
4 Numerical Setup and Validation

In this chapter various numerical methods are presented and validated with wind-tunnel
measurements (direct-force and PIV measurements), first for a static airfoil at stall-onset
and post-stall conditions and then for the dynamic tandem arrangement in the wind tun-
nel. In section 4.1 a discussion of the various modeling strategies are presented. Then
in section 4.2 the effectiveness of these two-dimensional URANS and three-dimensional
DES simulations for low-Reynolds-number flows are tested. Finally in section 4.3 the
numerical methods used for the tandem arrangement, including dynamic meshing in a
representative wind-tunnel domain, are presented and validated with existing measure-
ments.

4.1 Governing Equations

The two-dimensional, incompressible and isothermal unsteady Reynolds-Averaged Navier
Stokes (URANS) equations Eq. (4.1)-(4.2) were solved using the finite-volume method
and are presented here in differential form:
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4.1.1 Closure

Closure was performed using the SST k-ω turbulence model developed by Menter (1994).
The SST k -ω model is based on the blending of two proven turbulence models, i.e. the
standard k -ω model (see Wilcox (1998)) in combination with the k -ǫ model (see Launder
and Spalding (1972)). The SST k -ω model adopts the qualities of the k -ω model in
regions close to the wall (until the end of the logarithmic layer) and the strengths of the
k -ǫ model in the far-field. In the wake region of the boundary layer, both the k-ω and
k-ǫ models are blended.

Two scalar transport equations are solved for the turbulent kinetic energy (k) and
the specific dissipation rate (ω):

∂

∂t
(ρk) +

∂

∂xi

(ρkui) =
∂

∂xj

(

Γk

∂k

∂xj

)

+Gk − Yk (4.4)

∂

∂t
(ρω) +

∂

∂xi

(ρωui) =
∂

∂xj

(

Γω

∂w

∂xj

)

+Gω − Yω +Dω (4.5)

27



As seen in the standard k -ω model, Γk and Γω represent the effective diffusivity. Similarly,
Gk and Gω represent the generation and Yk and Yω the dissipation of turbulent kinetic
energy and specific dissipation rates, respectively. The additional term Dω in Eq. 4.5
represents a cross-diffusion between the original k-ω and k-ǫ models. In Eq. 4.6 one
finds that the control of this cross-diffusion is due to a blending function (F1):
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A second blending function F2 provides a switch mechanism for the expression of the
turbulent viscosity:
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where S is the strain rate and α∗ is the damping coefficient defined in Eq. 4.14. This
definition satisfies Bradshaw’s assumption that the turbulent shear stress in a boundary
layer is proportional to the turbulent kinetic energy, as described in detail by Menter
(1994):

τt = ρa1k, (4.8)

where a1 is a constant. In this manner the transport effects of the principal turbulent
shear stress can be accounted for, hence the name shear stress transport (SST). The
blending functions F1 and F2 are defined as follows:
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such that y is the distance to the next surface and D+
ω is the positive portion of the

cross-diffusion term found in Eq. 4.6.
For more details regarding the SST k -ω model, the reader is directed towards the

literature: Menter (1994) and Menter et al (2003).

4.1.2 Low Reynolds Number Correction

To accommodate the transitional Reynolds number regime the model was fitted with
a low-Reynolds number correction, in which the eddy viscosity is dampened using the
low-Reynolds number coefficient (α∗), where the damping coefficient is defined as:

α∗ =
0.024 +Ret/6

1 +Ret/6
. (4.14)
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Further to this, the SST k-ω model is capable of predicting bypass-transition, as reported
on by Wilcox (1994), suitable for modeling the diffusion of relatively high free-stream
turbulence (Tu > 1%) into the boundary layer, thus triggering a quick transition to
turbulence over the airfoil surface. For the tandem simulations, the hindfoil is exposed
to high levels of oncoming turbulence due to the path of the forefoil’s passing wake.

4.1.3 Transition Model

In addition to the standard SST k -ω model, a so-called local correlation-based transition
model (LCTM) developed by Menter et al (2006), referred to as the k -ω (γ-Reθ) model,
was tested since it is capable of predicting various transition modes. This model is
validated with experiments by Ol et al (2005) in section 4.2 to determine whether it
offers any benefits over the standard SST k -ω model.

