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Abstract

This paper presents an in-depth study, using wall-resolved Large-Eddy Simulation (wrLES),
of a high Reynolds number airfoil in a near-stall condition. The flow around the NACA4412
airfoil, a widely used test case for turbulence modeling validation, is computed at Reynolds
number Re = 1.64 x 10° and angle of attack & = 12°. In the first part of the paper,
the results are compared to previous experimental and numerical results, showing close
agreement with both. In order to aid wall-model development, the second part of the paper
characterizes the effect of the adverse pressure-gradient (APG) on the turbulent boundary
layer development, and evaluates different wall-models in an a priori manner. It appears
that the simple models, which assume an equilibrium flow, provide a better match to the
mean flow velocity than allegedly more advanced models. The study reveals also that the
often used simplification of the “Two-Layer Model”(TLM) that takes the pressure-gradient
into account but neglects the convective terms, is not adequate. This simplification applied
to the TLM indeed leads to a higher error than the simple equilibrium models. Therefore, it
is argued that if the convective terms are neglected, the pressure-gradient term needs to be
neglected as well.
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1 Introduction

Large-Eddy Simulation (LES) of wall-bounded flows at the Reynolds numbers that are rel-
evant for wind turbine, turbomachinery or aircraft design (Re > 10°) currently requires too
much resources to be used in practice. However, as LES can provide more physical insights
and higher fidelity than the currently affordable modeling approaches, it is needed by the
industry. Therefore, cost reduction is of high importance. Wall-modeled LES (wmLES) alle-
viates the LES near-wall grid requirement by employing a wall-model to reconstruct the
wall shear stress based on data taken further away from the wall. In this way, wmLES is
seen as a promising solution towards computation of high Reynolds number flows. wmLES
techniques have demonstrated high accuracy on test cases such as the turbulent channel
flow [1-5]. However, the results are currently unsatisfactory for cases presenting an adverse
pressure-gradient (APG).

A first obstacle towards developing reliable wmLES is the lack of perfectly repro-
ducible validation test cases Four recent studies [6-9] attempted the validation of wmLES
approaches by simulating the flow over the NACA4412 airfoil, see Fig. 1. In all cases, the
overall flow was captured but there were still differences with the experimental reference
case. These differences could be due to an inability of the wall-models to capture the APG.
However, all authors put forward the difficulty, or even the incapacity, to exactly reproduce
the experimental conditions. In particular, the trip wire could not be reproduced consider-
ing the coarse near wall-grid used with wall-models [6, 8, 9]. Furthermore, the study that
obtained the best match with the experiment [8] was also the only one to model the effect
of the wind tunnel blockage.

Whatever the actual origin of the observed differences, it is clear that the inherent differ-
ence between the experimental and the numerical setup leads to difficulties in developing
and validating the wall-model approaches. Therefore, the ideal wmLES validation case
should be a wall-resolved LES or even a Direct Numerical Simulation (DNS) run under
exactly the same conditions as the wmLES.

Unfortunately, due to their high computational cost, most of the numerical reference
cases (wrLES, DNS) concern Reynolds numbers that are too low to be relevant for wmLES
validation. The reason is highlighted in Fig. 2, which shows the impact of an APG on the
boundary layer development over the same bump geometry for two Reynolds numbers.
The bump was designed by Dassault Aviation to reproduce a typical APG observed on
an airfoil at high angle of attack [11]. The test case was studied first experimentally at
Re; = 6500 [11] and then reproduced by DNS at the highest accessible Reynolds number,
namely Re; = 395 [12]. Figure 2 provides the pressure coefficient evolutions over the bump
for the two Reynolds numbers. In both cases, the bump induces first a favorable pressure-
gradient until the top of the bump where C;, ~ —1.5 but the adverse pressure-gradient is

Fig. 1 Mean velocity profiles and instantaneous spanwise vorticity over the NACA4412 airfoil at @ = 12°
and Re = 1.64 x 10°
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Fig.2 Impact of an adverse pressure-gradient at low and high Reynolds numbers. The small figure presents
the geometry (gray area), the pressure coefficient (black curve) and the locations corresponding to the veloc-
ity profiles plotted in the main figure (vertical lines colored from black to gray). The low Reynolds number
results are on the left (the data come from the DNS database [10] and have been analyzed by the author). The
experimental high Reynolds number results are on the right (the data have been extracted by the author from
Bernard et al. [11])

slightly different with, at low Reynolds number, a plateau that reveals a separated region.
The boundary layer velocity profiles are shown for both Reynolds numbers at different
positions in the adverse pressure-gradient region. The profiles are given in wall units!. At
the higher Reynolds number, a common log-layer region is observed in all of the profiles,
effectively decoupling the outer layer, highly impacted by the APG, from the inner layer.
The latter appears to behave in an universal way, usually referred to as “the law of the wall”
withu®™ = f(y™).

