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This paper presents computational simulations of the flow over a 50-deg sweep missile fin for an angle of attack
equal to 25 deg. For such an angle of attack, the flow is expected to fully separate. Nevertheless, Reynolds-averaged
Navier-Stokes computations still predict the presence of a leading-edge vortex. Then, hybrid Reynolds-averaged
Navier—Stokes/large eddy simulation methods are assessed. In particular, this study focuses on the delayed—detached
eddy simulation and on a proposed extension of this method (EDDES), in which the objective is to accelerate the
destruction of the eddy viscosity in large eddy simulation regions. These two methods are assessed in the case of a
boundary-layer flow, and it is shown that the extended delayed—detached eddy simulation behaves as the delayed—
detached eddy simulation method. Nevertheless, in the case of a fully separated flow downstream from a backward
facing step, the resolved fluctuations obtained with the extended delayed—detached eddy simulation method are in
better agreement with the experimental data than those of the delayed—detached eddy simulation computation.
Finally, these two methods improve the description of the flow over the missile fin, predicting a fully separated flow.
However, the extended delayed—detached eddy simulation ensures a faster development of instabilities than the
delayed—detached eddy simulation and the agreement with the pressure distribution obtained with pressure sensitive

paint is much better with the proposed modification of delayed—detached eddy simulation.

Nomenclature
b = span length
Cp = drag coefficient
Cy = lift coefficient
c = root chord of fin
G(f) = spectral power density
K, = coefficient of pressure
M, = freestream Mach number
Re, = Reynolds number
St. = Strouhal number
Uy = freestream velocity
u,v,w = time-averaged velocities
v, = eddy viscosity
X, = longitudinal location
Xep = longitudinal position of the aerodynamic center of
pressure
o = angle of attack
A = sweep angle

I. Introduction

ROM an industrial point of view, an accurate prediction of
normal force and pitching moment on missile fins is essential to
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minimize both the fin surface and the fin actuator power
consumption. These quantities are easily predictable in the
supersonic regime but former attempts performed at ONERA with
Reynolds-averaged Navier—Stokes (RANS) computations in the
transonic regime have demonstrated that classical one- or two-
equation models significantly overestimate the lift with respect to
experiments from moderate to high angles of attack. The missile fin
studied in this paper can be identified to a 50-deg swept delta wing.
The flow over such wings is a recent topic of interest mostly because
of its application to an unmanned combat air vehicle. Nevertheless,
the literature concerning flows over a moderate sweep angle delta
wing (45 deg < A <55 deg) is much scarcer than the one
dedicated to high sweep angle wings which have been the subject of
many experimental [1-4], numerical [5-10], and theoretical [11,12]
studies.

A reduction of the sweep angle with respect to the high sweep
angle situation results in the following modifications of the flow. The
interaction between the second vortex and the separated shear layer
entails the generation of two vortices of the same sign of vorticity
[13-15]. The vortex breakdown occurs at a smaller angle of attack
[16]. Once it has reached the apex of the wing, the shear layer
emanating from the leading edge elongates and lifts from the surface
of the wing. As the angle of attack is further increased, the shear
layer fails to reattach on the wing and the flow is then fully separated
[17-19].

Furthermore, whatever the sweep angle of the delta wing,
unsteady [20-22] and steady [23-25] vortical structures are observed
in the free shear layer emanating from the leading edge of the wing.

Some data highlighting the specificity of the transonic flows with
respect to subsonic ones can be found in the literature. When
increasing the Mach number, the shape of the primary vortex is
modified [26]. Furthermore, investigations over delta wings [27-33]
reveal the occurrence of crossflow shock and rear shock waves which
may enhance the separation of the second vortex and can interact
with the vortex breakdown.

Additionally, convective Mach numbers near 0.6 are found in the
computation of the transonic flow over the present missile fin. It has
been highlighted that such compressibility effects may be strong
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enough to decrease the growth rate of a shear layer [34-37]. The
increase of the Mach number can also result in a more significant

decrease of the two Reynolds stress components v'> and w'? in
comparison with ', leading to an anisotropic flow [38,39]. Finally,
the shape of the vortical structures embedded in the shear layer is
altered and becomes more three dimensional [40,41].

On the numerical side, it has been demonstrated that direct
numerical simulation [42—45] or large eddy simulation (LES) [46] of
the flow over moderate to high sweep delta wing at low to moderate
Reynolds numbers provided a satisfying description of these
phenomena. However, the Reynolds number of the present study
involving wall-bounded flows makes use of such numerical methods
impossible with the currently available computational power.

Conversely, RANS computations, for which the turbulence
fluctuations are fully modeled, have been carried out in order to
evaluate their ability to capture the aforementioned phenomena.
Both steady RANS computations of Gordnier [47], Brandsma et al.
[48], and unsteady RANS computations performed by Morton et al.
[49,50] underlined the fact that an excessive amount of eddy
viscosity in the rotational flow resulted in the failure of these
computations in describing the main features of the flow over slender
delta wings.

Hybrid RANS/LES approaches [51] represent a credible
alternative to improve the description of such flows at a reasonable
cost by taking into account most of the flow unsteadiness. The main
idea of these methods is to model the turbulent structures in the
attached region of the flow and to solve the large length-scale
structures elsewhere. One of the most popular RANS/LES methods
is detached eddy simulation (DES) [52] proposed by Spalart et al. A
major issue in the use of the original approach is the existence of a
gray area between the RANS and LES regions whose location
depends only on grid spacing. Problems arise when this gray area
penetrates into the boundary layer which can lead to unphysical
outcomes such as modeled stress depletion. To overcome this
drawback, two extensions of the original method, namely, zonal DES
(ZDES) [53] and delayed DES (DDES) [54] can be used. The DDES
approach is retained for this study. As this latter approach is recent
and thus still in development, the separated flow over a missile finis a
good test case to assess a new extension of DDES termed extended
DDES (EDDES) which is proposed in this paper. By changing the
formulation of the length scale and the wall-correction functions
when the DES operates in LES mode (similar to ZDES), the EDDES
permits a faster decay of the level of turbulent viscosity. The latter
should allow for a quick generation of resolved fluctuation in the
shear layer. Having at our disposal RANS, DDES, and the new
EDDES methods, the purpose of this paper is to assess the possible
gain offered by the RANS/LES approaches with respect to the RANS
technique currently employed in the industry.

