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Abstract: Curved surfaces are a feature of many engineering applications, and as such, the
accurate prediction of separation and reattachment from a curved surface is of great engi-
neering importance. In this study, improved delayed detached eddy simulation (IDDES) is
used, in conjunction with synthetic turbulence injection using the synthetic eddy method
(SEM), to investigate the boundary layer separation from a curved backward-facing step
for which large eddy simulation (LES) results are available. The commercial code Star
CCM+ was used with the k-ω shear stress transport (SST) variation of the IDDES model
to assess the accuracy of the code for this class of problem. The IDDES model predicted
the separation length within 10.4% of the LES value for the finest mesh and 25.5% for the
coarsest mesh, compared to 36.2% for the RANS simulation. Good agreement between the
IDDES and LES was also found in terms of the distribution of skin friction, velocity, and
Reynolds stress, demonstrating an acceptable level of accuracy, as has the prediction of
the separation and reattachment location. The model has, however, found it difficult to
capture the pressure coefficient accurately in the region of separation and reattachment.
Overall, the IDDES model has performed well against a type of geometry that is typically a
challenge to the hybrid RANS-LES method (HRLM).

Keywords: hybrid RANS-LES; IDDES; WMLES; separated flow; curved backward-facing
step; turbulent flow

1. Introduction
A large number of practical industrial flows involve some form of curvature, ranging

from complex aerodynamic bodies such as automobiles, wing structures, and turbines
to simple pipes, ducts, and cylinders. With any computational fluid dynamics (CFD)
simulation involving flow over a curved surface, the correct prediction of separation and
reattachment is of great engineering importance in order to achieve accurate results.

In most engineering companies, RANS (Reynolds-averaged Navier–Stokes) using
commercial code is the staple approach applied in CFD. The more computer-intensive
approaches of large eddy simulation (LES) or even direct numerical simulation (DNS) can
provide more accurate results; however, they are computationally more expensive and are
typically reserved for academic or research applications. This means that companies that are
limited in the time and money they can invest in CFD are limited to the less accurate RANS
approach. Recent advances such as IDDES offer a compromise between the efficiency of
RANS and the accuracy of LES; however, they can still have larger computational expense
compared to RANS and have not been widely adopted within industry [1,2]. To this end,
the aim of this paper is to demonstrate and evaluate the accuracy that can be obtained
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using IDDES when applied to a test problem involving separation on a curved surface.
Further, the output will be compared to RANS while using a relatively modest mesh to
ensure that the approach can be replicated within industry.

Flow separation is an important area in many industrial applications in mechanical
and aerospace engineering [3]. The majority of studies in the literature relate to flow over
an aerofoil, where there is considerable interest in both simulating the separations and
investigating processes to control or reduce them, thus extending the range of operation
of the wing. Abdolahipour [4] used RANS to investigate the use of upstream pulsed jets
as a method for separation control on a supercritical aerofoil. This led to an improved
lift-to-drag ratio with a maximum increase of 28.62%. Experimental investigations [5,6] also
identified the ability of pulsed jets to reduce and delay separation from the curved surface of
an aerofoil. RANS was also applied by Taleghani et al. [7] in an investigation of the stability
of an aircraft tail. The simulations detailed flow separation can be entirely regulated using
tangential blowing with an increase in the side force generated. An overview of the use of
active jets for flow control is presented by Ho et al. [8].

Away from aeronautical applications, flow separation is present in a range of problems
such as cavity flow [9], where the cavity represents a sharp forward- and backward-facing
step; forward-facing sharp steps [10]; unsteady separation due to time-dependent pressure
gradients [11]; and separation from cylindrical cylinders [12].

This test case considered here, that of flow over a curved surface, presents a challenge
to HRLM due to the separation mechanism. With flow separation from a sharp edge,
like that of a backward-facing step, which has been tested extensively with experiments
and numerically [13–15], the separation point is fixed by the geometry, and a shear layer
develops from this point. Separation from a curved surface, however, is due to an adverse
pressure gradient and is sensitive to the properties of the boundary layer approaching the
step. The separation process is controlled by unsteady flow, which is constantly changing
in space and time and must be suitably modeled [16].