At the lower Reynolds number, there is no logarithmic layer, and the impact of the APG
goes up to the wall. A wall-model developed and/or validated on the basis of low Reynolds
number data is therefore likely not applicable to high Reynolds number cases; and con-
versely. Therefore, numerical reference cases at high Reynolds numbers are highly desirable
for the development of wmLES.

A second obstacle is the lack of consensus on the appropriate wall-models The most
basic wall-models are based on analytical laws that provide a direct link between the veloc-
ity u (and potentially other data such as the pressure-gradient) at a pre-specified distance
y from the wall and the wall shear stress t,,. A widely used expression is the Reichardt
law-of-the-wall [13]

1 1 oyt oyt
ut=—-In(1+xy")+(C—=-In@) ) (1—e T —=—e" 75 ), (1)
K K 11

where « and C are two coefficients. Their value is the subject of many works in the literature
but here k = 0.38 and C = 4.1 are used, as suggested by the more recent works. Another
wall-model, which is used by commercial codes (e.g. [14]), is the Werner and Wengle

lie. using the local wall shear stress 7, = pu% to non-dimensionalize the tangential velocity u™ = u/u.

and the normal wall distance y* = yu, /v with v the kinematic viscosity.
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formula [15]. This model has the advantage of providing the wall shear stress without
requiring to solve a non-linear equation

24t L AT3E
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In this expression, u,, is the averaged velocity between the wall and the wall-model input
location yy,, p is the density and p is the dynamic viscosity. A and B are two coefficients
takenas A =83 and B = 1/7 [14].

Although these two laws are dedicated to equilibrium flows, they should also be appli-
cable to APG as long as the boundary layer velocity profile features a log-layer region
and as the wall-model input is before the end of that region. However, many authors have
developed more elaborate expressions that explicitly take the APG into account. Brionnaud
et al. obtained promising results on a detached flow over an aircraft wing [16] using the
“Generalized law-of-the-wall” of Shih [17]

Tw PR NS .
=" fiH) + L p I o ptY) 3)
|Twl P
where pt = 733% is the pressure gradient in wall units and fj and f, are calibrated

fifth-order polynomials. This approach is interesting as it has basically the same cost as the
classical Reichardt model.

However, the most widely used model is the “Two-Layer Model” (TLM) of Balaras et
al. [18] that couples LES to simplified RANS equations

2,4 Eiowa + +
(a” 4 A )>={p+}+[u+8”+u+3”]. )
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In its full form, the model is computationally more expensive since it requires the solution
of these equations on an auxiliary, boundary fitted grid. It is therefore often simplified. The
most frequent simplification neglects the convective terms [19], indicated by the straight
brackets. However, a recent review by Larsson et al. [4], states that the convective terms
approximately balance the pressure-gradient term (term within curly brackets), such that
both should either be considered or neglected together.

The present project aims at performing a wrLES of the NACA4412 at Re = 1.64 x 10°
and & = 12° in order to compare different widely used wall-models a priori The steps
of the study consist of

— providing a numerical reference, which can be reproduced, for the validation of wmLES
or related approaches;

— extracting from this database the quantities used as wall-model in- and outputs;

— using these quantities to assess the validity of various existing wall-models.

Instead of comparing the different models a posteriori by analyzing the results of differ-
ent wmLES computations, the models will be confronted here in an a priori manner on the
basis of a wall-resolved LES. The focus of the comparison presented in this paper is on
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evaluating the models capacity to represent APG effects and, more specifically, on
answering the following questions:

1. Can an analytical approach that assumes equilibrium match velocity profiles in APG
boundary layers at high Reynolds number?

2. How does the use of Reichardt equilibrium law-of-the-wall compare to that of Werner
and Wengle’s model?

3. Does the use of the analytical model of Shih [17], which explicitly includes the
pressure-gradient, improve upon that of the equilibrium law?

4. Can the more advanced and expensive “Two-Layer Model” [18] be simplified by
removing the convective and/or the pressure-gradient terms?

The paper is organized as follows. Section 2 describes the CFD methodology and the
computational setup. Section 3 compares the wrLES results to seven previous numerical
and experimental studies. Section 4 uses the wrLLES results to characterize a flow submitted
to an APG. Finally, Section 5 compares the different wall-models to address, in Section 6,
the questions raised above.