This paper is organized as follows. For the first time, the
turbulence models used in the present study are briefly presented.
Especially, the newly developed EDDES is described in detail.
Section II is dedicated to the validation of the EDDES method on a
boundary-layer flow. Comparisons with RANS, DES, and DDES are
provided. Section III reports on the comparisons between EDDES
and DDES on the case of a backward-facing step flow. Finally,
Sec. IV is devoted to the analysis of the separated flow over the
missile fin. It includes a grid convergence study performed using
RANS computations. The RANS computation carried out on the
finest grid is then taken as a reference to judge the gain provided with
the DDES and EDDES computations. These methods are later
compared considering successively the analysis of instantaneous
flows, time-averaged flows, aerodynamic coefficients, and
turbulence spectra.

II. Numerical Method
A. FLU3M Solver

All the computations presented in this paper have been performed
using the FLU3M solver [55], developed by ONERA. This code

solves the compressible Navier—Stokes equations on multiblock
structured grids.

The second-order Roe scheme [56] is used for the discretization of
the Euler fluxes. Harten’s correction [57] (set by the coefficient W) is
employed to prevent any violation of the second thermodynamic
principle. Moreover, to ensure the stability of the computation in
regions of flow discontinuities, slope limiters of minmod and Koren
[58] are associated with the Roe scheme. The set of equations is
advanced in time using the second-order accurate backward implicit
scheme of Gear [59]. Moreover, four subiterations are used in the
Newton integration.

The accuracy of the solver for DNS, LES, and hybrid RANS/LES
has been assessed in various applications including flows around a
two-dimensional airfoil in near stall conditions [60], afterbody flows
[61-63], cavity flows [64], and synthetic jets in a crossflow [65,60].

B. Spalart-Allmaras Model

The Spalart—Allmaras one-equation model [67] solves a single
evolution equation for a variable U which is related to the turbulent
viscosity. For compressible flows, a possible extension of the
original model is given by [68,69]
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The turbulent viscosity is then given by
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where p denotes the Reynolds averaged density.
S is the modified vorticity:
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where d,, is the distance to the closest wall. The wall destruction
function f, is given by
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C. Global Hybrid RANS/LES Methods
1. Detached Eddy Simulation

The original hybrid RANS/LES method based on the Spalart—
Allmaras model is the detached eddy simulation [52] (termed in the
following as DES97) and was proposed to address the challenge of
high Reynolds number massively separated flows.

As emphasized by Travin etal. [70], DES97 uses a single turbulent
model which functions as a subgrid scale model in detached flows
and as a Reynolds averaged model in attached flow regions.

Equation (1) shows that when the production and destruction
terms are balanced, the model adjusts the pseudoeddy viscosity to
scale with the local deformation rate as follows:

O~ Sd2, (&)
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The DES97 method lies on a new length scale din replacement of
d,, given by the following expression:

& = min(duH CDESAI) (6)

where Cpgg is a calibrated constant equal to 0.65, and A, is the grid
spacing defined by

Ay = max(Ax, Ay, Az) O]

Thus, when d,, < Cpgs A, d = d,, and the simulation operates in
RANS mode. Oppositely, when d,, > CpgsA, U SA%, and the
model adopts the form of Smagorinsky’s subgrid scale model [71].

DES was used by Gortz [72-74] to compute the flow overa 70 deg
delta wing at o =27 deg. In spite of a relatively coarse grid,
frequencies associated with the helical mode and Kelvin—Helmholtz
instabilities were accurately predicted using DES. Moreover,
Mitchell et al. [75] used this method to compute the flow over the
same delta wing as Gortz. This computation predicts correctly the
steady vortical substructures in the shear layer which have been
previously observed experimentally [76].

However, in the case of an “ambiguous” density grid (i.e., the gray
area penetrates into the turbulent boundary layer), this method
suffers from some identified drawbacks. In particular, a premature
switch to the LES mode can occur in the attached part of the flow.
This results in an underestimation of the Reynolds stresses (modeled
stress depletion) and possibly in a numerical separation, the latter
problem being known as grid induced separation [77]. To avoid these
difficulties, two main methods were derived from DES97, the ZDES
[53,78] and the DDES [54]. Within ZDES, the RANS mode is
explicitly imposed in selected regions where an attached turbulent
boundary layer is expected. In the second approach, a modification of
the length scale delays the switch into the LES mode. The DDES,
which constitutes the basis of the new EDDES, is presented in the
following.

2. DDES Method

DDES is a variant of DES97 designed to ensure that attached
boundary layers are treated in RANS whatever the grid resolution.
DDES uses the quantity:

v, +v
VUL U P ds,

where U, ; is the velocity gradient.
r;is equal to 1 in the logarithmic layer and vanishes at the edge of
the boundary layer and is used in the function:

®)

rg =

fa=1-tanh(8r,]*) 9

which equals 0 in the boundary layer and 1 elsewhere.

The length scale d is modified to be a function of f, and is now
defined by

3 = dw - fa max(O, dw - CDESA) (10)

with A = A, in the DDES formulation.

