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Abstract  

In this article, two kinds of passive flow control 
methodologies, such as vortex generator (VG) 
and turbulence generator (TG), are investigated 
using IDDES based on the SST model. The 
fundamental flows and flow control method-
ologies are transonic shock wave buffet past a 
supercritical airfoil with and without VG and 
hypersonic boundary layer transition flow past 
a wind tunnel wall with TG, an isolated 
cylindrical roughness. IDDES combines the 
wall-modeled large eddy simulation (WMLES) 
and delayed detached eddy simulation (DDES) 
and performs well without log-layer mismatch. 
After applying the flow control methodologies, 
the buffet region and the pressure fluctuation 
are greatly suppressed for the supercritical 
airfoil case and the transition is successfully 
triggered for the cylindrical roughness case at 
hypersonic speed. 

1 Introduction  

The flow control methodologies are widely used 
in modern air vehicles. They can provide an 
expanding degree of freedom in the design and 
optimization process. The performances of 
economics and environment protection can be 
greatly improved due to the flow control 
methodologies, which can suppress the 
separation, reduce the drag, increase the 
performance, control the noise, trigger the 
transition, and so on.  

The flow control methodologies include 
active and passive methods. Active methods can 
effectively control the flow for the design 

purpose. However, additional devices and 
control system, which may lead to increase the 
weight, cost and complexity, are often needed. 
Passive flow control methodologies, such as 
low-profile vortex generator (VG)[1,2] for 
separation control and turbulence generator 
(TG) for transition control [3], basically keep the 
background configuration, but often offer good 
remedy on overall performances. However, the 
mechanisms of flow control methodologies are 
not fully understood, because the VG or TG is 
almost immerged in the boundary layer. It 
means that the numerical methods are required 
to resolve small-scale structures behind the VG 
or TG. The computations are difficult, 
expensive and time consumed. 

Nowadays, with the rapid increase of 
computational resource and gradual maturity of 
really unsteady turbulence prediction methods 
for high Reynolds number, the mechanisms of 
passive flow control methodologies are possibly 
investigated using the resolved turbulence 
simulation methods, such as direct numerical 
simulation (DNS), large eddy simulation (LES), 
and so on.  

The most accurate turbulence model can be 
attributed to the DNS. Overall range of the 
turbulence scales is directly resolved both in 
time and space. It requires the spatial and 
temporal resolution sufficient to predict the 
smallest eddy motions. DNS is thus the most 
expensive turbulence prediction approach, 
which is impossible to be applied to the high 
Reynolds flows in the recent years.  

LES is a powerful tool for resolving the 
large, energy-containing scale motions that are 
typically time and geometry dependent. The 
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reduction in the computational cost as compared 
with DNS is through introducing some 
empiricism. The larger energy-containing scale 
motions are directly computed while the 
relatively isotropic and universal scale motions 
are modeled with sub-grid scale (SGS) model. 
Still, SGS models for the boundary layer and 
compressible flows are not sufficiently well 
developed. In fact, LES requires almost similar 
grid numbers as DNS for high Reynolds number 
flows near the wall, indicating that LES is 
equally expensive as DNS in these regions. 

Although there are many unanswered 
questions including the turbulence modeling 
uncertainty, the Reynolds averaged Navier-
Stokes (RANS) equations with various 
turbulence models are widely employed as 
appropriate aero-vehicles design approach. The 
RANS approach had been developed to predict 
many of the important mean flow features, such 
as the force, moment and velocity, etc., but it 
was not intended to simulate the complex 
unsteady flows, nor pressure fluctuations. 
Unsteady-RANS (URANS) is not a satisfactory 
approach to study unsteady turbulence behavior, 
the large time steps and high-level eddy 
viscosity always eliminate high frequency 
small-scale motions. 