Previous studies related to curved surfaces have included streamwise periodic
hills [17,18], which have been the subject of extensive modeling workshops [19,20], tested
in IDDES by Mockett et al. [21], and have also been added to the ERCOFTAC database as
an underlying flow regime test case [22].

Another important test case relates to the flow separation over a wall-mounted hump,
which has been tested experimentally by Greenblatt et al. [23] and has been subject to
extensive numerical testing [24–26]. One of the main drawbacks of the wall-mounted hump
flow for a test for flow separation is that the separation point is controlled by a relatively
small radius at the rear section of the hump.

The aim of this work is to apply existing turbulence models in commercial code to new
test cases with existing data for verification in order to evaluate the performance of IDDES
with an aim to advance the implementation and validation of hybrid turbulence modeling
for practical industrial applications. This has been investigated for sharp edges [27];
however, the test case studied in this paper, that of flow over a curved backward-facing
step, is more demanding due to the curvature and provides more of a challenge than that
of the periodic hills and the hump flow in that the radius of the curve is larger. This makes
the separation less reliant on the geometry and more sensitive to the adverse pressure
gradient on the step, thus making the prediction of separation and reattachment more
of a challenge. The verification of IDDES to this problem will establish it for use in a
range of industrial-based simulations with separation on curves with a large radius of
curvature. Inaccurate predictions of separation can lead to incorrect pressure distributions
and hence inaccurate predictions of lift and drag. This study is focused on the hybrid
RANS-LES method (HRLM) for a curved backward-facing step that has been extensively
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studied by Bentaleb et al. [28] using LES and Zhang and Zhong [29] in a parallel experiment
and has been entered into the European Research Community On Flow, Turbulence and
Combustion (ERCOFTAC) database as an underlying flow regime test case [22]. This
inclusion highlights the suitability of the LES results [28] for comparison against the IDDES
simulations considered here. A detailed comparison of LES simulation results with the
experimental results [29] has been presented by Lardeau and Leschziner [30].

The focus of this study is the use of detached eddy simulation (DES) [31] for this type
of flow regime. The original DES model is based on the Spalart–Allmaras one-equation
closure [32] and the work of Travin et al. [33], which has evolved the technique to use
the k-ω SST two-equation closure model of Menter [34]. The modelling strategy for DES
is to apply RANS in the attached boundary layer and LES for the strongly separated
flow regions.

Two main issues associated with DES are modelled stress depletion (MSD) and the
grey area problem [35]. MSD is where grid refinements close to the wall cause a switch
from solving RANS to solving LES, which causes the modeled stresses to reduce inside
the boundary layer. This produces what is known as grid-induced separation (GIS) and
involves an unphysical separation of the boundary layer and is a highly undesirable feature
of the model. The grey area issue is related to the switch between RANS and LES and the
level of resolved stresses in the shear layer. As it takes distance for the turbulence to be
generated, there can be an area where there is under-resolved LES. Spalart foresaw these
issues in his original paper, and to overcome this, Spalart et al. [35] introduced delayed
detached eddy simulation (DDES), which uses a shielding function to protect the boundary
layer from the LES content.

While the intention of DDES is to maintain RANS in the thick boundary layer and
LES in the region of massive separation, there was a view that DES could work as a
wall-modeled large-eddy simulation (WMLES) [36]. Building from this, Shur et al. [37]
worked on a new DES variant, which blended DDES with WMLES, called improved
delayed detached eddy simulation (IDDES). This model uses an empirical blending function
to switch between DDES and WMLES depending on the flow conditions and was also
formulated to include the k-ω SST model [38].

An important consideration in IDDES modeling is determining the correct inlet bound-
ary condition in terms of its turbulent nature. Unlike RANS, where only mean velocity
is required at the boundary, in IDDES turbulent details are also required. This must
be introduced using a synthetic turbulence injection process. One approach to this has
been developed by Jarrin et al. [39] and focuses on prescribing coherent structures for
the turbulent motion in an approach that is efficient and performs in any geometry. It
has been shown [39] to produce spatial and temporal correlations that develop into fully
developed turbulence.