In practice, d equals d,, (as in RANS) in boundary layers and
elsewhere, d = min(d,,, CpgsA,) as in the classical DES97. f,
delays the premature switch into the LES mode and ensures that
boundary layers are fully treated in the RANS mode.

This numerical method has been recently successfully applied to
predict the supersonic inlet buzz [79].

3. Extended DDES

The ability of a hybrid RANS/LES method to develop rapidly
turbulent structures is an essential feature. Unfortunately, DDES,
similar to DES97, on typical grids does not achieve transition very
fast (see [80]). Conversely, ZDES switches very fast to the LES mode
thus limiting the extent of the gray area responsible in the delay of
formation of the instabilities. The formulation of ZDES differs from

those of DDES and DES97 because the near-wall functions of the
RANS model are explicitly disabled in the LES mode and the length
scale is given by the cube root of the cell (denoted A,) analogous to
classical subgrid models (see also Breuer et al. [81]).

The first proposal to overcome this drawback of DDES using
length scales A and A, in preestablished zones can be found in [82].

The idea of the proposed EDDES is to combine the above features
of ZDES with the f, limiter and is thus more general because the
switch from one length scale to another is performed automatically.

In practice, the length scale A and the functions f,, f,», and f,, of
the Spalart—Allmaras model become functions of the quantity f,.
The behavior of these quantities now depends on the value of f,, with
respect to a threshold f,, which marks the border of the boundary
layer.

If f, < fa0, then

{ A=A, = max(Ax, Ay, Az)

11
fu» fva, and f, are unchanged w.r.t. DES97 (b

and when f, > f,0,

A=A,=YAxx Ay x Az

fvl =1 .

f 0 as in ZDES (]2)
7

fo=1

In Egs. (11) and (12), f,0 is a user-defined value of f, within the
range (0.75,0.99). Its value corresponds to the value at the edge of the
boundary layer and has been determined on tests in a flat plate
boundary layer. In the following simulations, f,, has been fixed to
0.8.

Moreover, it is worthwhile to notice that the behavior of the
function f, is unchanged with respect to the classical DDES. This
means that in boundary layers the EDDES behaves as classical
DDES and conserves its insensitivity to the modeled stress depletion
(MSD).

Outside of the boundary layer, the objective is to switch as quickly
as possible toward a true LES. Subsequently, the classical LES
definition of the filter length scale is adopted and wall-correction
functions £, f.», and f,, are set to their asymptotic values far from
the wall. The practical consequence of these modifications is a faster
decay of the eddy viscosity in the LES mode with respect to classical
DDES. Indeed, following Eq. (3), the pseudoeddy viscosity in the
LES region is given by ¥ ~ SA? for the DDES and & ~ SA2 for
the EDDES. For a classical LES grid, A being lower or equal to A,,
the eddy viscosity becomes lower in the EDDES formulation than
in the DDES one.

III. Validation of the EDDES in the Case
of a Boundary-Layer Flow

To evaluate the EDDES method in the case of an attached flow,
simulations of the flow over a flat plate without pressure gradient
have been carried out. EDDES results are compared to a RANS
computation (using the Spalart-Allmaras model, denoted
RANS_SA) and a DDES computation. Furthermore, to illustrate
the problem of MSD, results of a DES97 computation are also
plotted.

The freestream velocity is U, = 226.5 m - s, the length of the
plateis L = 0.285 m, and the Reynolds numberis Re;, = 5.8 x 10°.
A three-dimensional ambiguous grid has been constructed. The grid
resolution in the plane parallel to the wall (Ax*t =200 and
Az*" = 100) ranges between classical values used in LES and in
RANS. Figure 1 illustrates the evolution of the ratio of the eddy
viscosity over the molecular viscosity in the boundary layer for a
station at x/L = 0.9.

At the examination of this figure, it is striking to observe that
DES97 does not reproduce the same level of eddy viscosity as the
RANS computation which should be taken as a reference on this
attached boundary-layer flow. On this grid, the switch from the
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Fig. 1 Evolution of the eddy viscosity as a function of the distance to the
wall.

RANS mode to the LES mode occurs at d,, = CpgsA = 0.186,
which corresponds to d; = 300. As a result, the maximum of p,/p
of the DES97 computation is underestimated by about 30% with
respect to the RANS computation. This induces the modeled stress
depletion shown in Fig. 2.

This figure illustrates the consequence of the early switch to the
LES mode on the Reynolds cross correlation u'v'/u2. The maximum
of the modeled stress #’v'/u? is underestimated by about 25% with
respect to the RANS computation at d;; = 100. As the distance from
the wall increases, the modeled stress obtained, thanks to the DES97
computation, decreases too quickly and the maximum discrepancy
with the RANS computation reaches its maximum at d,,/6 = 0.2,
where the relative error becomes as high as 80%. Oppositely, levels
of eddy viscosity and of Reynolds stress given by both DDES and
EDDES equal the RANS ones. This validates the behavior of the
EDDES method in the case of an attached flow.

With regard to these results, the threshold value £ is fixed equal
to 0.8 for the following computations.

IV. Comparison of the DDES and EDDES Methods
in the Case of a Fully Separated Flow

Once the behavior of the EDDES method is validated in the case of
aboundary-layer flow, the objective is to demonstrate its competitive
advantage over the DDES in the case of a fully separated flow. The
chosen test case is a channel flow separating downstream from a
backward-facing step (see Fig. 3). This configuration, which
represents the A3C (a joint action aimed at the development of a
three-dimensional code for combustion chamber modeling)

d-‘
0 500 1080 1500 2000
=TT 7 — 1 ™

RANS_SA
DES97
DDES

EDDES

[OX e

0.4 K

Fig. 2 Evolution of the Reynolds stress as a function of the distance to
the wall.

combustion chamber, has been experimentally used to study
the separation of inert and reactive flows downstream from the
step [83-85].