2 CFD Methodology and Computational Setup

The simulations are performed using the high order Discontinuous Galerkin method
(DGM). This method provides accuracy, low dissipation and low dispersion irrespective
of the mesh type. It is furthermore highly scalable and is thus well adapted for LES of
large-scale industrial applications [20]. Argo, the DGM code used in this study, solves the
compressible Navier-Stokes equations using an Implicit LES (ILES) approach, in which the
subgrid scale dissipation is provided by the numerical scheme. Argo has been successfully
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Fig. 3 View of the 2D unstructured mesh on the top of the time- and span-averaged velocity magnitude.
Quadrangles are used in the boundary layer and triangles in the far field. The small inset gives a zoom on the
laminar separation bubble. The white markers represent the position of the interpolation points in the fourth
order accurate (p = 3) elements. In the zoom, there are about seven elements in the thickness of the blue
region
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validated on DNS and ILES of academic and industrial benchmarks such as the Taylor-
Green vortex [21], the turbulent channel flow and several low Reynolds number airfoils [22,
23]. Over the past few years, wall-models have been added. Promising results have been
obtained on the turbulent channel flow test case [24] and the wmLES approach has hence
been tested on the NACA4412 [7].

The wrLES computation is performed at @ = 12° and Re = 1.64 x 10° on a 2D mixed-
element mesh, extruded in the spanwise direction. No turbulence is introduced at the inlet
and the flow conditions are chosen such that the freestream Mach number equals 0.09. The
geometry and the 2D grid were created using Gmsh [25]. The original NACA4412 airfoil
shape was slightly modified to obtain a sharp trailing edge as described in the NASA 2DN44
benchmark [26].

The 2D grid consists in a C-type mesh with quadrangle in the boundary layer and trian-
gles in the far-field. The structured wall-normal mesh consists of 13 layers with a first layer
thickness of 2.5 x 10™¢ and a total thickness of about 5 x 10~3¢. Unlike the wall-normal
mesh that is uniform through the chord, the streamwise resolution varies with, in total, 1170
points used around the airfoil. The 2D mesh is presented in Fig. 3. High-order polynomi-
als interpolate the solution within each cell of the domain. Cubic polynomials (p = 3)
are considered in this work as these are optimal for the present DG method [28], leading
to fourth-order accurate elements. Therefore, each quadrangle and triangle count 16 and
10 interpolation nodes, respectively. The interpolation nodes are illustrated in the zoom of
Fig. 3.

To use refinement criteria that are comparable to the finite volume and finite difference
ones, each distance of the physical mesh is divided by p = 3. One then speaks about
effective resolution. This gives an effective wall-normal mesh growth rate of about 1.1 that
is in line with the DG best practices [29] and the effective streamwise (x), wall-normal (y)
and spanwise (z) resolutions that are presented in Fig. 4. These refinements are in agreement
with Choi and Moin’s guidelines [27], ie. AxT =~ 50— 130, AyT ~ 1 and AzT ~
15 — 30.

z/c

Fig.4 Chordwise wall-refinement in the streamwise (x), normal (y) and spanwise (z) directions. The wrLES
results (black) are compared to Choi and Moin guidelines [27] (gray area). The suction side data are
highlighted by using a thicker line
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Besides the thirteen structured layers around the airfoil, the mesh is unstructured and has
been coarsened rapidly to limit the required computational resources. Therefore, although
the refinement is sufficient near the wall, it might be slightly too coarse to capture the full
boundary-layer height.

The use of the unstructured mesh makes possible to obtain a rapid increase of the element
size and to reduce the grid cost, allowing to fix the far-field conditions at a distance of more
than 10 chords. However, due to computational restrictions, the span extent was limited to
~ 1% of the chord. The spanwise mesh consists precisely of 22 layers of uniform thickness
leading to a total span extent of x/c = 0.010312. The total 3D mesh counts ~ 0.6 x 10°
elements and, as cubic polynomials are used, this leads to ~ 35 x 10° degrees of freedom.
The use of this narrow span leads to two-dimensional near-wake vortices, as can be observed
in Fig. 1.