The IDDES has a number of advantages over the DDES and WMLES [40], including
that it applies WMLES when there is sufficient grid resolution and automatically switches
to DDES when these requirements are not met. This makes it robust for use in complex
simulations without needing to re-determine the different regions. The use of IDDES
is crucial in combating the log-layer mismatch, which stems from there being two log
layers, one modeled near the wall and one resolved in the bulk flow. The k-ω SST adapta-
tion [38] provides a simplification of the original model while still providing the same level
of performance.

The work presented herein follows the same model and approach as [38] but is applied
to a curved, backward-facing step with a relatively large radius of curvature. Initially, the
methodology is described, including the numerical setup and mesh parameters used.
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Thereafter, results for skin friction and velocity profiles are shown. Finally, limitations and
conclusions are highlighted.

2. Methodology
2.1. Computational Domain

The geometry for this study, as shown in Figure 1, has a rounded step with height H
and length 2.937 H placed in a high-aspect ratio duct with the upstream section of length
7.34 H and height 8.52 H. The downstream length from the end of the step is 15 H, and
a spanwise width of 3.7 H is used. The Reynolds number based on the duct height and
free-stream velocity Uin is 113,025. However, in this scenario it is common to use the step
height H as the characteristic length so that the Reynolds number is 13,700. The shape of
the step is described by the following three relations, with the start of the step at x/H = 0:

ywall
H = (1 − R1) +

√
R2

1 −
x
H

2 for 0 < x
H < 2.3

ywall
H = y2 −

√
R2

1
4 −

(
x2 − x

H
)2 for 2.3 < x

H < 2.835

ywall
H =

(
R2−

√
R2

2−(3− x
H )

2
)

2.6 for 2.835 < x
H < 2.937

where R1 = 4.03, R2 = 0.333, x2 = 3.449, and y2 = 1.93.

Figure 1. Computational domain.

2.2. Computational Grid

The commercial code Star CCM+ was used to build the computational grid following
the best practice guidelines [41].

Three different grids were tested to ascertain a level of accuracy suitable for the IDDES
model. For all grids, the first near-wall cell height for the lower wall was selected to ensure
y+ < 1. A coarser grid with a y+ ~ 25 covers the boundary on the upper wall. The rationale
for this is that it is far enough away from the region of interest to have any effect on
the results [28].

The grids have been designed so that the cell aspect ratio in the LES regions of interest
is as close to 1 as possible, which satisfies the criteria that the grid is isotropic in these
regions. The upstream section has also been treated in this way as to preserve synthetic
turbulent eddies as they travel downstream to the step. This is illustrated in Figure 2, where
the coarse grid is shown for clarity.
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Figure 2. Computational grid (coarse grid shown for clarity).

2.3. Numerical Method

The hybrid RANS-LES approach uses the IDDES model [37] based on the k-ω SST
model with improved coefficients [42]. The transport equations for the turbulent kinetic
energy and specific dissipation rate are as follows:

∂(ρk)
∂t

+∇·(ρ
→
Uk) = ∇·[(µ + σkµt)∇k] + Pk −

ρ
√

k3

lIDDES

and

∂(ρω)

∂t
+∇·(ρ

→
Uω) = ∇·[(µ + σωµt)∇ω] + 2(1 − F1)ρσω2

∇k·∇ω

ω
+ α

ρ

µt
Pk − βρ2

ω

with the IDDES length scale defined as follows:

lIDDES =
∼
f d·(1 − fe)·lRANS + (1 −

∼
f d)·lLES

where the length scale for RANS and LES are defined as follows:

lRANS =
√

k
Cµω ,

lLES = CDES∆.

respectively.
The grid scale ∆ is defined as follows:

∆ = min[Cw × max(dw, hmax), hmax],

and the blending function
∼
f d is defined as follows:

∼
f d = max[(1 − fdt), fb].