The lateral dimension of the computational domain and the
distance from the step to the outflow have been fixed by Sainte-Rose
et al. [86]. The extent of the domain upstream of the step equals 34 h
to ensure a boundary-layer thickness of 13 mm at the separation
point.

The inlet state is defined by a main flow velocity equal to
50 m - s~! and a temperature of 520 K. Moreover, the outlet pressure
is imposed equal to 100,400 Pa. Finally, a no-slip adiabatic condition
is applied to the walls.

The numbers of points in the longitudinal, transverse, and normal
directions are, respectively, 830, 136, and 36, ensuring a LES
resolution. Moreover, particular attention has been paid to the shear
layer region discretization to ensure a satisfying development of the
vortical structures. More details on the mesh can be found in [85].

Turbulent structures can be underlined by plotting an isosurface of
the Q criterion defined as follows [87]:

0= _%(Sijsij - QijQij) (13)
where S and Q2 denote, respectively, the strain of rate and rotation
tensors. This quantity is useful to highlight the flow regions where the
turbulence is resolved. An isosurface of Q = h?/2U?, is represented
in Fig. 4 for the DDES and EDDES computations.

This figure clearly illustrates the effect of the EDDES formulation
on the instantaneous flow in comparison with the DDES one. Just
downstream from the step, a two-dimensional roller can be observed
in the two computations. Nevertheless, in the EDDES computation,
this 2-D roller quickly destabilizes into three-dimensional structures
whereas a distance of 1 h is necessary to see the appearance of
another big roller in the DDES instantaneous flow. Furthermore, the
vortical structures are much finer and numerous in the EDDES
computation than in the DDES one. Moreover, more turbulent
structures are resolved in the backflow using the EDDES
formulation. All of these observations suggest that there is more
resolved turbulence in the EDDES computation than in the DDES
one.

Figure 5 shows the evolution of the time-averaged longitudinal
velocity at x/h = 1.2 and x/h = 4.5. The first station corresponds to
the early development of the instabilities, whereas the second one is
located just upstream of the reattachment point.

One can observe at the first location that EDDES computation is in
quite good agreement with the experimental data in spite of a limited
overestimation of the reverse flow. Moreover, the topology of the
flow predicted by the DDES method is quite different because the
intensity of the reverse flow is, for the first time, underestimated for y
lower than —0.02 and then overestimated for y from —0.02 to —0.01.
This different evolution of the vertical velocity gradient may alter the
stability of the shear layer and then the development of the turbulent
structures. At x/h = 4.5, the EDDES computation still satisfyingly
predicts the evolution of the longitudinal velocity, whereas the
DDES method significantly overestimates the intensity of the reverse
flow for y lower than 0.01.

1.8h|

2h
Fig. 3 Geometry of the backward-facing step and dimensions of the
computational domain.
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Figure 6 represents the evolution of the eddy viscosity at x/h =
1.2 and x/h =4.5.

Downstream from the backward-facing step, the flow fully
separates. At x/h = 1.2 and for y lower than 0, in the region of the
reverse flow, the function f, quickly reaches its threshold value of
0.8, resulting in a decrease of the eddy viscosity in the EDDES
computation. This decay of p, is particularly strong in the region of
the shear layer, between y =0 and y = 0.006 m, with the eddy
viscosity being divided by 4 with respect to the DDES computation.
It should be noted that the excess eddy viscosity present in the DDES
computation between y = 0.006 and y = 0.025 is caused by the eddy
viscosity coming from the upstream boundary layer which has not
been dissipated. At x/h =4.5, one can observe that the EDDES
method ensures a decrease of the eddy viscosity in the reverse-flow
region, because the levels of p,/p are once again divided by 4 in
comparison with the DDES. As expected, the levels of y, remain
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-0.03 )
o | P . =
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v

identical with both methods in the boundary layer developing on the
upper plate at the two longitudinal locations.

Finally, the vertical evolution of the ratio u,,,,/ U, where u, is
the resolved averaged fluctuations of u, is represented in Fig. 7 for the
stations x/h = 1.2 and x/h = 4.5.

At x/h =12, the ratio u,,,/U, predicted by the EDDES
computation is in quite good agreement with the experimental data,
whereas the DDES computation predicts a maximal value of
Ums/ Uso 3.6 times lower than the one predicted by the experiments.
This is consistent with the fact that the turbulent viscosity is much
larger in the DDES case than in the EDDES one. It is then possible to
imagine that the DDES modeled fluctuations compensate for the lack
of aresolved one. Nevertheless, this scheme is not supported by the
data obtained at x/h = 4.5 where the resolved turbulent fluctuation
levels of the DDES case are overestimated by more than 50%. This
can be explained by the too large scales coherent structures observed
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Fig. 6 Evolution of the eddy viscosity at x/h = 1.2 (left) and x/h = 4.5 (right); dashed lines: f,, solid lines: DDES; symbols: EDDES.
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Fig. 7 Evolution of u.,,; /U, as a function of d,,. Left: x/h = 1.2; right: x/h = 4.5; dashed lines: DDES; solid Lines: EDDES; symbols: experiment.

in Fig. 4. At this station, an addition of the modeled turbulence to the
resolved one should then increase the discrepancies with respect to
the experiments. Conversely, the agreement of the EDDES with the
experimental fluctuation levels is satisfactory at x/h =4.5. As a
result, one can conclude that the decrease of turbulent viscosity
obtained thanks to the EDDES formulation during the early stage of
the transition process translates itself to a significant improvement in
terms of general result quality. In particular, the EDDES resolved
turbulent longitudinal fluctuations are in good agreement with the
experimental data.