Limited by computational resource, the 
combination of LES with RANS can achieve 
reasonably well in terms of both efficiency and 
accuracy in computing the flows with massive 
separation. The modeling strategy of turbulent 
flows, often referred to as RANS/LES hybrid 
method (such as DES, originally proposed by 
Spalart et al. [4], denoted as DES97), has 
recently become much favored in the study of 
the unsteady and geometry dependent separated 
flows. Such hybrid methods combine a high-
efficiency turbulence model near the wall, 
where the flow is dominated by small-scale 
motions, with a LES-type treatment for the 
large-scale motions in the flow region far away 
from the wall. The original DES based on 
Spalart-Allmaras model [5] achieved widespread 
acceptance in industrial computational fluid 
dynamics (CFD) community. However, some 
inherent shortcomings are identified with the 
DES97 from its outset and some others are 
demonstrated through further investigation. 

These shortcomings include erroneous activities 
of the near wall damping terms in LES mode, 
incursion of LES mode inside boundary layer, 
grey area and log-layer mismatch. Many of 
these have been successfully addressed in the 
later revisions (DDES [6, 7, 8] and IDDES [9]) and 
some remain. IDDES, which combines the wall-
modeled LES (WMLES) and DDES, is chosen 
as the turbulence or transition simulation model.  

The spatial scheme is the upwind Roe 
scheme with adaptive dissipation, where the 
originally upwind scheme is taken near the wall 
and in the irrotational region and the low 
dissipation is used in the recirculation region. 
This scheme is applied to keep the numerical 
robustness and resolve the small-scale of 
structures as more as possible. 

2Turbulence Simulations and Numerics 

To accurately resolve the high Reynolds number 
flow past roughness, two issues are very 
important. One is the turbulence simulation 
model, and the other is the numerical 
discretization scheme, especially the numerical 
dissipation level associated with the scheme 
employed. Furthermore, the combination of the 
advanced turbulence modeling methods and 
adaptive dissipation may be more important 
than either alone. 

2.1   IDDES 

In this article, IDDES is based on shear 
stress transport (SST [10]) model. To formulate a 
DES-type hybrid method based on two-equation 
k-ω models, modification is required in the 
destruction term of the turbulent kinetic energy 
(TKE) transport equation. For RANS, the TKE 
transport equation can be written as: 
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The turbulent length scale for RANS, LRANS, 
is defined as k0.5/(β*ω). For IDDES, LRANS is 
replaced by the length scale of LIDEES.  

LIDDES= !f d (1+fe)×LRANS+(1- !f d )×LLES (2) 
Here, the length scale of LRANS is defined before 
and LLES is defined as CDES ×Δ, where 
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Δ=max(Δx,Δy, Δz). The grid scale is, however, 
redefined as Δ=min[max(CwΔmax; Cwd; Δmin); 
Δmax], where Cw is a constant, d is the distance 
to the nearest wall, Δmin is taken as min(Δx; Δy; 
Δz) and Δmax is equal to max(Δx; Δy; Δz). 
Function !f d is defined as max[(1-fdt); fB], which 
is determined by both the geometry part fB and 
the flow part (1-fdt). 

When fe is equal to 0, LIDDES in Equation (2) 
can be written as 

LIDDES=LDDES= !f d × LRANS+(1- !f d )×LLES(3) 
and IDDES reverts to DDES. When fe is larger 
than zero and !f d is equal to fB, LIDDES in 
Equation (2) is written as  

LIDDES=LWMLES=fB(1+fe)×LRANS+(1-fB)×LLES(4) 
and IDDES acts in WMLES mode near the wall. 
The detailed formulations of functions fB, fe, fdt, 
etc., can be found in the original reference.  

From Equation (3) and (4), it can be found 
that IDDES has the WMLES mode, but DDES 
does not. 

2.2Roe with Adaptive Dissipation 

When LES is applied to simulate turbulent 
flows, the numerical dissipation should be low 
enough with very fine grids to resolve the 
appropriate small scales. However, they often 
suffer from the spurious oscillation due to the 
coarse grid. The adaptive dissipation scheme, 
whose dissipation becomes large near the wall 
and in the irrotational region while very small in 
the separation region [11, 12, 13], is an appropriate 
choice. The spatial scheme is taken as the 
original Roe scheme with 3rd order MUSCL 
interpolation, coupled with adaptive dissipation 
by multiplying two functions, σ1 and σ2. 
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detector[14], which is close to 1 near the shock 
waves and it approached to zero in other regions. 
σ2 is an adaptive dissipation function [12, 13], 
which is designed to be zero in the separation 
region and to be one near the wall and in the 
irrotational region far away from the wall.  

