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The flow around the A-airfoil at the maximum lift condition (o« = 13.3°) with a chord Reynolds number of 2 x 10°
is simulated using unsteady Reynolds-averaged Navier—Stokes solution, detached-eddy simulation, and delayed-
detached eddy simulation. This case features a relatively thick boundary layer with a mild trailing-edge separation.
Detailed comparisons of the modeled Reynolds stresses are carried out with the available experimental data at
different locations on the suction side of the airfoil and in the wake region. The impact of the delayed switching on
modeled Reynolds stresses from delayed-detached-eddy simulation as compared with the original detached-eddy
simulation is studied. On the suction side of the airfoil, the modeled turbulent Reynolds stresses computed through
the detached-eddy simulation are generally lower than the unsteady Reynolds-averaged Navier—Stokes solutions,
whereas the delayed-detached-eddy simulation gives comparable values with the unsteady Reynolds-averaged
Navier-Stokes solutions results. None of them give consistent comparison with the experimental Reynolds stresses. It
is observed that for the cases with the mild separation, the original detached-eddy simulation may perform better
than the delayed-detached-eddy simulation, due to its relatively lower turbulent dissipation levels. The detached-
eddy simulation Reynolds stresses in the wake region show better results, in comparison with the experimental data.

Nomenclature

surface area

model constant taken as 0.65
drag coefficient

lift coefficient

chord length

wall distance, length scale for turbulence model
differential surface area
energy contained by length scales
inviscid fluxes

viscous fluxes

Mach number

normal area vector

pressure

primitive variable vector

gas constant

Reynolds number

strain-rate tensor

temperature

time

freestream velocity

reference velocity
instantaneous velocity
averaged velocity

Cartesian velocity components
volume

conservative variable vector
Jacobian matrix

ratio of specific heats

local grid spacing

= spanwise location
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w = molecular viscosity

= turbulent or eddy viscosity
1 at reference state
modified kinematic eddy viscosity
kinematic eddy viscosity
density
dp/dp at constant temperature
dp/aT at constant pressure
instantaneous fluctuation term in Reynolds-averaging
stress tensor, [z;;]
pseudotime
wall shear stress
rotation rate tensor
gradient, increment
time-averaged quantity
time-averaged quantity
= fluctuating quantity
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Introduction

EPARATED flows around airborne objects such as an aircraft are

an important and challenging area of study for aerodynamic
applications. Computational power is a severe limitation if high-
order physical simulation techniques such as large-eddy simulation
(LES) [1,2] or direct numerical simulation [3,4] are applied to
numerically simulate these flows, as pointed outin [2,3]. Whereas the
results from computationally feasible Reynolds-averaged Navier—
Stokes (RANS) scheme have difficulties in modeling separated
flows, hybrid RANS-LES schemes such as detached-eddy simu-
lation (DES) [5] have become a promising choice for practical
applications. The ability to capture separated flows with affordable
computational cost has prompted their use over a wide range of
application areas, especially for flows with massive separation. The
main theme of the DES scheme is to combine the strengths of the
RANS scheme near the solid wall boundaries and LES elsewhere.
The natural implementation was intended to simulate the entire
boundary layer using the RANS scheme and the separated region
with the LES scheme. However, a shortcoming in the original DES
was pointed out by Menter and Kuntz [6], suggesting that a blending
function may be used in order to avoid a premature switching within
the boundary-layer region from RANS to LES. This premature
switching is caused by excessive mesh clustering, either near the
trailing edge or in thick boundary layers. To overcome such
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problems, a modified version of DES, named delayed detached-eddy
simulation (DDES) was proposed in [7]. A detailed review of the
DES technique with the perspective of its applications and ensuing
promising results were presented in [8], with further references
within.

The fundamental computational limitation of LES scheme is the
requirement of near-wall mesh resolution in wall-normal, wall-
tangential, and spanwise directions for high Reynolds number flows.
It drastically increases the mesh size and, in turn, the associated
computational cost in comparison with the RANS approach. On the
other hand, RANS only requires the relatively high mesh resolution
in the wall-normal direction. Although it reduces the computational
cost considerably, the accuracy of the solution for the separated flows
is not generally satisfactory. DES using RANS in the near-wall
region and LES in the separated region leads to a basic question about
the accuracy of the resulting solution notably in turbulence param-
eters being computed. With the acceptance of the Boussinesq
hypothesis in solving the closure problem using turbulence
modeling, it is very important to quantify and compare the resulting
Reynolds stresses with the known experimental data to judge the
appropriateness of the simulation technique in terms of the
turbulence parameters. However, the availability of the experimental
data for Reynolds stresses is rather limited in the open literature. A
European initiative to assess the feasibility of using LES for
calculating the flow around airfoils was reported [9-11]. Detailed
experimental data, including the Reynolds stresses, were made
available for flow around the Aérospatiale A-airfoil at different
angles of attack and at high Reynolds numbers.

