] has been applied to static stall
around a NACAOO15 wing, oscillatory attached and dynamic light
stall, and dynamic deep stall flows around a NACAO0015 airfoil with
good agreement with experimental data. Versions of this model have
been applied to helicopter rotors in forward flight [22,23].

II. Research Objectives

All of the aforementioned DES and HRLES approaches used a
one-equation model in the free shear layers to estimate the velocity
scales associated with turbulent eddies, whereas the length scale was
estimated based on grid spacing. Therefore, the transition between
RANS and LES regions may depend entirely on grid spacing, and itis
not correlated with the local flow properties. In the current hybrid
Reynolds-averaged Navier—Stokes and kinetic eddy simulation
model, this model will be referred to as the hybrid RANS/KES
(HRKES) model. This grid-spacing dependency is avoided by using
the KES [20,21] model (which computes the length scale / rather than
relying on grid spacing A) in free shear layers. Furthermore, KES
requires using a law-of-the-wall type of approach that requires
specifying k and [ at the first grid point off the wall. These ad hoc
values of k and [ at the first grid point off the wall are derived from the
analyses of the energy dissipation rate on the wall for attached flows,
which might not be suitable for large separated flows or for transonic
flows. In the HRKES model, the need to specify k and / is avoided by
solving the classical k-w-SST model equations in near-wall regions,
whereas the KES model equations are solved away from walls. This
approach provides boundary conditions for both k and / and
eliminates the need for any ad hoc specification of their values at the
first grid point off the wall, leading to a more robust formulation
compared, with using KES everywhere. Thus, the first objective of
this study is to determine how to combine the classical k-w-SST
model near walls with the KES model away from walls.

In earlier DES and HRLES approaches, a common difficulty was
in determining when and where to switch between near-wall RANS
approaches (k-w or SA) to LES approaches away from walls. In all of
the aforementioned DES and HRLES approaches, researchers have
used a combination of distance from the wall and grid spacing to
switch between these two approaches. In the present study, we
invoke the assumption that k£ and / are continuous functions and
blend these quantities estimated from the two approaches. Thus, a
second objective of this study is to determine how well this proposed
blending works for a variety of external and internal flows.

In the KES model, as in other LES models, the eddy viscosity is
proportional to the product of velocity scale k and length scale: A in
the early LES models and / in the KES model. The constant of
proportionality is often specified empirically. In the present study,
preliminary efforts have been made to estimate and bound this
constant using the realizability constraints [21].

In the following section, the HRKES turbulence model equations
are described. Then the present methodology is described and
evaluated for flows over airfoils (RAE2822, NACAO0015) and a
turbine vane configuration.

III. Hybrid RANS/KES Turbulence
Model Formulation
This section presents the blended k-w-SST/KES model equations.
In the region close to the wall, Menter’s k-w-SST equations [12] are
solved. The present HRKES turbulent kinetic energy equation is
formulated as follows,

D(pk) _ au,-_k%+a[(u+m)ak] O

Dt i 8x_,- 1 8xj o ax,

and the k-w-SST model w equation [12] is
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In the outer region, the k equation is solved as before, and the w
equation is replaced by the k/ equation from the KES model [20,21]
as follows:

DAY — iyt - cupté 5[ (w+2) 522]
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To avoid abrupt jumps in the values of / between near-wall regions
and the outer layer, the following blending is used in computing the
HRKES length scale:

Vi
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where Iggg is computed from Eq. (3).
Here, the shear stress term is computed from
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The HRKES model constants are computed from k-w-SST [12]
and KES [20,21] model constants as follows:

04 = Fyjend * (04, - Fy + 04, - (1 = F)] 4+ (1 = Fyjenq) - 0%,

Uu):aa)]'Fl+au)2'(1_Fl) ﬁ:ﬁlFl—’_ﬂZ(l_Fl)

y=vi-Fi+py-(1-F) ©)
where
oy, = 1/0.85, 0, =2.0, B,=0.075, pB*=0.09
o, =10, o0, = 1/0.856, B, =0.0828, 0r,, =09
Bi K2
0,=2.0, C;=1.06, k=041, =——
ki i V1 B O \/F
B> K>
Vo="7— 7
: B Oy, v/ B* @

The function F is calculated from
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The dissipation coefficient of the k/ equation is computed as a
function of length-scale gradients [21] as follows:

C, (3?2
Cu=058+25Y (—) ©)
Oy 8x]

where C,, is computed following the realizability constraints [21].
Its value has a lower bound that is based on the ratio of turbulent

time scale (f = 1/+/k) to shear time scale (t = 1/,/(S;;S;; — 1 5%))
as follows:

L (D ] 10

C, = min [0.0667; —
V6 58, —1sy

Finally, the turbulent viscosity is computed from
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Table 1 Options for blending functions and the
use of realizability constraints in HRKES

Type C, Fhjena
HRKES1 0.0667 F, [Eq. (12)]

HRKES2 Equation (10) F, [Eq. (12)]
HRKES3 0.0667 F, [Eq. (8)]
HRKES4 Equation (10) F, [Eq. (8)]

e = Foenalili-o-sst + (1 = Foiena) i |kEs
0.31pk

an
Hlieamsst = max(0.31w; QF,)

Hilkes = Cup“/ElKES

where the function F, is computed as follows:

F, :tanh((max[z*—\/lz;@})z) (12)
proy’ y'o

The blending functions studied in the current HRKES model were
Menter’s k-w-SST [12] F; and F, functions. Those distance-
dependent blending functions were chosen to ensure a smooth
transition between the RANS model in near-wall regions and the
LES model away from walls. In the current work, four different
options (Table 1) for the HRKES model (a combination of | and F,
blending functions and the use of realizability constraints to bound
the KES model parameters) have been coded, studied, and compared
with the classical k-w-SST turbulence model.

For more details about the k-w-SST turbulence model, boundary
conditions, and initial conditions, the reader is referred to [12]. For
more details about the KES turbulence model, boundary conditions,
and initial conditions, the reader is referred to [20,21].

IV. Current Methodology

The present studies were done using the in-house solver GT-
TURBO3D [24-28]. This solver is a spatially-high-order unsteady
three-dimensional compressible flow solver that uses an implicit
time-marching scheme and a two-equation k-w-SST turbulence
model. This solver has been extensively validated for helicopter
rotors, wind turbines, prop fans, fixed-wing configurations, and
single-stage axial and radial compressors [24-27]. As a further
validation of this analysis, this solver was also evaluated by Zaki et al.
[28] for different single and multistage axial turbine configurations.
The code structure, validation studies, and grid convergence studies
are documented in the aforementioned references and are not
reproduced here, for brevity. The simulations presented here were
run until a cyclic convergence was achieved and the solutions were
averaged over the converged cycles.

il
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Fig. 1 RAE2822 airfoil (257 x 97 x 5) C-grid.

V. Results and Discussions

The hybrid RANS/KES methodology described above has
been applied to a number of internal and external flows (RAE2822
airfoil, NACAO0015 airfoil, and a turbine vane configuration). Further
description of these cases and the results obtained are described
below.

A. RAE2822 Airfoil

The present methodology is applied to a transonic flow over a
RAE2822 airfoil. This test case corresponds to test case 10 by Cook

g 3%
.0 000
a) k-0-SST
w2
B 000

b) HRKES2

1.33
n

.O Q00

c¢) HRKES4
Fig. 2 Mach number contours for an RAE2822 airfoil.
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et al. [29]. This AGARD standard case was selected because the
shock wave was strong enough to induce a boundary-layer separation
over the airfoil surface. The flow conditions are a Mach number of
0.75, Reynolds number of 6.2 x 10°, and corrected angle of attack
of 2.72 deg. This case was simulated using GT-TURBO3D with
periodic boundary conditions in the spanwise direction. The grid
used in the present computations is a C-grid, which extends 20 chord
lengths in all directions. This grid consists of (257 cells in the
direction wrapping the airfoil, 97 cells in the normal direction, and 5
cells in the span direction) with 176 cells on the airfoil surface
(Fig. 1).

The flowfield around the airfoil was examined through a study of
the Mach number contours for all the turbulence models studied.
The computed Mach number contours are shown in Fig. 2 (Figs. 2a—
2¢, for k-w-SST, HRKES2, and HRKES4, respectively). The
solutions of HRKES1 and HRKES3 were similar to HRKES2 and
HRKES4, respectively, and are not shown here, for brevity. All the
turbulence models were able to capture the shock wave location and
the boundary-layer separation caused by the shock wave over the
airfoil surface. The smooth Mach number contours indicate that the
blending in the HRKES does not introduce any unphysical fluc-
tuations to the flowfield in the buffer zone.