When the simulation has inflow turbulent content fdt that is close to 1, the model
automatically switches to the WMLES branch of the code. As fdt reduces to zero, the DDES
mode is activated. Detailed formulations of all functions and coefficients can be found in
Shur et al. [37] and Gritskevich et al. [42].
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For the numerical scheme we use both a bounded central scheme [43] and the hybrid
scheme (Travin et al. [33]) which is defined as follows:

Finv = (1 − σ)FCDS + σFUDS

where FCDS and FUDS are the central and upwind differences, respectively, and

σ = σmaxtanh (ACH1)

and

A = CH2max



(

CDES
lturb

)
g

− 0.5

, 0

.

The turbulent length scale lturb is found from the eddy viscosity and a combination of
the magnitudes of mean strain (S) and vorticity (Ω) as defined by the following:

lturb = (νt + υ)/[C3/2
µ K]1/2

where
K = max{[(S2 + Ω2)/2]1/2, 0.1𝒯 −1}

The characteristic convective time is 𝒯 , which is defined as l/U0, and the parameter g
is used to ensure the upwind scheme is dominant in the disturbed irrotational flow regions
where Ω << 1 and S > 0:

g = tanhB4

B = CH3Ωmax(S, Ω)/max

[(
S2 + Ω2

2

)
, 10−20

]
Finally, the constants are as follows:

σmax = 1, CH1 = 3.0, CH2 = 1.0, CH3 = 0.5

All IDDES simulations were run for an initial 10 flow-through times before statistical
averaging was taken for an additional 20 flow-through times. The commercial code Star
CCM+ was used for all simulations, and these simulations were run on 32 cores of the
SCIAMA High Performance Computing (HPC) facility at the University of Portsmouth.

2.4. Boundary Conditions

The upper and lower walls for the domain were set as non-slip, and the spanwise
boundaries were set as periodic, as the flow is assumed to be statistically homogeneous
in the spanwise direction [14]. The upper boundary is that it is far enough away from
the region of interest to have any effect on the results [28]. For the inlet, a velocity inlet
boundary condition was used with profiles for velocity and Reynolds stresses coming from
a precursor RANS fully developed channel flow. Because of the nature of the geometry and
its sensitivity to upstream conditions, the synthetic eddy method (SEM) of Jarrin et al. [39]
was used to provide the turbulent fluctuations. Figure 3 shows the synthetic turbulence
profile at the inlet of the domain. Initial channel flow tests showed that the Reynolds stress
from the channel flow initially decayed before recovering to the correct levels; this was also
observed by Jarrin et al. [39].
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Figure 3. Inlet velocity profile.

The adaptation length was calculated to be approximately 18H, which is far longer
than the development section of the computational domain. To counteract this, the square
root of the Reynolds stresses was taken and set as the inlet values, which decayed down to
match the experimental and RANS results at ~−2 H. This reduced the adaptation length
to approximately 5H. The outlet was set as a pressure outlet at atmospheric conditions.
The turbulent length scale for the synthetic turbulence was set as 0.1δ, where δ denotes
the boundary layer thickness; this choice of length scale was found to be most suitable
by Davidson [44].

2.5. Modeling Setup

A precursor RANS solution using the k-ω SST was calculated as an initial flow field
for the IDDES simulation to aid stability and computational time. This was also used as the
reference RANS data for the results.

For the IDDES simulation, an incompressible segregated solver with an implicit
second-order temporal scheme was used. The time step of ∆tU0/H = 0.025 was calculated
to ensure the convective Courant–Friedrichs–Lewy number was below one in all areas of
the domain, with five inner iterations per time step to ensure stability.

The isosurface of the Q-criterion colored with velocity in Figure 4 shows detail of
the turbulent structures within the boundary layers of both top and bottom walls. The
synthetic eddies imposed at the inlet are clearly communicated downstream to the location
of the step, which is vital in the accurate prediction of the separated region. Without these
eddies, the upstream boundary layer turbulence would be treated with the RANS model,
which would lead to a grey area in the separation region as the LES turbulence starts to
develop. This grey area leads to an even longer reattachment length compared to RANS
and completely defeats the purpose of the HRLM.
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Figure 4. Isosurface of Q-criterion = 2/s2 colored with velocity.