In addition to the standard SST k -ω model, two extra transport equations for in-
termittency (γ) and transition momentum thickness Reynolds number (Reθt) are im-
plemented based on experimental correlations. Intermittency (γ), a property found in
dynamic systems is the measure of change in phase of unsteady and unpredictable com-
ponents of a smooth signal and is used to trigger the local flow transition when the
laminar flow develops small instabilities. Its transport equation (Eq. 4.15) is coupled
with the turbulent kinetic energy equation (Eq. 4.4) to activate the generation term of
turbulent kinetic energy (k) at and beyond the transition point
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The source or production term for transition in the intermittency transport equation is
Pγ. Its size is directly influenced by a transition length function and its production is
governed by an onset of transition function. Eγ is a sink term for intermittency and
represents its decay in the flow. It enables the model to predict relaminarization when
the onset function no longer indicates transition.

The second transport equation for transition momentum thickness Reynolds number
(Reθt) serves two vital purposes. Firstly it acts as a connection between the empirical
correlations and the onset of transition criterion of the intermittency transport equation.
Secondly it conveys information of nonlocal turbulence intensity, which is ever-changing
due to altering free-stream velocities and the decomposition of k

∂(ρReθt)

∂t
+
∂(ρUjReθt)

∂xj

= Pθt +
∂

∂xi

[

σθt

(

µ+
µt

σf

)

∂Reθt

∂xj

]

. (4.16)

Further details regarding the SST k -ω (γ-Reθ) model can be found by referring directly
to the work of Menter et al (2006).

4.1.4 Detached Eddy Simulations (DES)

Finally for comparison, full three-dimensional detached eddy simulations (DES) were
performed. DES is a hybrid method, using large eddy simulations (LES) away from the
wall where all structures larger than the grid size are directly solved using the Navier-
Stokes equations, combined with RANS methodology in the near-wall region. In order to
define the RANS region from the outer LES region, a grid-dependent length scale (d̃) is
calculated in Eq. 4.17, such that a RANS calculation point is defined if the distance d of
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the node in question from the wall is less than the largest distance (△) to a neighboring
node.

d̃ = min(d, CDES△), (4.17)

where the grid constant was set to the default CDES = 0.65, as found in Shur et al
(1999). The measure of nodal separation takes into account nodes in all three directions
in the cartesian coordinate system. If CDES△ < d then LES is performed. The most
efficient and accurate computations in DES require cubic cells in the mesh, thus making
it one of the priorities in the mesh-generating process. It is not always possible to create
cubic cells in specific areas of interest in the domain so a coefficient CDES associated
with this cell length scale △ can be used to control the RANS and LES boundary.

Also to note, the SST k -ω model was used in the RANS regions as well as for the
subgrid-scale model in the outer LES regions. For details regarding the DES methodology
for such separated flows, please refer to Shur et al (1999) and Travin et al (1999).

4.2 Static Simulations

In this section, two airfoil incidences are examined, α = 8◦ and α = 20◦, representative of
stall-onset and deep-stall conditions, respectively. At these transitional Reynolds num-
bers the stall-onset condition proves to be challenging for RANS simulations in that the
separation, transition and reattachment points are often poorly predicted. For instance
it has been shown that standard turbulence models used in external aerodynamics such
as the Shear Stress Transport (SST) k -ω model, as reported on in Menter et al (2003),
struggle to reproduce the nature of this laminar separation bubble when compared with
experiments. In the development of such models, the premise was that of fully-turbulent
flows at high Reynolds-number conditions where transition plays a negligible role. A
new concept of transition modeling developed by Menter et al (2006) uses a method of
local flow correlations, referred to as a local correlation-based transition model (LCTM).
This SST k -ω (γ-Reθ) transition model has the ability to predict transition of all types
due to the incorporation of experimental correlations.