The next step of the study is to apply this method to the
computation of the fully separated flow over a moderately swept
missile fin in order to evaluate the ability of the EDDES method to
accurately predict separation of the flow and then the aerodynamic
loadings.

V. Computation of the Flow Over a Stalled Missile Fin
A. Description of the Configuration

Simulations are performed here on a 50-deg backward swept
missile-fin configuration in transonic flow (M., = 0.7) at a realistic
Reynolds number (Re, =5.8 x 10%) and at an angle of attack
a =25 deg. The root chord of the fin is ¢ = 0.285 m, its span is
0.19 m, and its relative maximum thickness is 8%. Moreover, this fin
is mounted on a vertical plate and a slot of 0.5 mm is present in the
experiment between the fin and the vertical plate to permit a
measurement of forces and moments in the three directions.
Consequently, it has been decided to consider this slot in the
computation to fit as much as possible to the experimental
configuration.

The geometry is presented in Fig. 8. It is worthwhile to notice that
the leading edge of the fin is very sharp.

In the following sections, x,. represents the longitudinal position
divided by the root chord c and z,, the transverse position z divided by
the local span b.

All of the experimental data presented in this paper were acquired
in ONERA'’s transonic wind tunnel (S3MA) at test conditions of
M, =07, P, =1.5 bar, and T;,, =278 K. The fin had been
painted with pressure sensitive paint (PSP) which gives access to the
distribution of pressure on the suction side. Moreover, aerodynamic
loadings and moments have been measured [88].

B. Overview of the RANS Computations

As a starting point of the study, steady RANS computations were
first achieved. The computational domain is a half-sphere whose
radius is equal to 15 c and it is divided into 16 domains (see Fig. 9).
The boundary conditions are given in Fig. 10. A nonslip adiabatic
wall condition is applied on the surface of the missile fin and to the
vertical plate.

The instantaneous and time-averaged flows in the region in the
entire computational domain have been checked and correspond to
the required aerodynamic field, meaning that the boundary
conditions are adequate. To study the effect of the mesh resolution on
the results, three multiblock meshes have been built. Their main
characteristics are as follows: M, = 550,000; M, =16 x 10°;
M; = 21 x 10°. These computations have been carried out using the
minmod numerical limiter and with W =0.1. Moreover, a
computation using the limiter of Koren and W = 0.001 has been
carried out on the mesh M; to study the effect of a decrease of the
numerical dissipation on the solution.

Figure 11 presents the surface mesh on the suction side for the grid
M. The mesh is significantly refined in the leading-edge vicinity to
allow for an accurate description of the shear layer separation.
Elsewhere, it is as uniform as possible.

1. Presentation of the Aerodynamic Performances of the Missile Fin
Predicted by the Steady RANS Computations

Table 1 gives the aerodynamic performances obtained thanks to
the steady RANS computations. Discrepancies with the

Fig. 8 Geometry of the missile fin. Left: perspective view; right: side view (z, = 0.5).
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Fig. 9 Computational domain of the missile-fin flow.
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Fig. 10 Boundary conditions.

experimental data are also reported. The computation with the
coarser mesh M, overestimates the lift coefficient C; by 17% and
underestimates the drag coefficient C, by about 40%. These
discrepancies with the experiments are accentuated by increasing the
mesh refinement as illustrated by the results obtained using the mesh
M,. However, results obtained with M; are nearly identical to the
ones of the intermediate grid. Parallel to this, the decrease of
numerical dissipation has no appreciable effect on the aerodynamics
performances on the mesh M;. These observations reveal that the
RANS computations are satisfactorily converged on the mesh M3
and that the differences with the experimental data are only due to
modeling errors. Consequently, in the following, all computations
are carried out on the grid M; with the less dissipative numerical
option.

2. Analysis of the Flow Predicted by the RANS Computation
Figure 12 compares the pressure distribution on the suction side
obtained with the RANS computation with the PSP data. This figure
represents the evolution of K, [given by Eq. (14)] with the spanwise
location z,
P~ P
K, = 0.5p,U% (14)

Fig. 11 Surface mesh of the missile fin (mesh A3, only one point over
four is plotted in each direction).

On the first 30% of the chord, the RANS computation overestimates
the depression by 150%. Downstream from this position, the
computed pressures are in correct agreement with the experimental
data.

To analyze the flow more deeply, let us use two probe lines P; and
P4, perpendicular to the surface of the fin and whose locations are
given in Fig. 13. These two lines are located in the area of minimum
pressure. Figure 14 shows the profiles of the longitudinal velocity at
these two locations.

At the first probes line P, the flow coming from the leading edge
rolls up into a large-scale vortex and the streamwise velocity reaches
the value of 1.9U, in the core of this vortex at d,, = 0.006 m. The
swirling movement of the leading-edge vortex is illustrated by
extreme values of w/ U, which reach —1.2 and 2.7. The behavior of
the flow is quite different at the probes line P,. Indeed, the minimum
of the velocity ratio u/U,, equals —0.005 and a decay of the
spanwise velocity is observed. This modification of the velocity
profiles illustrates the breakdown of the leading-edge vortex.

These observations confirm that RANS computations predict the
presence of a primary vortex up to x. = 0.3. This vortex explains the
intense depression observed on the pressure distribution in Fig. 13.
Alternatively, one can make use of the analysis of the computation to
conjecture that the pressure distribution obtained experimentally is
the result of a fully separated flow.

C. Comparison of DDES and EDDES Methods

To correctly predict the physical phenomenon of the stalled flow
and then the aerodynamic performances of the missile fin, DDES
and EDDES computations have been carried out. For these unsteady
computations, the code was used in a time-consistent mode with
a time step set equal to 2.6 x 1077 s. This ensures the convergence
of the Newton subiterative process of the implicit Gear scheme
with four subiterations. Moreover, the grid M; is used because
it presents a LES resolution in the region where the flow is
separated.