The locations of the RANS and LES regions of the IDDES simulation are shown in
Figure 5, with the value of 1 being RANS and 0 being LES. With the synthetic eddies
imposed on the inlet, the fdt term is close to 1, and WMLES has been activated, with all
but a thin layer of RANS on the top and bottom walls of the domain. The thickness of
these regions for this simulation is controlled by the grid size. Upstream of the step, the
separated region is thinner than that of the top wall and downstream section of the bottom
wall. This is due to the requirement of keeping the grid size isotropic in these regions, as
explained earlier.

Figure 5. IDDES blending function.

3. Results and Discussion
The simulations were run using various turbulent models, meshes, and numerical

schemes, as shown in Table 1, which shows the number of cells (nx, ny, and nz) in the
respective directions, the total number of cells (ntotal), the location of separation (Xsep)
and reattachment (Xatt), the corresponding length of the separation (Lsep), and the per-
centage difference in the separation length (E) between the reference LES data. This grid
convergence study shows that the fine mesh provides the result closest to the LES values
and is used for all further analysis within this study. The main savings in grid resolution
compared to LES are within the thin near-wall section of the boundary layer, which is
covered by a RANS region. The number of grid cells for the finest grid is approximately
25% of that required for LES.
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Table 1. Comparison of the computational grid resolution.

CFD Approach Numerical Scheme nx ny nz ntotal Xsep/H Xatt/H Lsep E %

LES Central 768 160 192 23.6 × 106 0.83 4.36 3.53 --

RANS Upwind 225 60 100 1.35 × 106 0.80 6.33 5.53 36.2

IDDES Coarse Bounded Central 225 60 100 1.35 × 106 0.66 5.4 4.74 25.5

IDDES Medium Bounded Central 320 90 100 2.88 × 106 0.69 5.05 4.36 19

IDDES Fine Hybrid 430 90 100 5.16 × 106 0.63 5.18 4.55 22.4

IDDES Fine Bounded Central 430 120 100 5.16 × 106 0.71 4.65 3.94 10.4

The coefficient of friction for the bottom wall and step, Cf, is presented in Figure 6,
where the step starts at x/H = 0 and ends at x/H = 2.937, and shows IDDES has good
overall agreement with the reference LES results and a significant improvement over
RANS, particularly in the separation region. The locations of separation and reattachment
in Table 1 confirm this, with the reference LES length of separation being Lsep/H = 3.53
and IDDES being Lsep/H = 3.94; this relates to a difference of ~12% for the IDDES scheme.
The maximum value of the IDDES Cf is roughly equal to the LES value, and it continues
to follow this path until separation, where it predicts a slightly earlier separation, where
Cf = 0. Thereafter, where Cf is negative, indicating reversed flow, it can be seen that the
RANS result generally underpredicts the amount of reversed flow, whereas the IDDES
overpredicts the amount of reversed flow up until the point where Cf starts to increase at
x/H ~ 3, where it then starts to diverge due to the overprediction of the turbulent viscosity.
This causes a larger recirculation region and ultimately a longer reattachment length. We
also observe a deviation between the LES and IDDES results at x/H < ~−3, prior to the
step. This is due to the synthetic turbulence, as discussed in Section 2.4; however, this is
rectified prior to the start of the step and the region of interest.

-0.002

0

0.002

0.004

0.006

0.008

-5 0 5 10 15

C f

x/H

LES

IDDES

RANS

Figure 6. Coefficient of friction on the bottom wall and step.