The challenges facing simple two-dimensional numerical simulations in complex sep-
arated flow fields such as under deep-stall conditions has been reported on in great
detail by Iaccarino et al (2003). Recent high-fidelity large eddy simulations (LES) sim-
ulations performed by Visbal et al (2009) for such transitional cases have shown that
proper three-dimensional simulations are important in replicating both transition over
the laminar-separation bubble as well as the mixing in the leading- and trailing-edge
shear layers under deep-stall conditions. With the advent of hybrid approaches such as
detached eddy simulations (DES), strongly separated flows with their inherent three-
dimensionality, can be modeled at a reasonable computational expense. The first such
simulations for a stalled NACA0012 profile were performed by Shur et al (1999) and are
the basis of the three-dimensional simulations presented here.

4.2.1 Discretization

The solution in the spacial domain used a Green-Gauss node-based method and second-
order schemes to discretize pressure, momentum, turbulent kinetic energy (k), spe-
cific dissipation rate (ω), intermittency (γ) and momentum thickness Reynolds Number
(Reθ). For the DES the momentum equation was, however, discretized by a bounded-
central differencing scheme instead. For the steady RANS simulations the SIMPLEC
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pressure-velocity coupling algorithm was used whereas for the unsteady simulations
(URANS and DES) PISO coupling was selected. In the post-stall URANS simulations
a time step was selected to capture the unsteady shedding in the flow. The aim was
to have approximately 25-30 time steps per shedding period, and thus a time step of
0.0001s, with 20 sub-iterations, was selected. This time step was also used for the DES
runs. The total runtime for one second of URANS simulation was on the order of one
day whereas for the DES it was approximately four days. Specifically for the DES, the
SST k -ω model was used in the RANS regions as well as for the subgrid-scale model.
Otherwise the discretization of pressure, k and ω were identical to that of the RANS
simulations.

4.2.2 Mesh

All numerical simulations were run in parallel using Fluent 6.4 on a 4-processor, 64-
bit Linux work station. Both the two-dimensional RANS and three-dimensional DES
simulations were run on O-type meshes, with domains extending 20-35c normal from
the airfoil surface. The RANS mesh (248x212) consisted of approximately 53000 cells
whereas the extruded DES mesh (124x106x32), with a span of z = c, had approximately
420000 cells. Grid, domain and time-step sensitivity tests were performed for both cases.
For both URANS and DES a time step of 0.0001s was selected providing roughly 300 time
steps per shedding period and in turn allowing for sufficient resolution of the developing
vortex structures in the separated region. A cross-sectional view of the DES mesh can
be seen in Fig. 4.1. In the case of the two-dimensional RANS simulations, the cell
expansion ratio for the whole mesh was limited to 1.08, with 92% of all cells having an
aspect ratio of 5 or less. Discretization of the extruded DES mesh into 32 span-wise cells
was deemed practical due to its factorization (2x), which proved vital for the parallel
processing. The span-wise length of each cell being z = c/32 led to near-cubic cells at
a distance of y = c/10 normal to the airfoil upper surface, which was a focus region for
these stalled-flow simulations. The boundary conditions consisted of a velocity-inlet and
a pressure-outflow on the outer edge of the domain, with the no-slip condition set on
the airfoil surface. The airfoil’s trailing edge was rounded to eliminate the problematic
issue of sharp edges in the mesh as well as to be more representative of the experimental
SD7003 wind-tunnel model. Due to the extrusion of the x-y plane in the z-direction the
two side surfaces of the DES grid were set as periodic boundaries.

X

Y

Z

Figure 4.1: Cross-section of DES mesh with z = c span discretized with 32 cells.
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4.2.3 Validation
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Figure 4.2: Validation of force coefficients between experiment and CFD; note all results
at Re = 60000 unless otherwise stated.

Stall-Onset (α = 8◦)

When examining the lift and drag validation of Fig. 4.2 for the stall-onset incidence
of α = 8◦, it is found that the SST k -ω (γ-Reθ) model performs marginally better
than the standard SST k -ω model at Re = 60000. For the lower Reynolds number,
i.e. Re = 30000, the SST k -ω (γ-Reθ) model predicts an open separation and therefore
a significant drop in lift, which was also observed in the PIV measurements. For this
incidence the DES shows very little sensitivity to Reynolds number, primarily since the
boundary-layer region is governed by the standard SST k -ω model. For Re = 60000
the separation, transition and reattachment points are presented in Table 4.1. It is seen
that the discrepancy lies primarily in the reattachment and thus in the model’s ability
to rapidly generate turbulent kinetic energy (k) in the shear layer. There exists large
discrepancies in the laminar separation bubble size between the three cases, where the
CFD cases predict a thicker bubble than in the experiment. These thicker bubbles lead
to an overprediction of profile drag (see Fig. 4.2(b)). In Fig. 4.3 these bubble shapes
are shown for both the PIV measurements taken by Nerger et al (2003) as well as for
the SST k -ω (γ-Reθ) model. It is found that the length of the laminar separation bubble
strongly influences the pressure distribution over the airfoil surface. The sooner the flow
reattaches, reducing the size of the bubble, the greater the lift and the lower the drag.