Next, the details of the flow over the airfoil were examined through
a comparison of pressure coefficient C p distributions over the airfoil
surface with experimental data [29] for all the turbulence models
studied. The computed pressure coefficient distributions are shown
in Fig. 3. The computations agree well with experimental data [29]. It
is found that the outer-region model has an effect on the near-wall
model. It is also found that k-o-SST, HRKES1, and HRKES2
predicted the shock wave location accurately, whereas HRKES3 and
HRKES4 predicted the shock wave location slightly downstream.
Furthermore, the solutions with and without using the KES model
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0.6 —~HRKES3 |_|
\ —— HRKES4
0.2 T s
- ‘e
i //' \ 2
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1
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Fig. 3 Pressure coefficient distribution over an RAE2822 airfoil.
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Fig. 4 Skin-friction coefficient distribution over an RAE2822 airfoil.
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Fig. 5 NACA 0015 airfoil (257 x 129 x 5) C-grid.

realizability constraints were similar, which indicates that those
constraints do not impact the solution in the current HRKES model.

Then the skin-friction coefficient C; distribution over the airfoil
was examined and compared with experimental data [29], as shown
in Fig. 4. The computational results agree well with the experiments.
The separation induced by the shock wave on the upper surface of the
airfoil is accurately captured by all the turbulence models studied.

A grid independency study was also done for this case and the
pressure and skin-friction coefficients over the airfoil obtained using
the different grid densities were similar and are not shown here, for
brevity, but can be found in [30].

B. NACAO0015 Airfoil

To further explore the differences between the HRKES and the
k-w-SST turbulence models, the flowfield over a NACAO0015 airfoil
was studied at different high angles of attack. This test case
corresponds to the test case by Piziali [31]. The flow conditions are
Mach number of 0.289 and Reynolds number of 1.94 x 10°. This
case was simulated using GT-TURBO3D with periodic boundary
conditions in the spanwise direction. The C-grid used in the present
computations consists of 257 cells in the direction wrapping the
airfoil, 129 cells in the normal direction, and five cells in the span
direction, as shown in Fig. 5.

The lift-coefficient values for this airfoil at different angles of
attack using the HRKES model different options and the k-w-SST
model are compared with the experimental data [31] in Fig. 6. The
experimental data has more points than the computational data at
high angles of attack; this is because the experimental measurements
were obtained while the airfoil was slowly pitched up and down,

1.6

+ Exp.
—k-w-SST
-e—HRKES1-2

|| =HRKES3-4

0.2 . : : : - : : !
2 4 6 8 10 12 14 16 AoA 18
Fig. 6 Lift coefficient vs angle of attack for NACA0015 airfoil.
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Fig. 7 Mach number contours for NACA0015 at a 16 deg angle of
attack.

whereas the computational data were obtained by fixing the airfoil at
different angles of attack. The computational results agree well with
the experimental results for all the turbulence models studied. It is
found that the HRKES1 and HRKES? predicted the lift-coefficient
values better than the baseline k-w-SST model at higher angles of
attack. Also, HRKES1 and HRKES?2 predicted the stall onset at

a) k-o-SST

b) HRKES2
Fig. 8 Viscosity contours for NACA0015 at a 16 deg angle of attack.
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Fig. 9 Pressure distribution over NACA0015 at a 16 deg angle of
attack.
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Fig. 10 Skin-friction coefficient distribution over NACA(015 at a
16 deg angle of attack.

an angle of attack of around 14 deg, whereas the k-w-SST model
predicted it at around 16 deg. It is also found that HRKES3 and
HRKES4 predicted higher lift-coefficient values than the k-w-SST,
HRKESI, and HRKES2 models at higher angles of attack. This
shows that the fidelity of the hybrid RANS/LES turbulence models
depend on the underlying blending functions. Furthermore, the
solutions with and without using the KES model realizability
constraints were similar, which indicates that the realizability con-
straints have a minor role in the current HRKES model.

Next, the flowfield around the airfoil at high angles of attack was
examined through a study of the Mach number contours. The
computed Mach number contours for both k-w-SST and HRKES2
turbulence models are shown in Fig. 7 for the case with a 16 deg angle
of attack. The smooth Mach number contours indicate that the
blending in the HRKES model does not introduce any unphysical
fluctuations to the flowfield in the buffer zone for large separated
flowfields.
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Fig. 11 Goldman turbine vane (137 x 63 x 32) C-grid.
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Fig. 12 Nondimensional mass-flow-rate convergence history for
Goldman turbine vane.
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Fig. 13 Mach number contours at midspan for Goldman turbine vane.