Figure 5 presents the evolution of the three characteristic boundary layer thicknesses and
compare them to the measurements of Wadcock [30]. It appears that, although the span
extent is s/c =~ 0.01, the computed boundary layer evolution is similar to the experimental
one up to x/c >~ 0.5 where §/c ~ 0.015. After that point, the evolution remains qualitatively
similar, although it is quantitatively different. It also appears that the computed displacement
and momentum thicknesses are similar to the experimental one up to x /¢ >~ 0.7. Therefore,
this wrLES is considered already sufficient for the purpose of investigating a priori wall
models for LES and validating them, at least up to x /¢ >~ 0.6 — 0.7.

A second order accurate backward difference implicit time integration is used, with a
timestep non-dimensionalized using the flow-through time (ftt = c/uco) as At/ftt =
2.2 x 107, Starting from a statistically converged computation using p = 2, the computa-
tion was run over eight additional flow-through times to evacuate the transient, leading to
a variation of the time-averaged lift coefficient over one ftf that is less than 0.5%. Then
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Fig.5 Chordwise evolution of the boundary layer parameters. Boundary layer thickness (left), displacement

thickness (center) and momentum thickness (right). The experimental results obtained by Wadcock [30] with
two different measurement techniques are also provided for comparison (black and gray circles)
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time- and spanwise-averaged statistics were obtained during two additional flow-through
times. This time-frame is considered as sufficient as the second order statistics do not vary
anymore. The computations have been performed on Ivybridge nodes and one flow-through
time required about 0.3 MioCPUh.

3 Comparison to Previous Studies

The wrLES results are compared to two experiments [30, 31], four wall-resolved LES [32—
35] and one wall-modeled LES [8]. All studies used in the comparison have been performed
at Re = 1.64 x 10° and @ = 12.0°. However, the computational configurations differ in
some aspects that are summarized in Table 1. The aim of this section is essentially to discuss
the impact of these different configurations.

The configurations are differentiated in Table 1 based on three important setups: the forc-
ing of the transition, the modeling of the wind tunnel blockage and the span extent. As the
flow statistics are averaged over the time and the span, it would be interesting to also add
the number of ft¢ considered in the statistics. However, this information is rarely provided,
or it is not complete. For example, Kaltenbach and Choi [34] mention the use of 2 f#¢ for
the statistics, but do not precise how is the calculation initialized and how many ft¢ are
needed to evacuate the transient. Schmidt et al. [35] specify only an entire computation time
of 8 ft¢. Park and Moin [8] mention the use of 12 f77 to evacuate the transient, followed by
4 ftt for the statistics. Furthermore, in an equivalent study performed on the DU96 airfoil
(Re = 1.5 x 10°, & = 10.3° and s/c = 12%), Venugopal et al. [36] initialize the calcu-
lation based on a 2D computation; they then use 2.6 f¢ to evacuate the transient and 1 f¢¢
for the statistics. Therefore, there is no clear trend, nor common practice in the literature.
This is due to the fact that these times are, unfortunately, largely depending on the available
computational resource. With limited resource, some groups decide to reduce the transient
phase, other groups decide to reduce the statistics time. In this work, a large transient time
was use to be certain to reach the convergence. A shorter time was then used for the statis-
tics. It appears, however, that this time is sufficient to have converged statistics, as discussed
in Section 2.

The most important flow features are to be found along the suction side. Close to the
leading-edge, the thin laminar boundary layer separates and then reattaches, creating a

Table 1 Summary of the different set-ups considered in the comparison of Section 3

Type Forced Tunnel Span extent
transition blockage as % chord

Wadcock [30] exp. yes yes 280%
Hasting and Williams [31] exp. yes yes 400%
Kaltenbach and Choi [34] wrLES yes no 2.5 —-5%
Jansen [32] wrLES no no 2.5—5%
Jansen [33] wrLES yes yes 2.5—-5%
Schmidt et al. [35] wrLES yes no 5%
Park and Moin [8] wmLES no yes T2%
Current work wrLES no no 1%

@ Springer



Flow, Turbulence and Combustion

laminar separation bubble (LSB). Further downstream, the now turbulent boundary layer
grows under the effect of the APG and finally separates at about 80% of the chord.

To compare the current computation to the different studies, it is interesting to examine
the chordwise pressure and friction coefficient evolutions as well as the velocity profiles.

Pressure and friction coefficients Figure 6 presents the chordwise pressure coefficient
obtained by the different studies. As the experimental pressure curve obtained by Hasting
and Williams [31] is very similar to the one obtained by Wadcock [30], only the latter is
shown on this figure. From this comparison, it appears that the present simulation is within
the range of the previous studies and matches the experimental reference well.