Table 4.1: Comparison of laminar separation bubbles between PIV and CFD data at
α = 8◦ and Re = 60000.

Separation (xs) Transition (xt) Reattachment (xr)
Exp: Nerger et al. (2003) 0.06 0.13 0.18
SST k -ω 0.05 0.12 0.36
SST k -ω (γ-Reθ) 0.05 0.14 0.26
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Figure 4.3: Comparison of separation (xs), transition (xt) and reattachment (xr) points
between: PIV (top), standard SST k -ω (middle) and SST k -ω (γ-Reθ) model (bottom)
at α = 8◦ and Re = 60000; note PIV measurements taken from Nerger et al (2003).

Deep-Stall (α = 20◦)

In Fig. 4.2(a) the DES results agree well with the experiment whereby the URANS
simulations substantially overpredict lift. This highlights that the added effects of span-
wise distortions in the shear layer and wake are critical to capture the mean loadings on
the profile. The DES time-varying fluctuations of lift (and drag) are stochastic in nature,
which is in strong contrast to the periodic character of the URANS simulations. The
fluctuation of lift with time is depicted in Fig. 4.4(a) for the direct-force measurements
in the wind tunnel, the SST k -ω model and for DES at both Reynolds numbers. In Fig.
4.4(b) the lift-amplitude spectrum is plotted, such that the distinct periodic shedding
of the URANS simulation at f = 35Hz is clearly observed. In neither the experiment
nor the DES are such distinct shedding frequencies to be found; note f = 17Hz in the
experiment is the system’s natural frequency and is not to be mistaken as an aerodynamic
phenomenon. At this incidence the vortex shedding cannot be characterized by clearly
defined large-scale structures as found in the URANS simulations (see Fig. 4.5). Rather
a complex mixture of large and small fluid structures are apparent, particularly aft of
the x = 0.5c position. Fig. 4.6(a)-(d) further highlights the three-dimensional spanwise
variation of the flow over the airfoil surface. The largest coherent structures that traverse
the complete span of the airfoil agree with those captured by the URANS simulations,
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i.e. leading- and trailing-edge vortices. The dominating shear layer away from the airfoil
surface seen at x/c = 0.25 breaks apart downstream. In the wake, Fig. 4.6(e) shows
the increased growth of the trailing-edge vortex while still attached (x/c = 1.15) to the
airfoil surface as well as its interaction with the shear layer above. Fig. 4.6(f) illustrates
the trailing-edge vortex maintaining its strength in the wake while at the same time the
leading-edge vortex rapidly dissipates.
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Figure 4.4: Variation of lift coefficient at α = 20◦ and Re = 60000 unless otherwise
stated; note f = 17Hz in experiment is the system’s natural frequency.

Figure 4.5: Iso-surfaces portraying the three-dimensional structures in the flow at α =
20◦ and Re = 60000, where iso-contours of vorticity are set at ωzc/U∞ = ±5.
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Figure 4.6: Dimensionless vorticity in the y-z plane at several chord-wise locations from
the leading edge (α = 20◦ and Re = 60000).

4.3 Dynamic Simulations in Wind Tunnel

Despite the above-mentioned limitations with two-dimensional URANS simulations using
the standard SST k -ω model, dynamic simulations for the tandem arrangement have
been performed using this methodology. These simulations are of low accuracy but
nevertheless offer great insight into the aerodynamic interactions between the fore- and
hindfoils, which for the most part contain strongly separated flows. A thorough validation
with two reference cases (see Ol et al (2009)), where good agreement in both forces and
vortical structures are found, helps instill trust in this relatively simple methodology.