2.3   Other Numerics 

The in-house code UNITs is in a cell-
central finite-volume formulation based on 
multi-block structured grids. A modified fully 
implicit LU-SGS with Newton-like sub-iteration 
in pseudo time is taken as the time marching 
method when solving the mean flow and the 
turbulence model equations. The approach is in 
parallel algorithm using domain-decomposition 
and message-passing-interface strategies for the 
platform on PC clusters.  

The TKE and specific dissipation rate 
transport equations are solved, decoupled with 
the mean flow equations. The production terms 
are treated explicitly, lagged in time whereas the 
destruction and diffusion terms are treated 
implicitly (they are linearized and a term is 
brought to the left-hand-side of the equations). 
Treating the destruction terms implicitly helps 
increase the diagonal dominance of the left-
hand-side matrix.  

The computations of IDDES start from 
initial flow-fields obtained with URANS. To 
obtain second order temporal accuracy, thirty 
sub-iterations are applied in one physical step. 

3   Results and Discussions 

3.1   VGs on the Supercritical Airfoil 

The modern commercial airplanes always 
fly at the transonic speed, where the Mach 
number is typically between 0.75 and 0.9, 
accompanying the supersonic region on the 
upper part of the wing. The formation of the 
shock wave often causes an increase in wave 
drag. At the same time, the interaction of shock 
wave and boundary layer (SWBLI) becomes 
very strong with the increase of Mach number 
and angle of attack, which causes the 
separation behind the shock wave and shock 
wave periodically movement in the streamwise 
direction, called as buffet.  

Buffet badly affects flight stability, 
control and performance. It was confirmed by 
the wind channel experiments, flight test and 
numerical simulations. It is discovered that 
transonic buffet is highly related to shock wave 
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oscillation motion on the wing and fluctuating 
pressure waves in separation induced by 
SWBLI. As shock wave oscillation motion and 
surface curvature effect are involved, accurate 
buffet simulation is a challenge on turbulence 
prediction, aero-acoustics and aeroelastics. The 
ordinary buffet control devices are the vortex 
generators (VG), always observed on the wing 
of Boeing airplanes, like 737[15], 757 and 777. 
The VGs have several slices with almost zero 
thickness.  

In this article, the uncontrolled shock 
wave buffet flow is past supercritical airfoil-
OAT15A, which was tested experimentally in 
ONERA. It was also chosen as a stepping case 
in EU’s 7th framework ATAAC project [16]. 
The airfoil has a chord (C) of 230mm and a 
span of 780mm. The maximum thickness is 
12.3%C and the trailing edge thickness is about 
0.5%C. The Mach number is 0.73 and the 
angle of attack is 3.5 degrees with strong shock 
wave buffet and boundary layer separation. 
Fixed transition is switched on at 7%C on the 
lower and upper surface. A normalized time 
step Δt=0.005 is used to solve unsteady three-
dimensional flow. 

 
Figure 1 Near fields grids and 2VGs 

It has about 7.5 million cells. In the 
spanwise direction, 65 points are distributed 
uniformly with intervals of 0.004C, which 
means that the spanwise length is 0.26C. The 
first cell height in the normal direction is about 
5×10-6C, corresponding to y+ about 1. In the 
streamwise direction, grids in and behind 
shockwave buffet regions and in the wake are 
locally refined to simulate the buffet and small 
scale of structures. The far-field boundary has 
about 10C.  

Two VGs with an inclination angle of 30 
degrees to the main flow are mounted on the 
upper surface of the OAT15A before the 
shockwave. As shown in Figure 1, they are 
corotating standard VGs with the same 

height(H) of the boundary-layer thickness 
(0.0025C). They are installed at 0.3C from the 
leading edge. The VGs are rectangular with 
length L of 8H and zero thickness. The 
spanwise space between these two VGs is 
about 36H. The computational grids are based 
on the uncontrolled case and they are locally 
clustered near and behind the VGs. 

The comparisons of instantaneous and 
mean flows with and without VGs are 
presented in Figure 2.  

