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ABSTRACT
This paper presents RANS simulation of flow control in a boundary layer flow using Chimera grids. Numerical
simulation of inclined jet actuation in a boundary layer flow over a flat plate was carried out using an
unstructured flow solver DLR-TAU code. The effect of grid refinement is presented. Numerical results are
compared with experiment conducted in a wind tunnel. The effectiveness of generating longitudinal vortices
is assessed by the non-dimensional momentum transport coefficient. The results indicate that the method of
producing vortical structures in the mainstream flow is quite effective in increasing the near-wall momentum.
This can control flow separation that may occur on aircraft wings and turbo machinery applications. The
numerical results agree well with experimental data.
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1. INTRODUCTION

It has been demonstrated in the past that embedded
longitudinal vortices are very useful to control tur-
bulent flow and separation through changes in the
near-wall stress field.1 Such vortices can be pro-
duced by incorporating jet actuator devices, namely
the vortex generator jets. The induced longitudinal
vortex structure shift high momentum fluid from the
outer region of the boundary layer towards the wall.2
This effect increases the skin friction and can be
utilized to prevent flow separation.3,4
The detailed experimental campaign was con-
ducted for jet actuation in a boundary layer flow
on the flat plate at the Technische Universität
Braunschweig.5The measurements were performed
within the German Flow Control Network.6 These
experiments provide a platform to assess the flow
predicted by the Reynolds-averaged Navier-Stokes
(RANS) flow solver. In order to judge the efficiency
of the jet actuator, the essential flow control param-
eters are pitch angle α and skew angle β and the
velocity ratio λ. The most optimum configuration
range for the skew angle is β = 90 − 105◦.5 In this
study the optimum skew angle of β = 90◦ is used.
The current numerical simulations of a round jet
actuator at high Reynolds number are carried out as
part of M-Fly AeroNext Program within the German
Aeronautics Research Program LuFo IV. The DLR
TAU-code has been used for the numerical simu-
lations. Evaluation of numerical and experimental
results provide deep insight into the flow physics in
the vicinity and downstream of the jet actuator.

2. WIND-TUNNEL EXPERIMENTS

The flat plate boundary layer experiment was per-
formed in the low speed wind tunnel of the Institut für
Strömungsmechanik, Technische Universität Braun-
schweig. Detailed flow field velocity measurements
were taken in the cross flow planes downstream of
the single jet actuator using the Stereoscopic Par-
ticle Image Velocimetry (3C2D-PIV) system as ex-
plained in.5 The flat plate has an elliptical edge and
is installed at specific distance above the tunnel floor.
The single round jet actuator is positioned at dis-
tance of X = 53δ downstream of the leading edge,
where δ is the measured boundary layer thickness
at jet actuator location. The diameter of the circular
jet is d = 0.073δ and the pitch angle α is defined rel-
ative to the model surface. The skew angle β can
be adjusted with respect to the free stream direction
(see Fig. 1). The measurements carried out with

Fig. 1: Schematic of round jet actuator

a free stream velocity of U and distance X results
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in a Reynolds number of Re = 7.67 × 106. The ve-
locity ratio λ = Ujet/U = 2.5 is used, where Ujet is
the jet velocity. The assembly of the PIV flow field
data normal to the free stream direction at distances
x/δ = [0.6, 1.2, 2.2, 4.6] downstream of the actuator is
used to characterize the evolution of the streamwise
vortex embedded in boundary layer.

3. NUMERICAL SETUP

The steady state simulations were performed
using flow solver code, TAU,7,8 developed at
DLR. TAU-code is a finite-volume based unstruc-
tured solver and can be used with both struc-
tured and hybrid grids composed of hexahedrons,
prisms,tetrahedrons and pyramids. The code pro-
vides an option to use chimera grid technique with
both structured and hybrid grids, which is useful for
complex geometries.9,10 The inviscid terms in the
governing equations were discretized in space using
the second-order central scheme with scalar dissipa-
tion. In order to improve the convergence of RANS
solutions, the TAU-code provides an option of low-
Mach preconditioning scheme with multigrid accel-
eration technique which was used in the numerical
simulations. The numerical simulations were com-
puted using a CFL number around unity.

3.1. Chimera Grid
The overlapping grids were constructed with an ap-
proach of global and local grids (see Fig.2). This ap-
proach has been adopted to handle the large scaling
differences between the size of the flat plate and the
jet actuator. Furthermore, this methodology allows
to alter the structure of the local grids independently
of the global grid. The local grid covers the jet ac-
tuator and the domain downstream of the jet actua-
tor to capture the vortical structure. The global grid
contains the boundaries and limits of the domain. A
manual hole cut is used in the global grid to facili-
tate the local grid at the desired location. The global
grid is structured grid here while the local grids used
either structured and hybrid grids for the numerical
simulations. The local grid is discretized using struc-
tured or hybrid grids. The grids were generated us-

Fig. 2: Non-dimensional layout of the chimera grid for a
single round actuator

ing the Gridgen V1511 package. Fig.3 shows a close
up view of the local hybrid grid near the vicinity of the
jet actuator.The plan view shows the grid refinement
in the lateral direction and also smooth transition of
elements from actuator to the farfield. Keeping into
account the aspect ratio of elements and avoiding
jumps in the element size that lead to convergence
problems at boundary layer grid in the jet actuator,
the structured grid was first constructed around the
boundaries of the actuator and the rest of the domain
was then filled with tetrahedrals. The grid points for
fine and coarse mesh is 3.7 × 106 and 1.3 × 106 re-
spectively.