The flowfield viscosity contours (as a multiplication of the laminar
viscosity) around the airfoil at an angle of attack of 16 deg are shown
in Fig. 8. It is shown that the k-w-SST model predicted higher
viscosity levels than the HRKES2 model. It is also shown that high
viscosity levels predicted by the k-w-SST model are denser than
those predicted by the HRKES?2 model.

Then the details of the flow over the airfoil were examined through a
comparison of pressure distribution and skin-friction coefficient C;
distribution over the airfoil surface for both k-w-SST and HRKES2
turbulence models. The computed pressure distribution and skin-
friction coefficient distribution are shown in Figs. 9 and 10,
respectively, for the case with a 16 deg angle of attack. It is found that
the outer-region model has an effect on the near-wall model. It is
shown that the k-w-SST underpredicted the pressure over the airfoil’s
upper-half surface compared with HRKES2, which led to the
overpredictions in the lift-coefficient values compared with HRKES2.
No large differences found in the skin-friction coefficient over the
airfoil surface between k-w-SST and HRKES? turbulence models.

C. Goldman Turbine Vane

The present methodology is applied to an annular turbine stator
that was developed and tested at NASA John H. Glenn Research
Center at Lewis Field by Goldman and McLallin [32]. This stator has
36 vanes. The vanes have an axial chord length of 0.03823 m, a span
(between the hub and the tip) 0£ 0.0381 m, a 0.508 m tip diameter, and
a hub-to-tip radius ratio of 0.85. The inlet Mach number is 0.211. It
has a design pressure ratio of 0.6705, exit Mach number of 0.665, and
Reynolds number based on the axial chord of 173,000. A C-grid with
137 cells in the direction wrapping the blade, 63 cells in the radial
direction, and 32 cells in the blade-to-blade direction was used in this
study, as shown in Fig. 11. This grid was generated using the grid
generator TCGRID developed by Chima [33]. Figure 12 shows the
convergence history of the normalized mass flow rate for all the
turbulence models studied. It is found that all of the four options
listed in Table 1 have good convergence characteristics, similar to the
baseline k-w-SST model, and that they all converged after approx-
imately 20,000 iterations to the designed mass flow rate.

Next, the flowfield inside the stator passage was examined through
a study of Mach number contours and comparison with published
computational results [34] for the same configuration on a com-
parable grid. The Mach number contours at 50% span from hub are
shown in Fig. 13; they show very good agreement with the published
computational results [34]. This indicates that the transition between
the near-wall k-w-SST model and the outer-region KES model is
smooth and does not introduce any noise or fluctuations to the
flowfield in the buffer region.

Next, the details of the flow over the blades were examined
through a comparison of pressure distributions over the stator blade
surface with experimental data [32]. Normalized surface pressure
distributions at 50% span from hub are shown in Fig. 14. The
computed solution agrees very well with experimental data [32] over
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Fig. 14 Surface pressure distributions at midspan for Goldman
turbine vane.
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most of the blade surface, except for slight discrepancies over the
upper blade surface aft of 75% of the chord. It is found that all the
turbulence models studied here predicted almost identical Mach
number contours and blade surface pressure distributions, indicating
that for completely attached flows; the HRKES model is almost
identical to the k-w-SST model.

V1. Conclusions

A hybrid RANS/KES turbulence model is developed for external
and internal flow applications. This HRKES model solves Menter’s
k-w-SST model near walls and switches to the KES model away from
walls. Within this HRKES model, a combination of two blending
functions and the use of realizability constraints to bound the KES
model parameters have been evaluated and then applied to a number
of internal and external flows (RAE2822 airfoil, NACAOQO1S5 airfoil,
and a turbine vane configuration). It is found that the HRKES model
is more robust than the KES model alone and converges reliably for
2-D and 3-D configurations. For completely attached flows, the
HRKES model was almostidentical to the k-w-SST model. Solutions
with and without using the KES model realizability constraints were
similar, indicating that those realizability constraints mostly impact
the near-wall regions, which are dominant by the RANS model in the
current HRKES approach. Blending k-o-SST with KES using the
k--SST F, function showed better predictions in separated flows
than the k-w-SST model. More work is needed to estimate the KES
model constants dynamically and to develop a hybrid adaptive
switching between k-w-SST and KES models.
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