A close look on the last 20% of the chord shows that the pressure plateau observed in
the experiment is rarely captured numerically. For example, Jansen’s wrLES from 1995
does not present a plateau. In 1996, Jansen showed that considering the tunnel blockage
helped in obtaining a pressure plateau [33]. This seems to be confirmed by the wmLES from
Park and Moin [8]: they considered the blockage and they obtained a plateau matching the
experimental one.

However, although the wrLES performed with Argo does not consider the blockage, it
captures well the plateau. Jansen [32] compared two span extents of 2.5%c and 5%c and
observed that the narrow span artificially leads to a pressure plateau closer to the experiment.
However, as his comparison was made using two different grid refinements, he added that
no strong conclusion could be drawn.

The same year, Kaltenbach and Choi [34] compared the two same span extents while
keeping the refinement constant and concluded that the span extent was not impacting the
C) curve. Therefore, the impact of the span is not clear and this new wrLES might be
artificially close to the experiment only due to its narrow span extent. However, as men-
tioned previously, the goal of the present computation is to be reproducible using a wmLES
approach, and not to match the experimental data beyond the separation of the boundary
layer.

Fig.6 Chordwise pressure coefficient evolution. Different wmLES and wrLES are compared to Wadcock’s
experiment (black circles) [30] and to the present wrLES (solid black line): Kaltenbach and Choi (squares)
[34], Jansen (triangles) [32], Schmidt et al. (crosses) [35] and Park and Moin (gray circles) [8]. For the current
wrLES, the suction side data are highlighted by using a thicker line. Except for the present wrLES, all data
have been digitized manually based on the reference papers
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Further interesting information can be inferred from the evolution of the friction coef-
ficient along the airfoil, presented on Fig. 7. One notices that the wrLES results contain
two separated regions. The first separation region, corresponding to the LSB, starts at
x/c = 0.01 and reattaches at x /c = 0.03. After x/c = 0.76, a relatively large zone of near
zero Cy is observed, before an actual separation (i.e. with C clearly negative) that occurs
at about x/c = 0.97.

Transition through laminar separation bubble In the experiment, the transition is forced
using boundary layer tripping on both the suction and pressure sides. Given modeling ambi-
guity and the artificial nature of such a device, the tripping is not considered in the present
computation. Nevertheless, transition occurs on the suction side almost exactly at the same
position as in the experiment.

In all previous studies where transition is not forced, the authors observe an LSB at the
leading edge. However, only Jansen characterizes it by providing the velocity profiles in
that region [32]. Furthermore, Hasting and William [31] mentioned that they did a few tests
without tripping and observed, at an angle near stall, an LSB spanning between 1 and 1.7%
of the chord. Figure 8 provides a visualization of the LSB as well as a comparison of the
tangential velocity profile in the LSB region.

Although Jansen used the terms “coarse” and “fine” to differentiate between his two
meshes, they are called here “a” and “b” because the “fine” mesh has been run on a twice
narrower span; so the origin of the small differences is not clear. Therefore, the two cases
are seen here only as two different computations.

The comparison shows that all simulations present an LSB in the region 0.01 < x/c <
0.05 and that the maximum thickness observed is >~ ¢/1000. Although this thickness is
small, it is well captured by the wall-normal grid as it corresponds to about eight fourth order
elements. At x/c = 0.02, the LSB thickness obtained by the mesh b is twice bigger than the
one obtained by the two other wrLES. However, already at x /¢ = 0.04, the velocity obtained
with mesh b is almost identical to the one from the current wrLES. As the differences
between the three wrLES are small in absolute value, it is concluded from this comparison
that the three wrLES have globally the same LSB.

0.0 0.2 0.4 0.6 0.8 1.0
x/c

Fig. 7 Chordwise friction coefficient evolution. Argo wrLES friction coefficient (black curve) is compared

to the separation point measured by Wadcock (vertical black line). The suction side data are highlighted by
using a thicker line
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Fig. 8 Characterization of the laminar separation bubble. A view of the instantaneous shear on the airfoil
surface and of the instantaneous spanwise vorticity is given on the left. A comparison of the tangential
velocity profiles along the chord is given on the right. The results (solid line) are compared to the two
previous wrLES from [32], on mesh a (dotted) and mesh b (dashed).The horizontal gray lines represent the