(a) Plan view of the hybrid grid

(b) Close up view in the vicinity of the actuator

Fig. 3: Local hybrid grid for single round jet actuator

Similarly, the local structured grid was made in or-
der to see the effect of different grid topology. Fig.4
shows the plan view and the close up view of the lo-
cal structured grid in the vicinity of the jet actuator.
The grid points for fine and coarse mesh is 0.5 × 106

and 3.8 × 106 respectively.

3.2. Turbulence Modelling
The TAU code has various options available for tur-
bulence models. This numerical investigation em-
ploys the one-equation turbulence model of Spalart
and Allmaras12 (SAO) and the two-equation k − ω
Shear Stress Transport (SST) model of Menter.13
The SAO model is famous due to its ease of im-
plementation, relatively low computational expenses,
and good performance. The SST model is a k − ω
two-equation model which accounts for the transport
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(a) Plan view of the structured grid

(b) Close up view in the vicinity of the actuator

Fig. 4: Local structured grid for single round jet actuator

of the principal shear stress in adverse pressure gra-
dient boundary layers. Both models are well known
and are currently used in aersopace flow simula-
tions.

4. RESULTS

The numerical simulation of skewed jet actuator
on a flat plate are performed and compared with
the three component PIV measurements in planes
downstream of the jet actuator. For the experiment
and the numerical simulations, the single jet actuator
with a pitch angle α = 45◦ and skew angle β = 90◦

is investigated.

4.1. Grid Convergence
The effect of grid refinement is studied for the nu-
merical simulations using SAO and SST models.
The sensitivity of the grid is investigated down-
stream of the jet actuator using the streamwise ve-
locity profiles at three wall-normal positions z/δ =
[0.058, 0.12, 0.23]. The structured and hybrid grids
are labelled as hex_coarse, hex_fine, hybd_coarse
and hybd_fine in the plots. Fig.5 shows the stream-
wise velocity profiles downstream of the jet actua-
tor at x/δ = 0.6. The numerical results show that
SAO and SST model predict a complex vortical flow

behavior. At wall-normal position of z/δ = 0.058
both SAO and SST give approximately the right po-
sition of the vortex core. But none of these models
have produced really the bending characteristic of
the streamwise vortex, as seen for z/δ = [0.12, 0.23].
The numerical results show that the increase in num-
ber of grid points in the wake of the vortex core in
streamwise and spanwise direction produced very
small change in the results. Fig.6 and Fig.7 shows
the streamwise velocity profiles further downstream
of the jet actuator. The numerical results seems to
be too diffusive as the distance downstream of the
jet actuator increases. In this respect the SST model
predicts the streamwise velocity profiles better than
the SAOmodel. The results show that the grid refine-
ment has rather little effect in predicting the physics
of the longitudinal vortex downstream of the actua-
tor. A closer inspection of the results reveals that the
local hexahedral mesh with 3.8 × 106 grid points re-
solves the complex flow better than the local hybrid
grid with 3.7 × 106 points.

4.2. Flow Field
Fig.8, Fig.9, Fig.10 and Fig.11 show the comparison
of the streamwise velocity contours downstream of
the jet actuator. These figures compare the fine grid
numerical results using the SAO and SST turbulence
models with the 3C2DPIV experimental data. The
velocity contours at x/δ = 0.6 and x/δ = 1.2 in Fig.8
and Fig.9 downstream of the jet actuator show the
longitudinal vortex which is less diffused and close
to the wall in the experiment than in the numerical
simulations. The velocity contours at x/δ = 2.2 and
x/δ = 4.6 in Fig.10 and Fig.11 show that the final rate
of vortex diffusion between x/δ = 2.2 and x/δ = 4.6
is underpredicted by the CFD results. The numeri-
cal simulations obtained by SAO and SST show that
initial vortex diffusion is much higher with SAO, while
the vertical vortex position is much too high for SAO.