1. Study of the Instantaneous Flow

Figure 15 shows an isosurface of Q = 400 x U% /c? flooded by
the adimensionalized longitudinal vorticity. Significant differences
between the EDDES and DDES can be observed on the two
instantaneous flows. Although no vortical structures are visible near

Table 1 Effect of the grid refinement and of the numerical dissipation on the prevision of the aerodynamic performances of the fin

Aerodynamic performances Experimental data M, M, M, M3 low dissipation

c 0.822 0.963 0.99 0.996 0.995

L ) (+17.1%) (4+20.5%) (+21.2%) (+21%)
c 0.028 0.0172 0.019 0.019 0.019

D ’ (—38.6%) (—32.1%) (—32.1%) (—32.1%)
0.511 0.521 0.522 0.523

Xep 0.549 (—6.9%)  (=51%)  (=5.1%) (—4.9%)
0.322 0.332 0.332 0.332

Zep 0349 (—7.7%) (=5.1%) (=5.1%) (=5.1%)
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the apex of the fin in the DDES flow, numerous vortical structures
emanating from the leading edge of the missile fin are predicted by
the EDDES method in this region.

Another useful way to illustrate the development of flow
instabilities is to plot the evolution of the density gradient ||grad(p)||.
Figure 16 depicts the contours of this quantity at z,, = 0.5.

This figure confirms the previous observation. In fact, the shear
layer emanating from the leading edge seems steady in the DDES
flow up to x, = 0.3 and the structures due to the Kelvin—Helmholtz
instability develop much more quickly in the EDDES computation.
The development rate of this instability results from the level of
viscosity (numerical + physical) produced by the simulation. With
the numerical scheme being the same in the two simulations, one can
then anticipate from this figure that the level of turbulent viscosity is
smaller in the EDDES simulation than in the DDES one. Farther
downstream when these structures have merged, a three-dimensional
flow is observed with the two methods.

A similar behavior is observed for the shear layer emanating from
the trailing edge (see Fig. 17). Indeed, as observed in Fig. 17, the
EDDES method enhances the turbulent activity in this region in
comparison with the DDES one.

The first conclusion that can be made from these observations
is that the aim of the EDDES is reached in the sense that this
method clearly improves the description of the resolved part of the
turbulent field.

2. Study of the Time-Averaged Flow

The purpose of this section is to present solutions obtained with
DDES and EDDES methods and to compare them to the
experimental data to highlight their beneficial effects with respect to
RANS computations on the time-averaged flow.

After a transient of 67, where T, is the time scale defined by
T.=c/U,, all the computations were time averaged on a period
of 5T..

0.04 . :
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Fig. 14 Evolution of u/U, (left) and w/U,, (right) as a function of d,,.

Fig. 15 Visualization of the instantaneous vortical structures predicted by the DDES (left) and the EDDES (right).
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Fig. 16 Contours of ||grad(p)| atz, = 0.5 predicted by DDES (left) and EDDES (right) computations.

—

Fig. 17 Contours of | grad(p)| atz, = 0.5 predicted by DDES (left) and EDDES (right) computations in the region of the trailing edge of the missile fin.

To get an overview of the time-averaged flow topology obtained
with the two methods, Fig. 18 represents the tridimensional
streamlines over the suction side of the missile fin. These streamlines
are colored by the longitudinal velocity, the white color representing
negative values of u and the black color, the positive ones.

This figure highlights a similar flow topology for the two cases.
Indeed, one can observe the deviation of the longitudinal flow at the
leading edge of the fin and beneath these streamlines, the streamlines
roll up, denoting a fully separated flow.

Nonetheless, this figure illustrates a noticeable difference in the
flow topology between the two considered cases. In fact, one can
clearly observe that the focus point, defined as being the convergence
point of the rolling streamlines, is closer to the leading edge in the
EDDES computation than in the DDES one, revealing that the flow
separation is delayed by the DDES computation. This observation
can be associated with the delay in the developments of the

instabilities embedded in the shear layer previously observed in the
instantaneous DDES flow.

Figure 19 shows profiles of the ratio u /U, as a function of d,, at
the four probes lines identified in Fig. 13.

The first observation that can be made is the presence of stagnation
or areverse flow whatever the position with both DDES and EDDES.
This contrasts with the RANS computation for which the presence of
a leading-edge vortex was predicted. Thus, this represents a
significant improvement regarding the RANS results.

However, some differences exist between the time-averaged flows
predicted by the DDES and EDDES computations. In fact, at the first
position P, the reverse flow predicted by the EDDES computation is
somewhat higher than the one predicted by the DDES method, as was
presented in Fig. 18. Moreover, at the probes line P,, no reverse flow
is visible in the DDES solution whereas u/ U, reaches the value of
—0.1 at d,, = 0.02 in the EDDES time-averaged flow.

Fig. 18 Visualization of the time-averaged streamlines over the suction side of the missile fin. Left: DDES; right: EDDES.
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Fig. 19 Evolution of u/U, as a function of d,,. a) P;; b) P,; c) Py; d) P,.

Despite these observations, the two computations tend to predict a
similar evolution of the longitudinal flow near the leading edge of the
missile fin. Indeed, in spite of small difference in the intensity, a
reverse flow is predicted at the probes lines P; and P4 by the DDES
and EDDES methods.

However, these figures not only illustrate differences in the reverse
flow, they also underline the effect of the method on the time-
averaged flow in the region of the shear layer. Indeed, whatever
theposition, extreme values of u/U,, and velocity gradients are
quitedifferent from the DDES to the EDDES method in the shear
layer that may impact the development of the Kelvin—Helmholtz
instability.