The work presented contains the computational fluid dynamics
simulations of the flow over the Aérospatiale A-airfoil at an angle of
attack of 13.3° (maximum lift condition) with a chord based
Reynolds number of 2 x 10° and at a subsonic Mach number of 0.15.
Typically this is a high-lift condition near stall. The experimental data
from the wind tunnel [12] are used for comparison. It contains data
for velocity profiles and Reynolds stresses at different wall-normal
and streamwise directions after the transition point (x/c¢ > 0.3). The
simulation techniques used are URANS, DES, and DDES. One of the
main objectives of this study is to compare the relative performance
of DES and its modified formulation DDES, for the mildly separated
flows, along with the URANS approach with turbulence modeling.

Various numerical studies were carried out and reported by the
partners [2,9,13] of LESFOIL and other research groups [14].
Results of these numerical studies were compiled and discussed in
[10,11]. As noted, from the point of view of flow separation on the
suction side at the trailing edge, this flow is much more difficult to
predict than a situation involving massive separation at higher angles
of attack or where separation occurs from a sharp edge. The results
from various studies in [10] were contradictory regarding the
prediction of the trailing-edge separation: some did and others did
not. Another observation mentioned in [10] is that the C; plot of
results from some partner fails to show the separation, although it is
observed in the streamline plots. Results presented by Schmidt and
Thiele [14] show the flow around the A-airfoil and the modeled, as
well as the resolved, Reynolds stresses for some of the stations of the
given data. The RANS solution predicts the separation, but fails to
show the transient vortex shedding, whereas the LES solution
predicts the transient vortex shedding.

Numerical Scheme

The Dynamic-Grid Detached Eddy Simulation (DG-DES) [15,16]
code is an in-house-developed code and it can simulate moving and
nonmoving wall cases using RANS, DES, and DDES. The flow
governing equations are discretized using a cell-centered finite
volume method. A one-equation Spalart—Allmaras turbulence model
[17] is used for the detached-eddy simulation formulation. Further
details can be found in [18,19]. The convective terms are discretized
using the Roe scheme [20]. METIS,# an open-source program, is

“Data available online at http://glaros.dtc.umn.edu/gkhome/views/metis
[retrieved 2010].

used for the mesh partitioning in the DG-DES code for parallel
computing. The second-order spatial accuracy is obtained with the
piecewise linear reconstruction of the flow variables.

Dual-Time-Stepping

physical time term

pseudotime term

where W is the conservative variable vector, Q is the primitive
variable vector, F and G are inviscid and viscous fluxes, and I' is the
conjugate dW/9Q.

A dual-time-stepping approach is used as described in Eq. (1) and
is similar to the formulation used in [21]. The essential idea of the
dual-time-stepping approach is to add an extra unsteady term to the
original Navier—Stokes equation as a pseudotime term represented
by tz, as shown in Eq. (1). Dual-time-stepping permits various
schemes, including the explicit multistage Runge—Kutta method, to
be used with an implicit physical temporal discretization. The
convergence of the solution in pseudotime is sought to obtain
the solution at the present physical time level. It is evident that as the
pseudotime iteration converges, the second term in Eq. (1) vanishes
and the temporal accuracy of the solution depends on the first term
representing the physical time only. The low-Mach-number pre-
conditioning and artificial compressibility are combined in a way to
enhance the convergence rates of the density-based time-marching
schemes for solving flows at all speeds. It is able to accurately
simulate unsteady flows with integrated dual-time-stepping, as
shown in [21,22].