The default numerical scheme in Star CCM+ is the hybrid scheme of Travin et al. [33],
and its performance has been compared to the bounded central scheme [43] in Table 1 and
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Figure 7 for the fine grid. The results in Table 1 show that for the hybrid scheme, the length
of separation has a difference of 22.4%, which is comparable to the difference observed
using the bounded central scheme on the coarse grid. This compares to a difference of 10.4%
for the bounded central scheme on the same fine mesh. These differences are highlighted in
Figure 7, which shows that Cf is underpredicted up to separation compared to the bounded
central scheme and just after separation nearly reattaches, which is caused by a small
secondary recirculation bubble. The value of Cf is underpredicted at the lowest level of
x/H ~ 4 and remains so for the rest of the boundary up to the outlet.

-5 0 5 10 15
-0.0025

-0.0005

0.0015

0.0035

0.0055

x/H

C f
LES

Hybrid

Bounded Central

Figure 7. Comparison of numerical scheme for coefficient of friction on bottom wall of step.

Ashton et al. [45] reported when calibrating the DDES constant using decaying
isotropic turbulence that too much dissipation can cause overprediction of the separated
region, and the choice of the correct numerical scheme is an important factor in accuracy.
Therefore, the choice of bounded central over the hybrid scheme is recommended for this
type of test case, as most of the domain is LES and only a thin section of the boundary layer
is RANS. Based on this and the superior performance observed in Table 1 and Figure 7, the
bounded central scheme will be used for all IDDES results shown hereafter.

Figure 8 shows the pressure coefficient, where the reference pressure is taken at the
bottom left-hand corner of the domain. Both IDDES and RANS are able to predict the initial
pressure coefficient up to x/H ~ 0 well, but both models overpredict the minimum value
of Cp just before separation. Past the separation point at x/H ~ 0.8, there is a region up to
x/H ~ 8 where both models show mixed results. Initially the RANS overpredicts Cp up
until x/H ~ 2, where it starts to underpredict Cp until x/H ~ 7, where it eventually recovers
to approximately the same level as the LES result. The value of Cp for the IDDES model in
the region 1 < x/H < 4, although showing the same general shape as LES, is underpredicted,
but past x/H ~ 4, it is a closer match than RANS before it, predicting slightly lower
past x/H ~ 7.
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-0.2
-0.15
-0.1

-0.05
0

0.05
0.1

0.15
0.2

0.25

-5 0 5 10 15

C p
x/H

LES

IDDES

RANS

Figure 8. Coefficient of pressure.

Figures 9 and 10 show the velocity profiles for the U and V directions, respectively. The
results, again, are in reasonable agreement with the LES data and are generally improved
with respect to the RANS data but do show a deviation in the separation region. In Figure 9,
the effect of the earlier separation and later reattachment of both the RANS and IDDES can
be observed in the region y/H < 1. Here, at x/H = 1, the velocity predicted by RANS and
IDDES is similar and slightly underpredicts the LES velocity, which is consistent with the
LES separating later. At x/H = 2, a similar effect is observed with a larger underprediction,
and in particular, the region of negative velocity extends over a larger region for the RANS
and IDDES, again consistent with an earlier separation compared to LES and so a thicker
recirculation region behind the step. This profile continues at x/H = 3–5, but here the
IDDES profile progresses from initially being comparable to the RANs (x/H < 3) to a much
closer agreement at x/H = 5. The similarity between the LES and IDDES in this region
explains why the IDDES provides a closer match of the reattachment compared to RANS.
A similar pattern is shown with regard to the V velocity profile in Figure 10.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3 4 5 6

y/H

U/U0 + x/H
LESIDDESRANS

Figure 9. Streamwise velocity (U).
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0

0.2

0.4

0.6

0.8

1

1.2

1.4

-1 0 1 2 3 4 5 6

y/H

V/U0 + x/HLESIDDESRANS
Figure 10. Wall-normal velocity (V).