4.3. Influence of Turbulent Eddy Viscosity
In order to further explain the performance of the two
eddy viscosity models SAO and SST, contours of the
turbulent eddy viscosity and the vorticity magnitude
are shown in Fig.12. These contour plots show the
streamwise vortex x/δ = 0.6 downstream of the jet
actuator. From the contours of vorticity magnitude it
can be seen that the peak vorticity is much stronger
in the numerical simulations using SST than SAO as
flow gradients are much more smoothed with SAO.
The contour plots of the turbulent eddy viscosity us-
ing SAO and SST are also shown in Fig.12. The
SAO model gives a much higher value in the vicin-
ity of the vortex core. The SST model gives a lower
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(a) grid convergence SAO

(b) grid convergence SST

Fig. 5: Streamwise velocity predicted by SAO and SST
downstream of the actuator, x/δ = 0.6

(a) grid convergence SAO

(b) grid convergence SST

Fig. 6: Streamwise velocity predicted by SAO and SST
downstream of the actuator, x/δ = 1.2
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(a) grid convergence SAO

(b) grid convergence SST

Fig. 7: Streamwise velocity predicted by SAO and SST
downstream of the actuator, x/δ = 2.2

Fig. 8: Streamwise velocity contours, x/δ = 0.6

Fig. 9: Streamwise velocity contours, x/δ = 1.2

Fig. 10: Streamwise velocity contours, x/δ = 2.2
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Fig. 11: Streamwise velocity contours, x/δ = 4.6

value near to the vortex core. The higher value of the
turbulent eddy viscosity dissipates the peak vorticity
in the vortex core.

(a) Vorticity magnitude using SAO and SST

(b) Turbulent eddy viscosity using SAO and SST

Fig. 12: Comparison between SAO and SST using contour
plots of vorticity magnitude and turbulent eddy vis-
cosity downstream of the jet actuator at x/δ = 0.6

4.4. Figures of Merit

An estimation of the effect of the induced vortex
structure for flow control applications with respect to
flow seperation control can be obtained by the deter-
mination of figures of merit in the turbulent boundary
layer.14 The figures of merit is a non-dimensional
momentum coefficient in streamwise flow direction-x
of the flow field. The numerical simulations are com-
pared with the experiment in order to judge the gain
in near-wall momentum as induced by the longitudi-
nal vortex in the boundary layer. The figures of merit
effected by the induced vortex structure is calculated
as given in 1

(1) ΔRV x =

∫ y2

y1

[
u2

− u2

0

]
dy

∫ y2

y1

u2

0
dy

where ΔRV x is a non-dimensial momentum coef-
ficient, the index 0 denotes the undisturbed two-
dimensional boundary layer flow and y1 and y2 de-
notes the spanwise lower and upper integration lim-
its for several measuring planes downstream of the
jet actuator. The expression characterizes the global
momentum tranpsort caused by the longitudinal vor-
tex structure towards the wall.5 Fig.13,Fig.14,Fig.15
and Fig.16 show the comparison between CFD and
PIV measurement for ΔRV x at several locations
downstream of the jet actuator. These figures show
that the numerical simulations can predict the mo-
mentum increase towards the wall. Fig.13 and
Fig.14 show downstream of the jet actuator at x/δ =
0.6, x/δ = 1.2 that the SAO model seems to predict
ΔRV x quite well near the wall. However, the overall
trends predicted by the SAO model are not satisfac-
tory. The results obtained using the structured and
hybrid grids indicate that SAO model overpredicts
the location and growth of the vortex core and the
area of deceleration associated with the core. The
SST model predicts ΔRV x reasonably well and the
deceleration is in the right position. It appears that
the numerical values of SST do not match the ex-
periment very close to the wall. However, we note
that the PIV data very close to the wall may suffer
from light scattering and vibration in the experiments.
Fig.13 and Fig.14 shows that downstream of the jet
actuator better results are obtained with structured
grid than the hybrid grid. Fig.15 and Fig.16 show
that further downstream of the jet actuator x/δ = 2.2,
x/δ = 4.6 SAO model diffuses further and overpre-
dicts the vortex core. The SST model predicts the
momentum transport due to vortex location and vor-
tex size much better.

Fig. 13: ΔRV x comparison between CFD and PIV mea-
surement at x/δ = 0.6
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Fig. 14: ΔRV x comparison between CFD and PIV mea-
surement at x/δ = 1.2

Fig. 15: ΔRV x comparison between CFD and PIV mea-
surement at x/δ = 2.2

Fig. 16: ΔRV x comparison between CFD and PIV mea-
surement at x/δ = 4.6

5. SUMMARY

A numerical investigation was carried out on a
streamwise vortex structure embedded into the tur-
bulent boudnary layer using a single round jet ac-
tuator. The numerical simulations were compared
with the existing PIV measurements. It was shown
that it is possible to numerically simulate a flow con-
trol device like jet actuator using RANS simulations.
The grid sensitivity was also investigated. Almost
grid independent results were obtained using struc-
tured and hybrid grids. Hence the concept of using
Chimera grids to resolve the small flow scales as-
sociated with the flow actuation was verified. It was
shown that the SST model gives better results for
vortex induced momentum transport than the SAO
turbulence model. The SAO model diffuses the vor-
tex much faster than the SST model. The turbu-
lent eddy viscosity data showed large differences
between the SAO model and the SST model. The
increase in momentum in near-wall region was de-
termined using a non-dimensional streamwise mo-
mentum transport coefficient. Here the SST model
was found to reproduce the trends of experimental
data, which depend on vortex location in the bound-
ary layer and vortex diffusion in downstream direc-
tion. Future investigations should address the ques-
tion of unsteady vortex motion which has been ob-
served in the experiments.
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