Detached-Eddy Simulation

The DES approach was proposed by Spalart et al. in 1997 [5]. The
main theme of the DES scheme was to combine the strengths of the
RANS scheme near the solid wall boundaries and LES elsewhere.
The original DES proposed combines the RANS and LES in a
nonzonal manner, based on the Spalart—Allmaras (S-A) one-
equation turbulence model [17]. The model’s length scale d,
generally taken as the shortest distance at any point to the closest wall
in RANS mode, is replaced with the minimum between the distance
to the wall and a length proportional to the local grid spacing. It is
represented mathematically as

dpgs = min(d, CpgsA) 2)

where Cpgg represents a model constant taken as 0.65 in various
studies [18], and A is the local grid spacing. For structured grids, it is
the maximum grid spacing over all three directions. In the boundary-
layer regions near the wall, A far exceeds the distance to the wall, d,
and the standard Spalart—Allmaras RANS turbulence model [17] is
recovered. However, away from the boundaries, the distance to the
closest wall exceeds CpggA, and the model becomes a simple one-
equation subgrid-scale model for LES with the model length scale
proportional to the grid spacing.

Delayed-Detached-Eddy Simulation

The original DES, known as DES97, has an inherent shortcoming
of switching from RANS to LES mode within the boundary layer for
relatively thick boundary layers or at locations with increased grid
density: e.g., near the leading or trailing edge of an airfoil. This
problem was highlighted by Menter and Kuntz [6] in their study of
Ahmad’s car model.

Spalartetal. [19] proposed a new version of DES (DDES) to tackle
this problem. The main idea of DDES is to include the molecular and
turbulent viscosity information into the switching mechanism to
delay this switching in boundary layers. The length scale is redefined
as
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Fig. 1 Mesh around the Aérospatiale A-airfoil: zoomed view at leading edge (top left), zoomed view at the trailing edge (top right), broken view (bottom
left), and mesh with 120 partitions with each partition represented with different shade (bottom right).

d=d— f;max(0,d — CppsA) 3)
fa=1—tanh([8r,]) 4)
ry= o wtv (5)

U, ;U; k> d?

In the present study, the RANS, DES, and DDES are all run in fully
turbulent mode and hence no transition tripping is used. The effect of
switching to LES mode and its delay will have the major impact in the
flow simulation.

Geometry

The wind-tunnel model used in the experiments has a very small
blunted trailing edge. Mellen [10] described the different studies
carried out to investigate the effect of approximating this with a sharp
trailing edge and concluded that no change was found in the flow
statistics due to this geometric simplification. The sharp trailing-edge
geometry is therefore used in this study.

Computational Mesh

The mesh was created using a commercial grid generation
software, Gambit, as shown in Fig. 1. To achieve a good boundary-
layer resolution in the wall-normal direction, the first cell normal to
the wall was placed at 6 x 107%¢ giving an overall wall Ay* Iess than
one on the airfoil. The computational flow domain extends 9¢ and
12¢ from the airfoil leading and trailing edges up and downstream,
respectively. The top and bottom far-field boundaries are 8c from the
airfoil surface. The mesh details are listed in Table 1.

The mesh size is very coarse as compared with what is generally
required in LES to simulate an airfoil wing. The wall-normal
direction resolution in the near-wall region is suited for the turbu-
lence modeling in the RANS solution with very-high-aspect-ratio
cells. N, represents the number of cells along span and L, is the
spanwise dimension of the simulation domain.

Symmetry boundary conditions are used for the side walls on
either side in the spanwise direction. Characteristic boundary
conditions are used as far-field boundary conditions for the outer
boundary.

Results

First, the first cell Ay™ distribution was investigated to make sure
that in the RANS mode the turbulence boundary layer is resolved by
the turbulence model. Typical Ay™ for all the simulations was less
than one over the complete A-airfoil, as shown in Fig. 2.

This not only provides better resolution in wall-normal direction
asrequired by RANS, but also is important for the convergence of the
S-A turbulence model in the simulations.

Figure 3 shows the time-averaged velocity contour plots and the
streamlines near the trailing edge for the A-airfoil from DES and
DDES, respectively. The DES solution shows the separation in the
flow in the trailing-edge region, whereas the DDES solution, similar
to URANS, failed to predict any separation. The reason is that the
DDES scheme, due to the delay in switching from RANS to LES
mode, causes excessive turbulent dissipation in the flow by extending
the RANS region. Consequently, it damps the unsteadiness in the
flow, and the DDES solution appears very similar to the URANS
solution.