wall normal grid refinement

4 Characterization of the Boundary Layer Subject to an APG

This section presents the evolution of the boundary layer thickness, the velocity and the
Reynolds stresses on the suction side of the airfoil with a focus on the region subject to the
APG, before the separation. Figure 9 shows the evolution of the tangential velocity along the
chord at positions x /c ranging from 0.05 to 0.95 with steps of 0.05. On the global view, the
deceleration of the flow is observed with a maximum edge velocity u/u ~ 2 atx/c = 0.05
that reduces to u/us, =~ 1 after x/c > 0.7. The growth of the boundary layer thickness is
also observed, ranging from §/c >~ 0.005 at x/c = 0.05 to §/c >~ 0.03 at x/c = 0.7. The
negative slope obtained for x/c > 0.85 indicates that the flow is separated in that region.
However, the friction coefficient presented previously in Fig. 7 shows a large region with
essentially zero friction coefficient ranging within 0.77 < x/c < 0.97. Therefore, a closed

0.0004

0.0003

y/e

0.0002

0.0001

0.0000

0.0 0.5 1.0
wfug

ufuy

Fig.9 Tangential velocity profile evolutions along the chord. The profiles are given at positions x /¢ ranging
from 0.05 to 0.95 with steps of 0.05 and are colored from black to light gray. A global view is given on the
left. A closed view of the near-wall region is given on the right
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view of Fig. 9 is also provided to visualize the slopes at the wall. This confirms that, for all
profiles with 0.75 < x/c < 0.95, the slope, and thus the friction, is negligible.

The non-separated velocity profiles of Fig. 9 are also presented on Fig. 10 in wall units
and logarithmic scale. It appears that all curves collapse in the viscous sublayer and in a
part of the logarithmic region (y™ < 100), to separate in the wake region.

In Fig. 11, the pressure gradient term is expressed using both its value in wall units p™
as well as the Clauser parameter 8 = §* %. As these two go to infinity at the separation,
they are presented up to x/c = 0.75, where p™ ~ 0.4 and 8 =~ 100. Vinuesa et al. [37]
studied the NACA4412 airfoil by DNS at a lower angle of attack and a lower Reynolds
number (Re = 4 x 10° and @ = 5°). They studied the chordwise evolution of 8 and
obtained an evolution similar to our result with a maximum value 8§ = 87. In their case,
this maximum is obtained close to the trailing edge, at x /c = 0.98, hence indicating that no
separation occurred. Vinuesa et al. observed a strong increase of the Reynolds stresses and
the apparition of a second peak in the streamwise fluctuation profile. Figure 12 performs the
same evaluation as in Vinuesa et al.’s work and a similar behavior is observed. Note that, for
the sections where y* > 100, some oscillations appear, and they are bigger for large x/c.
These are due to the fact that the mesh is too coarse in that region, as discussed in Section 2.

5 Comparison to Different Wall-Model Estimates

The common approach for comparing different wall-models consists in performing multiple
wmLES. An alternative approach, used in the current study, evaluates the models (Reichardt
(1), Werner and Wengle (2), Shih (3) and TLM (4)), in an a priori manner using the wrLES
data. The procedure is the following:

1. the wall-model inputs (¢ (yym), dp/dx) are interpolated in the wrLES results;
2. the wall shear stress is computed following the model;

45 T T T
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Fig. 10 Tangential velocity profile evolutions along the chord in wall units and logarithmic scale. The profiles
are given at positions x /¢ ranging from 0.05 to 0.80 with steps of 0.05 and are colored from black to light
gray. The small figure presents the global view. The main figure gives a closed view
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Fig. 11 Chordwise evolution of the pressure-gradient terms characterizing the boundary layer: Clauser
parameter 8 (left) and p™ (right)

3. the wall-model is assessed by comparing the predicted shear stresses and corresponding
velocity profiles to the wrLES results.

This analysis is undertaken for three different positions along the chord and before the
separation region, namely x /¢ = 0.2, 0.5, 0.7, and for five different wall-model input posi-
tions, namely yy,/c = 0.1,3,6,9, 11 x 1073, For the TLM model, two laws are used. The
first one, called TLMdp neglects the convective terms. The second one, called TLMequi

x/c=0.2 z/c=0.4 2/c=0.6

12

Tt ot v
u u uu u u

Fig. 12 Reynolds stresses along the suction side of the airfoil for different chordwise positions. All subfig-
ures presents from top to bottom, the streamwise u’u’ (solid), spanwise w’w’ (dotted), normal v'v’ (dashed)
velocity fluctuations and, in negative, the Reynolds shear stresses u/v’ (dash-dotted)

@ Springer



Flow, Turbulence and Combustion

neglects both convective and pressure-gradient terms. In both case, the following relation is
used

Vr 3u+
v oyt

—_uv, (5)

and the turbulent viscosity is approximated by v; /v = kyt(1 — exp —yT/19)? as used in
[38, 39].