Thus, both DDES and EDDES predict the separation of the shear
layer at the leading edge of the missile fin and a “dead water” region
between this shear layer and the surface of the fin. These observations
agree well with the experiment of flows over the moderate sweep
delta wing at such an incidence (see [18]).

Figure 20 shows the profiles of averaged eddy viscosity given
by DDES and EDDES as a function of the distance from the wall d,,
at the four previous positions. These probes are close to the
leading edge of the missile fin where the flow should be the most
sensitive to the numerical method because it is the location where the
separation occurs. To identity the location of the RANS/LES switch,
the profile of the function f, is also represented. The profiles are
normalized by the local maximum value of the viscosity obtained
using DDES.

In all of the station, the profiles of turbulent viscosity are
qualitatively similar. They all exhibit one peak of viscosity near the
wall and another one in the shear layer.

Figure 20 illustrates the effect of the EDDES method on the eddy
viscosity whatever the position considered.

As soon as f, has reached its threshold value of 0.8, the first peak
of eddy viscosity decreases, with a maximum decay at the position P;
where the ratio v,ppgs/Umppes reaches the value of 3.2 at
d,, = 0.001. For d,, higher than 0.001, both simulations operate in

the LES mode, as illustrated by the value f, = 1, and the EDDES
method carries on the decrease of the eddy viscosity. The second
peak of v, is strongly affected by the EDDES model because it is the
place where the decay is maximal and the ratio v,ppgs/VEppES
reaches 5.2 at d,, = 0.028 at the probes line P,.

Thus, the principal effect of the EDDES computation, by
comparison with DDES, is the decrease of the second peak of eddy
viscosity. The study of the ratio k/UZ, where k is the resolved
turbulent kinetic energy illustrates the impact of this decay on the
resolved fluctuation levels. Figure 21 shows the evolution of k/ U2,
at the four previous positions.

The decay of the eddy viscosity in the LES region allowed by the
use of the EDDES method has a significant effect on the levels of
resolved turbulent fluctuations. On P,, P,, and P,, the peaks of
k/U?, are nearly multiplied by 3 in the shear layer region. Coupling
this observation with the fact the eddy viscosity is decreased using
EDDES, it appears clearly that a part of the turbulent spectrum that
was modeled in the DDES is now resolved in EDDES. Then, it
explains the observations made in the previous section which have
highlighted the earlier development of the turbulent structures in the
EDDES case.

In this fully separated flow, the switch from RANS to LES mode
identified with the function f, occurs very near the wall and most of
the flow is treated in LES mode. This test case is then well suited to
demonstrate the interest of EDDES which can be distinguished from
DDES only by its behavior in LES mode.

3. Effect of the Numerical Method on the Prediction of the Aerodynamic
Performances

Table 2 presents the global aerodynamic performances of the
missile fin obtained with the DDES and EDDES computations.

As expected regarding the topology of the flows predicted by these
computations, the aerodynamic loadings applied on the missile fin
and the position of the aerodynamic center of pressure are better
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Table 2 Aerodynamic performances predicted by DDES and EDDES

computations
Angle of  Aerodynamic Experimental DDES EDDES
attack performances data
0.823 0.847
C 0.822 (<0.5%)  (+3%)
0.0314 0.0294
)54 Cp 0.028 (+82%)  (+13%)
g 0.549 0.5626 0.5583
Tep : +24%)  (+1.7%)
0.3537 0.3523
Zep 0.349 (+1.34%)  (+0.94%)

estimated by these current simulations than by the previous RANS
computations.

Quantitatively, the DDES computation reduces the error on the lift
and drag coefficients to 0.5 and 8.2%, respectively. In the same way,
the errors on longitudinal and spanwise positions of the aerodynamic
center of pressure are now limited to 2.4 and 1.34%, respectively,
with the DDES. This represents a significant improvement with
respect to the RANS computation.

In comparison with the DDES, the EDDES computation slightly
deteriorates the lift coefficient evaluation. The error remains more
than acceptable and reaches only 3%. Furthermore, a great
improvement is found concerning the evaluation of C, with an error
level divided by 6.3 with respect to the DDES prediction. It is
noteworthy that the pressure drag represents about 87% of the total
drag in this case. Additionally, the position of the center of pressure is
improved and the small level of error on this quantity permits one to
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provide the missile manufacturer with a very accurate estimation of
the hinge moment on the actuator fin.

The aerodynamic coefficients represent the integral of the pressure
forces and can hide strong discrepancies on the distribution of the
aerodynamic loads. Thus, the distribution of K, on the pressure side
in the spanwise direction is depicted in Fig. 22. The pressure
distributions are nearly identical between both computations
whatever the streamwise location. This result is not surprising
because the attached flow is solved in the RANS mode in both
simulations.

As a consequence, the discrepancies between DDES and EDDES
which have been noticed on the aerodynamic coefficients are caused
by differences concerning the prediction of K, on the suction side of
the fin. To confirm this postulate, Fig. 23 displays the repartition of
K, as a function of z on the suction side for the DDES and EDDES
computations. Comparisons with PSP data are also provided.

The DDES computation underestimates the pressure by 43% at
x. = 0.1 and by 27% at x, = 0.3. Oppositely, downstream from this
position, the pressure is overestimated and the error reaches the value
of 13% at x, = 0.6.

Besides, the use of EDDES allows a decrease of the error to 31% at
x. = 0.1. This constitutes progress with respect to DDES but the
error remains quite large. It is hoped that it does not contribute much
to the integral because it concerns only a small portion of the surface
on the fin. Downstream from this location, the prediction of the
pressure distribution is in a satisfying agreement with the
experimental data and this agreement is generally better with
EDDES than with DDES.