To understand it better, the differences in surface pressure
computed by using the URANS, DES, and DDES are compared with
the available experimental data [12]. The surface pressure plot C,, in
Fig. 4, including zoomed views near the leading edge, shows that
the initial dip in DES and overshoot of URANS are balanced by the
DDES results. It means that the early switching of DES in the
leading-edge section is the main cause of lower C,, values.

The results indicate that the effect of switching to LES mode and
its delay have a major impact in the flow simulated. Figure 5 shows

Table 1 Mesh details for the A-airfoil

Statistics Values
Mesh size
Type Structured
Cells 1,936,000
Nodes 2,004,080
Mesh quality
N, 40
L./c 0.25
xt 20-950
yt+ <l
zt 100-600
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Y+

0.85
0.75
0.65
0.55
0.45
0.35
0.25
0.15
0.05

Fig. 2 Ay* values on the Aérospatiale A-airfoil.
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that the RANS region (near wall) and LES region (away from wall)
are quite different for DES and DDES schemes, impacting on the
pressure distribution and skin-friction coefficient results from the
respective schemes. The switching regions, as shown in Fig. 5, have a
strong impact on the solution dissipation and result in different flow
pictures for different schemes. It clearly shows that, for DES, part of
the attached boundary layer is actually simulated with LES, in
addition to the trailing-edge mild separated region.

It is interesting to observe the switching regions to URANS and
LES modes by DES and DDES schemes, as shown in Fig. 5. DDES
region at the suction side near the trailing edge is thicker and follows
the trend of the thicker boundary layer with a delay in the switching to

Fig. 3 Time-averaged velocity magnitude contour for DES (top) and DDES (bottom) with zoomed views near the trailing edge with time-averaged

streamlines (left).
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Fig. 5 LES and URANS (near-wall) region bifurcation used in the
DDES (top) and DES (bottom) simulations.

the LES mode as intended. It increases the dissipation in the flow
causing the separation region predicted by the DES to disappear.
There is a strong similarity between the URANS and DDES results,
due to the delay in switching for the DDES. DDES, in effect,
modeled most of the boundary layer as URANS, showing the same
problem of incapability to predict trailing-edge separation.

The skin-friction coefficient C distributions from URANS, DES,
and DDES are compared in Fig. 6. There are only very minor dif-
ferences between URANS and DDES. The most significant
difference is in the trailing-edge region between DES and the other
two; none give negative surface friction. Referring back to Fig. 3, the
trailing-edge separation is captured in DES. However, it is neither a
normal separation bubble near the leading edge nor a long bubble
around the midchord. At the trailing edge, a counter rotating
(anticlockwise) vortex separated from the trailing-edge point is
formed underneath the primary trailing-edge separation (clockwise).
It pushes the primary separation vortex upward and results in positive
skin friction on the upper surface near the trailing edge. This trailing-

0.002 |
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Notice the attached
flow on the surface

b)

Fig. 7 DES streamlines on A-airfoil with pressure contours (bottom)
and zoom view of separation with streamlines (top). (Note that the
separation is not on the surface.)

edge separation with positive skin friction was also observed in some
other simulations in [10]. This simulated phenomenon contradicts
the negative skin friction in the experimental data.

The impact of switching is further augmented by Fig. 6, which
shows that the skin friction has increased to a similar level to that of
URANS. Further downstream, due to the presence of the thick
boundary layer, the DDES solution closely follows URANS, in
contrast with DES. This is logical, because the solution of DDES in
attached boundary layers is the same as URANS, since no switching
from RANS to LES has been done within the boundary layer.
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Fig. 6 Comparison of skin-friction coefficient C; from RANS, DES, and DDES on suction side of Aérospatiale A-airfoil with suction-side profile.

Zoomed leading and trailing edge on top.
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Xicx1.2
Xf€C=1.05
X/c=1.05

0 X/C=1.25
X/C=1.117

Fig. 8 A-airfoil with probe orientation on surface and wake region for data extraction. Surface is shaded by static pressure. Flow direction is in +x-axis

direction.

The disparity between URANS and DDES arises when the DDES
switches from URANS to LES, thus lowering the turbulent
dissipation.