Figure 13 compares the velocity profiles estimated by the wall-models to the wrLES
database at the three chordwise locations. As Werner and Wengle’s model provides the
shear stress directly, without passing by an estimate of the velocity profile, only the four
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Fig. 13 Comparison in the physical scale of the velocity profiles estimated by the wall-models to the wrLES
data (solid black line) at three different chordwise locations. Four models are compared with from top to
bottom Reichardt, Shih, TLMequi and TLMdp. The markers show the position of the wall-model input. Wall-
models that assume an equilibrium state are marked by circles with Reichardt (black) and TLMequi (gray).
Wall-models that add the contribution of the pressure-gradient are marked by squares with Shih (gray) and
TLMdp (black)
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other models are compared here. For each chordwise location and wall-model, a sub-figure
shows the velocity profiles obtained for the five input locations. If, for one input location,
the model did not converge, no profile is given. One sees that Reichardt and Shih’s models
always converged, and that more troubles were encountered for the two TLM simplifica-
tions. For all models, a simple Newton iteration was used. A more advanced algorithm
would definitely permit to obtain convergence of all models. However, this constitutes an
interesting example of the complexity added by the models that are not based on simple
algebraic relations. Each sub-figure also provides the wall-distance in y/c and y* defined
based on the wrLES wall shear stress. Recall that the wall-model input positions are at con-
stant y/c for the three chordwise locations and not at constant y™. This choice is deliberate,
as the common meshing practice typically uses a constant wall-normal grid size along the
chord.

Figure 13 shows that the TLM variant that neglects both the convective and the pressure-
gradient terms (TLMequi) is matching better the wrLES reference than the alleged more
advanced variant that neglects only the convective terms (TLMdp). Already at x/c = 0.2,
the TLMdp estimates that the flow separates. This model thus appears to overestimate the
impact of the APG. On this figure, the difference between Reichardt, Shih and TLMequi
models is not distinguishable. Therefore, Fig. 14 compares the three models in wall units
and in logarithmic scale. As Reichardt and TLMequi’s laws are defined as a relation between
u™ and y™ only, the curves at the three chordwise locations are similar. As Shih’s law takes
also p™ into account, the curve deviates from Reichardt’s curve for increasing p™ and x/c.
It appears that Reichardt and TLMequi’s laws provide a good estimate as long as the input
position is placed on the log-region. In the most restrictive case, that is at x/c = 0.7, the
log region ends at y™ =~ 100. So as long as the input y;, < 100, Reichardt and TLMequi’s
models should be correct. Again, the alleged more advanced model, that is here Shih’s law,
appears to be further from the wrLES. Shih’s law does not produce a common log-region,
as if the APG impact was overestimated or as if the model was made to capture a lower
Reynolds number flow. Shih’s model appears therefore not adapted to the flow physics
concerned here.

x/c=0.2 z/c=0.5

“Reichardt

10° 100 102 10° 10° 10 102 10°
+
Y

Fig. 14 Comparison in wall units and logarithmic scale of the velocity profiles estimated by three wall-
models to the wrLES data (solid black line) at three different chordwise locations. The markers show the
position of the wall-model input. Wall-models that assume an equilibrium state are marked by circles with
Reichardt (black) and TLMequi (gray). Shih’s model that adds the contribution of the pressure-gradient is
marked by gray squares
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Table2 Comparison of the shear stress estimated by the wall-models to the wrLES data %

x/c=0.2 x/c=0.5 x/c=0.7
y/c 0.003  0.006  0.009 0.003 0.006 0.009 0.003 0.006  0.009
yT 300 600 900 200 400 600 100 200 300
Reichardt -20 —10 -20 -30 -20 0 -30 —10 20
TLMequi 10 n.c. n.c. 0 10 30 —10 20 70
Werner-Wengle 20 20 20 0 10 20 —10 10 30
Shih —50 —40 —40 —60 -50 —40 -90 —80 —60
TLMdp —10 -110 -110 -—-110 -110 —120 —150 —-210 nc.