4.3.1 Discretization

All simulations were run with a full second-order upwind spatial and first-order temporal
discretization, where the latter was limited by the dynamic-meshing process in Fluent
6.3.26. In order to compensate for this limitation in the temporal discretization, fine
time-stepping of 0.0005s was used, equivalent to 800 time steps per cycle for Re = 30000
and k = 0.25. Further refinement of the time-stepping was performed for a single-
airfoil case in order to check for a time-step independent solution analogous to the
grid-independency tests described in the following section. Depending on the reduced
frequency of the simulation, 20 to 30 iterations were run for a given time step with
a convergence criterion based on residuals dropping O(10−4) in magnitude. Pressure-
velocity coupling was performed using the SIMPLE scheme. For all simulations the
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procedure was to run two complete cycles to establish the appropriate initial conditions
and then to begin recording data on the following cycle. This procedure was deemed
acceptable after running simulations with multiple cycles for the single-airfoil case and
finding negligible changes in the airfoil lift and drag coefficients in subsequent cycles.

4.3.2 Mesh

The numerical domain was modeled after the TU Darmstadt Eiffel-type open-return,
closed test-section wind tunnel (see section 3.3) in which the tandem pitch/plunge rig
was tested. The goal was to simultaneously validate the simulations directly with the
wind-tunnel force and PIV measurements and therefore the inclusion of the encompassing
wind-tunnel walls was deemed necessary, despite the 3% static blockage.

The domain extends the entire length of the wind-tunnel test section, that is the
forefoil quarter-chord sits x/c = 7.25 downstream of the velocity-inlet boundary while
the hindfoil’s quarter-chord lies at approximately x/c = 8.15 upstream of the pressure-
outlet boundary. The domain is filled with block-structured cells in sections a) and d)
before and after the dynamic meshing region, as shown in Fig. 4.7. In these block-
structured regions the skewness is zero, and the aspect ratio and cell growth are nearly
one.

a) d)b) c)a)

Figure 4.7: Numerical domain representative of wind-tunnel test section with forefoil
quarter-chord situated at x/c = 7.25 downstream of inlet; zones a) and d) contain pure
block-structured cells whereas zones b) and c) contain dynamic layering and sliding
zones.

The circular-core zones surrounding the airfoils provide for the pitching movement
through non-conformal boundaries whereas the plunging movement was realized through
the dynamic-layering method where rows of structured cells above and below the circular
cores were created and destroyed depending on the movement. This process can be better
understood when examining the middle section of the domain more closely, as shown in
Fig. 4.8. The two unstructured regions in the entire mesh were filled with quadrilateral
cells, providing the coupling of the non-conformal boundaries between the circular cores
and the block-structured outer region. This dynamic-meshing arrangement allows for
high pitch- and plunge amplitudes while maintaining good mesh quality, not just in the
vicinity of the airfoils themselves, but also in the interaction regions between the two
airfoils.
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Figure 4.8: Middle of numerical domain, zones b) and c), with two circular-structured
cores encompassing the airfoils; note airfoils and wind-tunnel walls (top and bottom)
with fully-resolved boundary layers.

Both airfoil and wind-tunnel wall boundary layers were fully-resolved satisfying the
y+ ≤ 1 condition throughout. Cell growth in all boundary layers was limited to 1.25.
The trailing edges of the airfoils were set with radii of 0.1mm so as to be more repre-
sentative of actual experimental airfoils as well as to ease the meshing constraints. An
overall maximum skewness of 0.41 and maximum aspect ratio of 4.1 existed within the
circular cores. A complete grid-independency study was performed and a resulting grid
of approximately 32000 cells was established. In Fig. 4.9 the pressure distribution for
a single airfoil at α = 8◦ with various mesh refinements is shown. The relatively low
number of cells and thus fast simulation times (on the order of six hours on a single
Linux machine) can be greatly attributed to the nearly complete block-structured mesh.
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Figure 4.9: Effect of grid refinement on pressure distribution for single, static airfoil at
α = 8◦; note three levels correspond to meshes with 10000 cells (�), 28000 cells (©) and
95000 cells (∇).
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4.3.3 Validation