As has been shown in this section, the use of the DDES
computation leads to a better description of the time-averaged flow in
comparison with the RANS model, because a fully separated flow is
predicted. This leads to a satistying prevision of the aerodynamic
loadings in a first approach.

The use of the EDDES method leads to a significant diminution of
the eddy viscosity in the LES region and then leads to a modification
of the time-averaged flow near the wall in comparison with the
time-averaged flow predicted by the DDES computation. The
consequence is a better prediction of the pressure distribution on
the suction side of the missile fin and then an improvement of the
prediction of the aerodynamics loadings and of the position of the
aerodynamic center of pressure. To conclude this study, the next
section is dedicated to the spectral analysis of the flow mostly
focused on the region of the shear layer.

4. Spectral Analysis of the Flow

The spectral analysis concerns the vertical velocity v registered at
positions marked by diamonds in Fig. 21. This analysis has been
performed using the method of Welch [89]. The spectral information
is averaged on 12 blocks, resulting in a frequency resolution equal to
1 kHz. These spectra are plotted in Fig. 24.

It is obvious from this figure that, whatever the considered
position, the EDDES method magnifies the spectral content of the
flow, because this method allows an increase of the spectral power
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Fig. 23 Repartition of K, on the suction side predicted by the DDES, EDDES, and experimentation.
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density for all frequencies present in the signals. This is directly
connected with the observations made previously about the
improvement in the description of the turbulent structures thanks to
the EDDES.

The analysis of the spectrum concerning the EDDES computation
at the probe P, near the apex of the fin, reveals a low amplitude peak
at the frequency f = 6000 Hz (St. =7.5) whereas no peak is
discernible in the DDES signal. Asillustrated by the spectral analysis
at the position P3, an outward displacement has the consequence of
an increase of the privileged frequency. Indeed, peaks around f =
7000 Hz (St, = 8.8) and f = 5000 Hz (St, = 6.3) are, respectively,
observed in the EDDES and DDES spectrum.

An increase of the distance from the leading edge induces a
decrease of the privileged frequency as shown in the analysis of the
spectrum at P, and P,. Concerning the probe P,, adecayto St, = 2.5
of the privileged frequency is noticeable in the EDDES spectra and
once again, no apparent frequency occurs in the DDES spectra. This
general behavior is in agreement with studies of canonical shear
layers [90].

Moreover, the increase of frequency with the spanwise position
illustrated by the comparison of the spectra at P, and P, is in
agreement with experimental observations of Yaniktepe and
Rockwell [19] concerning a 38.7 deg sweep delta wing at o =
25 deg for a Reynolds number of Re. = 1000.

The differences in the privileged frequencies, associated with the
Kelvin—Helmholtz instability, between the DDES and EDDES
method corroborate the previously made observations concerning
the development of vortical structures in the shear layer.

The spectral content of the flow is not only magnified in the region
of the leading edge by the EDDES method, but also the upper trailing
edge (x, =1, z, =0.5, d,, = 0.09) as shown in Fig. 25.

Once again, the EDDES method increases the power spectra
density, whatever the frequency considered. This means that even if
the reduction of the eddy viscosity is more significant at the
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Fig. 25 Spectral analysis of the vertical velocity in the shear layer at
Zp = 0.5.

beginning of the shear layer, the use of the EDDES method improves
the description of the turbulent flow everywhere in the LES region.

VI. Conclusions

An extension of the DDES method combining the best features of
the DDES method with the ones of the ZDES method has been
presented in this paper. It lies on a modification of the length scale A
and on the wall-correction functions when the DDES operates in LES
mode. This modification results in a faster decay of the eddy viscosity
in the LES region.

A first computation of an attached flow allowed validating the
EDDES method because a RANS-like behavior has been found as
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expected. To validate the method in the case of a fully separated flow,
the DDES and EDDES methods have both been used to compute the
flow downstream from a backward-facing step for which
comprehensive experimental data are available. The EDDES
method improves significantly the results with respect to the original
DDES. This improvement which is particularly sensitive concerning
the turbulent fluctuations has been attributed to the reduction of the
eddy viscosity in the early development of the shear layer thanks to
the EDDES formulation.

Finally, computations have been carried out in the case of a 50-deg
sweep transonic missile fin at the angle of attack of 25 deg. Although
RANS computations still predict the presence of the leading-edge
vortex over hardly one-third of the missile-fin cord, leading to an
significant overestimation of the lift coefficient, the flow predicted by
the DDES method is fully separated. This improves significantly the
prevision of the aerodynamic performances of the missile fin.
Quantitatively, the error on the evaluation of the lift coefficient is
reduced to 0.5% whereas the RANS computation overestimates this
coefficient by 21%. Moreover, the drag coefficient error decreases
from 31% using the RANS model to 8.2% using DDES.

As expected from the formulation of this method, the use of the
EDDES computation allows a significant decrease of the eddy
viscosity in the LES region. This permits an enhancement of the
resolved turbulent fluctuations and then a better prediction of the
separation of the flow at the leading edge. The Kelvin—Helmholtz
vortices embedded in the shear layer emanating from the leading
edge and the turbulent phenomena beneath this shear layer are more
energetic in the EDDES flow than in the DDES one.

The enhancement of the LES content of the flow has significant
practical consequences on the performance evaluation because the
pressure distribution on the suction side, the location of the center of
pressure, and the drag coefficient are improved using EDDES. The
level of error which was unacceptable from an industrial point of
view using RANS has been reduced with EDDES to values which
permit accurate dimensioning of the fin actuator (3% error on the lift,
about 1% on the drag, and less than 1.5% on the center of pressure
location). Moreover, RANS/LES methods give access to the loading
fluctuations which are useful information, in particular, when
estimating the fluctuating loads on the structure.
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