Figures 11–14 show the resolved Reynolds stress profiles. There is reasonable agreement
for the IDDES simulations with the reference LES data at the point before separation, which
shows the boundary layer upstream has been modeled correctly. After separation there is a
slight overprediction of Reynolds stresses, which has the effect of underpredicting the skin
friction coefficient, as seen in Figure 6. This is a typical problem for this type of flow, according
to Mockett et al. [21]. This is in contrast to the RANS simulations, where the Reynolds stress
profiles are underpredicted, generally by more than the IDDES overpredictions.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-1 0 1 2 3 4 5 6 7

y/H

25u'u'/U02 + x/H

LESIDDESRANS

Figure 11. Profile u′u′.
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0.4

0.6
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-1 0 1 2 3 4 5 6 7
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50v'v'/U02 + x/H
LESIDDESRANS

Figure 12. Profile v′v′.
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Figure 13. Profile w′w′.
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0.8

1

1.2

1.4

-1 0 1 2 3 4 5 6 7

y/H

-50u'v'/U02 + x/H
LESIDDESRANS

Figure 14. Profile −u′v′.

The results presented demonstrate the ability of IDDES to simulate the separation
and reattachment on a backward-facing step to a better accuracy than RANS, without
requiring the high-resolution grids, and consequently computationally expensive, required
for LES simulations. The fine grids and long computational run times required for LES have
prevented it from being routinely adopted by industry, which has relied predominantly
on RANS simulations. Identifying the suitability of IDDES, which is not available within
commercial software packages, and demonstrating that it can be applied with improved
accuracy over RANS in test cases such as the curved backward-facing step will lead to
its application in a range of industrial applications where flow separation from curved
surfaces occurs. One area where this is of particular importance is when simulating air flow
over an aerofoil [46], where separation of the air flow reduces lift and increases drag. Thus,
accurate simulation is important when evaluating the aerofoil performance and designing
new systems with improved efficiency. This not only applies to the aviation industry but
also to the renewable energy sector when applied to wind turbines [47] and tidal energy
generation [48]; compressor design [49] with applications in areas such as air conditioning
and heat pumps; and hydrofoils for the latest generation of yachts [50].

4. Conclusions
The IDDES model has been tested for a curved backward-facing step using a mesh,

which, although somewhat finer than is required for RANS, is still more computationally
efficient than running an LES simulation. The results show reasonable agreement with
LES terms of the mean quantities of the flow, showing IDDES provides a cost-effective
approach for industry to implement simulations of this kind using commercial software.
The separation length has ~12% difference compared to the reference LES, which is signifi-
cantly better than the RANS simulation, which differs by more than 50%. The skin friction
coefficients show close agreement with LES over the majority of the domain other than
an initial region with −5 < x/H < −0.25, prior to the step, with a maximum deviation of
~0.0015 close to the re-attachment point. In contrast, the RANS skin friction coefficients are
in good agreement with the LES values through the step and the initial separation region
before diverging significantly prior to reattachment. In contrast, the pressure coefficient
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has been predicted less favorably with a significant difference behind the step. Despite
the differences, the IDDES results are generally closer to the LES results, with a maximum
difference of ~0.07, compared to a maximum difference of the RANS results of ~0.12. Both
predictions using the IDDES model are shown to be improvements over the use of RANS.
The Reynolds stress terms typically showed the IDDES simulation results closer to the LES
values, both in terms of magnitude and profile, although this is not the case for u′v′.

The use of the synthetic eddy method on the inlet has been key in generating the
correct boundary layer upstream of the step and making the model work as a WMLES, but
the artificial nature of its prescription is not particularly useful in terms of a more natural
development of the adaptation length. This could possibly be improved by increasing
the adaptation length from 5H to 18H; however, this would significantly increase the
computational cost of the simulation. Alternatively, an upgrade to this model like that of
Poletto et al. [51] or the development of a synthetic turbulence generator by Shur et al. [52],
which have been reported to improve this, would be interesting to test. Additionally, the
turbulent length scale for the synthetic turbulence was set to 0.1δ following Davidson [44]. It
would be interesting to investigate the sensitivity of the results to this choice. Overall, it has
been shown that IDDES can be implemented for flows with separation and reattachment
from a curved surface with a relatively large radius of curvature. The results show a
reasonable level of accuracy when the simulations are run on a mesh considerably coarser
than that required for LES. It is hoped that this work will lead to a better adoption of the
IDDES approach to related industrial applications in an efficient manner.
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