In Figure 2(a), the shock wave can be 
easily distinguished through the divergence of 
velocity gradients. It is found that the shock 
wave around the “clean” airfoil occurs more 
upstream than that with VGs. The similar 
tendency can also be found from the shock 
wave plane, labeled as the grey color, in Figure 
2(b). In this figure, instantaneous Q criterion is 
applied to depict the flow structures.  

 
(a)Instantaneous amplitude of velocity gradient 

 
(b)Instantaneous Q criterion 
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(c) Mean Cp 

 
(d) Cp,rms 

 
(e) Power spectral density at x/C=0.45 

Figure 2 Comparisons of flows without and with VGs 
From Figure 2(b), the strong shear layer 

instability, which breaks down into many 
small-scale structures, happens behind the 
shock wave in the streamwise direction. The 
shear layer around the clean airfoil looks 
stronger than that with VGs. Due to interaction 
of the strong streamwise vortex induced by the 
two VGs, the shear layer breaks down into 
small-scale structures just at the root of the 
shock wave with controlled flows.  

Figure 2(c) presents the comparisons of 
mean pressure coefficients with and without 
the VGs. From these figures, it is found that the 
VGs can effectively push the shock wave 
downstream about 0.15C. The approximate 
roof region in the middle chord is possibly 

caused by the strong shear layer or streamwise 
vortex by the VGs. As a result, the controlled 
lift coefficients increase from 0.892 to 0.986.  

The root mean square of pressure 
coefficients around the airfoil is presented in 
Figure 2(d). Our computations can well match 
the magnitude of Cp,rms and the maximum of 
Cp,rms is a little more upstream than measure-
ments around the clean airfoil. After 
introducing the VGs, the magnitude of the 
Cp,rms becomes smaller and the range of shock 
wave buffet also becomes weaker.  

Figure 2(e) presents the sound pressure 
level of pressure at x/C=1. The primary 
frequency is 92Hz, which corresponds to the 
shock wave buffet frequency. The 2ndfrequency 
is about 1600Hz, which corresponds to shear 
layer breakdown. The differences between the 
primary and 2nd frequencies in the two cases 
are only 6~7 Hz. It indicates that VGs’ control 
does not destroy the self-sustained shock wave 
boundary layer interaction or change the 
frequency. About 14 dB decrease of the 
primary frequency and 11 dB decrease of the 
secondary frequency by VGs are observed. 
Thus, it can be concluded that VGs can 
effectively suppress the shock wave buffet. 

3.2   Cylindrical Roughness in Hypersonic 
Boundary Layer 

Wheaton and Schneider [17] experimentally 
conducted the cylindrical roughness, which 
triggered transition in quiet hypersonic wind 
tunnel of Purdue University. According to their 
report, the diameter of the roughness d is 
5.97mm and the height of the roughness h is 
10.2mm, which is about 1.2 times of the 
boundary layer thickness. They also 
investigated the transition using DNS [18].  

In this article, the geometry of wind tunnel 
wall is not exactly the same with the experiment 
because its geometry was not reported. Here, the 
wind tunnel wall is considered as a cylindrical 
wall, where its diameter is 0.24m, without the 
divergence. The free-stream Mach number Ma= 
6 and the Reynolds number Re= 2.6×107/m.  

The total cells are about 30 million, the 
grid scale in the wake region is about 0.4mm 
(16 points per diameter), and the first point off 
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the wall in the normal direction is about 20 µm. 
The near-field grids are presented in Figure 3. 

 
Figure 3Near-field grids past cylindrical roughness 

Due to the junction of the wind tunnel wall 
and the roughness element, the horseshoe vortex 
can also be easily found before the roughness, 
shown in Figure 4. From it, the vortices before 
the cylindrical roughness becomes very small 
and they develop, evolve and breakdown around 
the roughness. 

 
Figure 4 Q-criterion colored by Ma number 

Figure 5 and 6 presents the instantaneous 
density gradient magnitude distribution in the 
circumferential and normal directions. From 
these instantaneous flows, the advanced IDDES 
model coupled with the adaptive dissipation is 
able to resolve the small-scale structures and 
explore the transition from laminar to turbulent 
through analyzing the behavior of small-scale 
motions. From these figures, the shocklets near 
the outside of the boundary layer are also easily 
found. It means that our numerical scheme is 
robust and successful for capturing both the 
small-scale structures and shock wave.  