To study this further, streamlines were plotted around the A-airfoil
surface, as shown in Fig. 7. The zoomed view of at the suction side of
the trailing edge shows that the flow is attached on the surface and the
separation region is actually aft of the suction-side surface. For this
reason, the C; plotdoes not depict any dip or becomes negative in this
region. The mesh used in the computation is very fine in the near-wall
region to satisfy the RANS requirements, and its Ay™ value is less
than 1. This Ay™ value should be sufficient to compute the solution
with good accuracy from mesh density perspective for RANS.
Similarly, the Ax™ and Az are also in reasonable range as compared
with the other studies reported in [10].

It was observed that both URANS and DDES do not show any
unsteadiness in the flow. Only DES results show the unsteadiness in
the flow at the trailing edge. However, it does not show any transient
vortex shedding as reported in some previous work. Resolved
stresses were not computed, with the view that no significant values
will be obtained as an output, due to mostly steady flowfields.

Modeled Turbulent Reynolds Stresses

The Boussinesq hypothesis provided a solution for the turbulence
closure. This approximation assumes that the turbulence stresses are
directly proportional to the velocity gradient, with eddy viscosity
(u,) as the constant of proportionality. This value can be further
modeled using different turbulence models.

From the Boussinesq hypothesis [3,23], the eddy viscosity is
linearly related to the Reynolds turbulent stresses. The assumption of
/4, as an isotropic scalar quantity in the Boussinesq hypothesis may
not be strictly true. However, the alternate option is to go for more
computationally expensive Reynolds stress transport equations. The
S-A model used in this study uses the Boussinesq hypothesis.

The basic relationship is drawn from analogy with molecular
transport of momentum:

i, = g(k)S-A -, (E —J) (6)
ox;  0x;

It provides the following normal and shear stress components for
Reynolds stresses:

— 2 au U —-— 2 v v
uu—g(k)—v,(g+§) vv—3(k) v’(8y+8y)

— au v
u'v' = U’(By + Bx) )

where U and V are the mean velocity components. For two-equation
turbulence models using turbulent kinetic energy k as a variable in the
equation, k is calculated from solution of those equations. However,
in the one-equation S-A turbulence model, k is not explicitly
calculated. Hence, it is to be approximated using Bradshaw’s
hypothesis [24].

The turbulent energy equation for a two-dimensional incom-
pressible mean flow, outside the viscous sublayer, is given in [25] as

T=—pu'v ®)

q2 =M/2 +v’2+w’2=2k

)

Fig. 9 Contour plots of the modeled turbulent Reynolds stresses form
DES simulation normalized by the square of the inlet velocity with
probes for normal to the surface data extraction.
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1 0q° 0q* au
L (2 3 _ U
2 ox dy ady
——
advection production
(o
+—|Pv+5pgv|+ pe =0 )
N— e’ dissipation
diffusion

£ =

%2
Uaxj

It can be regarded as an equation for the advection or rate of change of
turbulentkinetic energy along a mean streamline through a pointif all
the other terms are known at that point.

Defining

al = -

0q

L

_ @/

&

G =

((p/p) +14%v)
(Tmax/ P)*(t/ p)

The choice of empirical function gives [24]

Considering a 2-D log-law boundary layer, put

al = /C (= C, =0.09)

T_
P
T
k= T = —puv
/Gy P
It can be further elaborated as
vl 3y, 1 (U, U,
= Y — . S* = . /25..S.. S =— Ly L
JC. G, SO 2(ax, * ax,.)
(10)

Similar approximations for k have been used in [26]. In the
experimental setup F2 for the Aérospatiale A-airfoil, the data were
extracted along different spanwise and streamwise stations. It also
contains the wake data at different stations for the wake flow analysis.
The probe lines along streamwise directions on the suction side and

—puv T T . : . . . .
al=———7—> al=—==023 al = = 0.3 in the wake region with their respective lengths and locations are
p(=v™ + %) 2P presented in Fig. 8.
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Fig. 11 Comparison of (u), modeled Reynolds stresses, and (C,) from RANS, DES, and DDES with experimental data '2: a-f) computed normal to the
airfoil surface and g) computed normal to the freestream flow direction at specified location.
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Fig. 12 Comparison of time-averaged (u), (v), and (C,) from URANS,
DES, and DDES with experimental data F2: a—f) computed normal to the
airfoil surface and g) computed normal to the freestream flow direction
at specified location.