As validation a comparison with two existing single-airfoil reference cases are made; see
section 9.1 for a detailed description of the kinematics. For the first case (pure-plunge
reference) found in Fig. 4.10, the agreement of lift with existing force measurements is
quite good, although stall occurs later and more drastically in the simulations. Reynolds-
number sensitivity is very low due to the separated nature of the flow field, as observed
in Ekaterinaris and Menter (1994). In the laminar simulation, the shed LEV and TEV
do not dissipate as quickly and therefore a waviness in the forces, particular strong for
drag, can be observed.
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Figure 4.10: Validation of lift and drag for the pure-plunge reference case; note reference
data taken from experiment, see Ol et al (2009).

When performing the validation with the second case (pitch/plunge reference) where
much lower levels of stall are present, see Fig. 4.11, the Reynolds-number sensitivity
is much stronger as would be expected. Discrepancy with existing force measurements
is larger due to the difficulty in predicting separation and reattachment in this case.
Transition would also play a larger role, as discussed in section 4.2. Finally it is observed
that the laminar simulations result in lower lift and thrust, with larger fluctuations when
compared with the turbulent cases. This is again due to the stronger shedding of vortical
structures from both leading- and trailing edges.
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Figure 4.11: Validation of lift and drag for pitch/plunge reference case; note reference
data taken from experiment, see Ol et al (2009).

In Appendix A, contour plots of dimensionless vorticity are qualitatively compared
between experiment and CFD. Dominant vortical structures such as the LEV and TEV
are well-captured for the pure-plunge reference case, whereas the separation and reat-
tachment regions for the pitch/plunge case prove to be more challenging for the numerical
simulations. The timing of reattachment appears to be particularly challenging for the
URANS simulations. The level of dissipation in both the shed vortex structures as well
as for the vortex sheets also appears to be in good agreement, albeit the fine shedding
structures associated with instabilities in the shear layer are not captured numerically,
which might perhaps be a function of the grid density.

4.4 Summary

For the stall-onset angle of attack of α = 8◦, RANS simulations using the SST k -ω
(γ-Reθ) model were found to be more accurate than those obtained from the SST k -ω
model. A reduction in Reynolds number from Re = 60000 to Re = 30000 resulted in a
larger separation region and therefore a reduction of lift and increase in drag for the SST
k -ω (γ-Reθ) model and to a greater extent for the SST k -ω model. Furthermore, the SST
k -ω (γ-Reθ) model simulated the size and location of the laminar separation bubble well,
showing an improvement over the SST k -ω model in predicting points of transition and
reattachment. At deep-stall conditions, i.e. α = 20◦, both URANS simulations grossly
overpredicted lift when compared with experiment. Despite this fact, an examination of
the shedding spectrum suggests that the URANS simulations were capable of emulating
the rate at which the largest coherent structures were shed form the airfoil. It was
apparent that the trailing-edge vortex and its detachment from the airfoil surface had
a significant effect on the lift variation with time. The DES very accurately predicted
lift for this strongly-separated flow, and exhibited large three-dimensional structures
primarily aft of the x = 0.5c location. Specifically the trailing-edge vortex exhibited
strong deformations due to the interaction with the unsteady shear layer emanating
from the leading edge, thus causing non-periodic lift variations. As would be expected
for such a strongly-stalled flow field, the Reynolds-number sensitivity was found to be
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minimal for both URANS and DES.
In the second set of validations, the standard SST k -ω model has been tested using

dynamic meshing with wind-tunnel boundary conditions. Despite the associated disad-
vantages outlined in section 4.2, which include limited transition prediction and lack of
three-dimensional vortex breakdown, the model showed good agreement with both force
and PIV data. Larger discrepancies were observed for instances where boundary-layer
separation and reattachment dominated the flow field around the airfoil. For such a flow
field, Reynolds-number sensitivity was also found to be largest. For completely sepa-
rated flow fields, however, which include the development and convection of leading- and
trailing-edge vortices over a plunging airfoil, neither transition nor turbulence modeling
played an important role. Thus for interactions dominated by such fully-separated flows,
as presented in section 9.4.1, such relatively simple modeling has been used and allows
for valuable insight into the interactions unavailable from the experiments.
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