The presence of the cylindrical roughness 
will slow down the main flow. As a result, a 
low-velocity region occurs in the wake of the 
roughness. Due to the interaction between the 
high-velocity out the boundary layer and low-
velocity flow in the wake, a very strong shear 

layer can be observed near the top of the 
cylindrical roughness. This shear layer is also 
unstable and its instability happens behind the 
roughness, which cause the transition. Because 
the velocity of main flow is much larger than 
that in circumferential direction, the vortices in 
the wake and the horseshoe vortex flow 
downstream, separately without interactions. 
They finally interact after 30D after the 
roughness and the flow becomes turbulent. In 
this case, the transition in the wake is mainly 
dominated by shear layer instability and the 
transition in side region of the roughness is 
mainly caused by the horseshoe vortex 
instabilities. Between them, the flow keeps 
laminar. After the interaction region of vortices 
in the wake and the horseshoe vortex, the flow 
becomes turbulent.  

 
(a) On the symmetric plane 

 
(b) 2D off the symmetric plane 

 
(c) 4D off the symmetric plane 

Figure 5 Density Gradient magnitude distributions in 
the circumferential direction 

 
(a) 0.50h 

 
(b) 1.0h 

Figure 6 Magnitude of density gradient at four normal 
sections 

Figure 7 presents the instantaneous and 
averaged skin friction coefficients on the 
symmetric plane, corresponding to the shear 
layer region, and on the 4D off the symmetric 
plane, corresponding to the horseshoe vortex 
region. From the distribution of Cf, it’s found 
that the flow becomes turbulent at 0.17m, where 
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it is about 28D after the roughness. Along the 
horseshoe vortex, the flow becomes turbulent at 
0.24m (about 40D after the roughness) or longer. 

 
Figure 7 Instantaneous and averaged Cf 

(on the symmetric and 4D off symmetric plane). 
The root-mean-square pressure coefficients 

normalized by averaged pressure Prms/<P>are 
able to reflect the local disturbance level of the 
flow. Figure 8 presents the distribution of 
Prms/<P> at several positions after the roughness.  
(1) In the wake region near the roughness 

(about 5D downstream), the disturbances are 
constrained in a relatively narrow region and 
the strongest disturbance appears in the 
shear layer region. 

(2) At about 10D downstream of the roughness, 
the disturbance caused by the horseshoe 
vortex becomes strong and it is almost the 
same order of that by the shear layer.  

(3) At about 20D downstream of the roughness, 
the disturbance caused by the horseshoe 
vortex is larger than that by the shear layer 
and the influencing region becomes higher.  

(4) At about 30D downstream of the roughness, 
the disturbance is mainly dominated by the 
horseshoe vortex. The disturbance by the 
shear layer becomes very weak, which 
means the transition occurs.  

(5) At about 40D downstream of the roughness, 
the disturbance is dominated by the 
horseshoe vortex and the disturbance by the 
shear layer can be neglected. It indicates that 
the flow near the symmetric plane becomes 
turbulent, while the flow along the 
horseshoe vortex is also laminar.  

(6) At about 50D downstream of the roughness, 
the disturbance by the horseshoe vortex 

becomes weak, which means the flow 
occurs transition and becomes turbulent. 

 

 

 

Figure 8Prms at several positions after the roughness 
(5/10/20/30/40/50D) 

4   Conclusions 

In this article, IDDES, a high efficiency 
and accuracy model, is applied to simulate the 
benchmark and controlled transonic flows by 
VGs past the supercritical airfoil (OAT15A) and 
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the transition flow triggered by a cylindrical 
roughness in hypersonic boundary layer.  

For the case of OAT15A, VGs can greatly 
suppress the shock wave buffet both in 
oscillation range and amplitude. The additional 
advantage is that the lift is increased. 

For the roughness case, the cylindrical 
roughness can successfully trigger the transition 
in the hypersonic boundary layer. The transition 
is mainly caused by the shear layer instability 
and the horseshoe vortex instability.  
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