The error is given for three chordwise locations (x/c = 0.2, 0.5 and 0.7) and three wall-normal distances
(y/c ~ 3 x 1073, 6 x 1073 and 9 x 10~3). For more clarity, the wall-normal distances are rounded to one
significant digit and the errors are rounded to 10

Although it is interesting to compare the velocity profiles obtained with the different
models, the only critical output of the wall-model is the wall shear stress. Table 2 compares
the shear velocity u, (wm) obtained with the five models to the wrLES shear velocity u-.
It appears that Reichardt, Werner and Wengle and TLMequi models, namely the models
assuming an equilibrium flow, provide results that are very close to each other. Atx/c = 0.2
their error is smaller than 20% for the three input positions. At x /¢ = 0.5 and x/c = 0.7,
the error stays low but it increases slightly, up to 70% for the highest input locations where
y™ > 300. This confirms what was observed previously: an equilibrium model can be used
to model a flow submitted to an APG as long as the input position stays below the end
of the log-region. Here, the most restrictive case in term of y* is at x/c = 0.7 where the
log-region stops at y* =~ 100. This corresponds to y/c =~ 0.003, which is already
more than 100 times larger than the current wrLES wall-normal mesh. It also appears, in
Table 2, that the two models that solely consider the pressure-gradient (Shih and TLMdp)

z/c=0.2 z/c=0.4 z/c=0.6 z/c=0.65

uts | - =

0.1

Fig. 15 Balance along the chord and along the wall-distance of the convective (light gray), pressure-gradient
(dark gray) and left-hand side terms (hatched and dotted) considered in the TLM (4)
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Fig. 16 Balance along the chord and along the wall-distance of the convective terms: u™ (hatched), v*

(dotted), % (dark gray), and 3% (light gray). Note that, to appear on the same scale, u™ has been divided

by 50, and 2 multiplied by 50

overestimate the impact of the APG and underestimate the shear. Their error is almost
always larger than for the equilibrium models, with values ranging between 40% and 210%.

Figure 15 presents a balance of the TLM terms along the chord at four positions between
x/c = 0.2 and x/c = 0.65. Although the two terms that compose the left hand side term of

wa
the TLM equation (ng‘; and %) stay of the same order of magnitude at the different

chordwise locations, both the pressure-gradient and the convective terms increase largely.
At all the chordwise locations, as soon as y™ is of 30 or so, the pressure-gradient and the
convective terms essentially balance each other. Hence, if the convective terms are neglected
in the TLM, the pressure-gradient term should be neglected as well. Note that, as for Fig. 12,
the oscillations that appear on this figure are most likely due to the fact that the mesh is too
coarse in that region, as discussed in Section 2.

If one wants to keep the pressure-gradient term but does not want to pay for the convec-
tive term calculation, a possible solution is to assume the evolution of the convective terms
between the wall and the wall-model input location. One interesting option suggested by
Berger and Aftosmis [40] is to use the value of the convective terms at the input location
ywm and to assume that they grow proportionally to the tangential velocity. Examining the
different terms that compose the convective terms on Fig. 16, another option could be to
assume a linear increase of the normal velocity and a constant streamwise velocity gradient.
These two options will be tested in a future work.

6 Conclusion and Perspectives

In the present work, a wall-resolved LES of the NACA4412 at Re = 1.64 x 10 and « =
12.0° was performed in order to increase the understanding of the non-equilibrium boundary

layer and to aid the development of wall-modeled LES.
The present wrLES results, obtained using a relatively small span, have been success-
fully compared to seven different numerical and experimental previous studies, in terms of

@ Springer



Flow, Turbulence and Combustion

pressure coefficient distribution, velocity and Reynolds stresses profiles. It appears that the
obtained results are well within the range of the previous studies and also match well the
experimental results.

An a priori analysis of the wall-models on the basis of the wrLES results was performed,
showing that basic wall-model as Reichardt’s law-of-the-wall or Werner and Wengle’s
model can be sufficient, as long as the intercept is located well below the end of the log
layer. More elaborate analytical models that take the pressure gradient into account, such as
that proposed by Shih, do not seem appropriate for high Reynolds number flows. Finally,
an analysis of the TLM terms as they appear in the wrLES confirms previous observations
that the convective terms are almost balanced by the pressure-gradient term within the log-
layer. This indicates that, also for the TLM, an equilibrium approach outperforms a more
elaborate approach that is solely enriched by the pressure-gradient.

The wrLES used in this study was performed on a narrow span corresponding to 1%
of the chord. This span is however adequate for the development of the turbulent bound-
ary layer, and is therefore sufficient to perform wall-model comparison, as discussed in
Section 2. In order to be more physically correct, further studies are currently performed on
a span ten times larger.

This new computation will provide an evaluation of the span extent impact. It will also
push the study further by comparing other models and by studying them based on time-
averaged data, as in the present work, but also based on instantaneous data.
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