Figures 9a—9c¢ show the contour plots of the turbulent Reynolds
stresses over A-airfoil form DES simulation normalized by the
square of the inlet velocity with probes for normal to the surface data
extraction. It is evident that the high turbulent Reynolds stresses are
obtained in the attached boundary-layer region and in the shear layer
in the wake region. Figures 10a—10g present the comparison of the
turbulent Reynolds stresses at 30-82.5% of the chord on the suction
side of the A-airfoil from URANS, DES, and DDES simulations with
the experimental data F2 [12]. Experimentally, the boundary-layer
separation on the suction side of the A-airfoil occurs just after this
region. The results from URANS, DES, and DDES schemes, in
general, show that the general trends in the experimental data are
correctly predicted. The prediction of x-direction velocity
component is slightly lower in the region away from airfoil surface.
The reason of presenting (C,) along all the probe lines is to
appreciate the difference in the results of URANS and DDES, which
is otherwise difficult to note from other plots. All these schemes
underpredict the (u'u’) and (u'v') turbulent Reynolds stresses and
overpredict the (v'v') component. Turbulent Reynolds stresses
(u'u’), in general, show better agreement as compared with (v'v'),
and DES has lower prediction as compared with URANS and DDES,
understandably due to switching to less dissipative LES mode.

The x-direction velocity is relatively better predicted by the DES
simulations from 60%c onward in the downstream direction.
Figures 10f and 10g present an interesting comparison. The location
for both is the same at 82.5%c; however, Fig. 10fis the normal to the
airfoil surface and Fig. 10g is the normal to the freestream flow
direction, although the turbulent stress (v'v') predicted by the DES in
Figure 10f and by DDES in Fig. 10g are quite close the experimental
data. However, none of the numerical simulations show the change in
the experimental data in this region. It is expected to be due to the
presence of a separation bubble or adverse pressure region observed
experimentally.

Figures 1la-11d show the comparison of modeled Reynolds
stresses computed from the URANS, DES, and DDES schemes with
the experimental data F2 [12], and this region is experimentally
observed to have a flow separation. The x-direction velocity is better
predicted by the DES simulations. However, modeled Reynolds
stress predictions with URANS and DDES schemes are closer to
those of the experimental data.

Wake-Region Analysis

The wake region is arguably a difficult region to simulate with
reasonable accuracy. In particular, the presence of turbulence and
separation make it quite challenging to predict the correct flowfield in
the wake region.

Figures 12a—12e present the comparison of time-averaged
velocity parameters and C,, obtained from URANS, DES, and DDES
simulations with the experimental data F2 [12]. The (v) velocity
computation by the DES simulation is in much better agreement with
the experimental data F2, as compared with the URANS and DDES
results.

Figure 12a shows a good prediction of (u) velocity from DES
simulation; however, for locations further downstream, URANS and
DDES results are better. The results of («) from URANS and DDES
are similar until 1.15¢ (15% chord aft of the trailing edge) in the wake
region and are in better agreement with the experimental data as
compared with the DES simulation. Further downstream of this
point, both DES and DDES overpredict the (u) velocity and more
dissipative URANS seems to have better agreement with the
experimental data.

Conclusions

The numerical studies carried out in this work show that DES
simulations may benefit from its premature switching to LES mode
for the mild separation cases. The direct application of DDES for
mild separation problems can lead to its recovery to URANS
solutions, failing to predict the separation totally. The (v) velocity
prediction in the wake region is well predicted by the DES
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simulation, due to its preservation of the separation and unsteadiness
in the flow. The modeled Reynolds stresses in the flow computed by
using the URANS and DDES simulations are very similar, despite
the fact that the surface mean pressure distributions show some small
differences. The relative dissipation in URANS in the wake region is
higher than that in DDES, as shown in the wake-region analysis of
time-averaged x-direction velocity (u). The results of DES, espe-
cially the velocity predictions in the wake region, are quite
encouraging. For the cases where no abrupt massive separation
occurs, to be categorized as nonnatural DES cases, the DDES may
prove overly dissipative to damp out the unsteadiness in the flow. If
the delayed-switching in the RANS region is of such effect that it
damps out the natural unsteadiness in the flow, the DDES simulation
will not be able to preserve the unsteadiness in the flow domain. For
such cases the use of synthetic turbulence [26,27] with the DDES
may give better results.

For the flows with mild separation, the application of DDES may
prove to be inappropriate, based on the results obtained from this
study.
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