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Abstract

This paper reports a numerical investigation of
the incompressible flow over a 25◦ backward-
facing ramp. Different approaches and flow
solvers are applied. URANS simulations have
been performed by the CIRA-developed UZEN
and the Open-FOAM codes. The CIRA-
developed flow solver Spark-LES together with
OpenFOAM have been applied to resolve the tur-
bulent structures on a simplified geometry and
a reduced computational domain resembling the
separated flow region over the ramp. The activi-
ties are being performed in the framework of the
CIRA-funded project SHAFT. The final aim is
to investigate the control of the separation phe-
nomenon by means of zero-net mass flux actua-
tors.

1 Introduction

An experimental test campaign to characterize
the flow over a 25◦ backward-facing ramp is
planned at University of Napoli "Federico II"
in the framework of the CIRA funded project
SHAFT. The control of the separation by means
of zero-net-max flux actuators will be investi-
gated.

The geometry, consisting of a NACA 0015
airfoil in the aft part followed by a ramp in
the back part, is reported in figure 1. The
main dimensions are: a = 45mm., b = 305mm.,
c = 32mm., d = 368mm.. The Reynolds num-
ber (based on the height of the ramp) is Reh =
2.054× 104. The free-stream velocity obtained

in the wind tunnel is U∞ = 20 m/sec.

2 Flow around the model

CFD activities are being performed to support the
experiments and to provide data to be compared
with the measurements in order to assess the nu-
merical methods and models. The basic flow over
the ramp is simulated by the URANS equations.
The open-source Open-FOAM [1] code and the
CIRA-developed flow solver UZEN [2] are ap-
plied. The UZEN code solves the compress-
ible 3D steady and unsteady RANS equations on
block-structured meshes and is designed to simu-
late flows around complex aerodynamic config-
urations. The spatial discretization adopted is
a central finite volume formulation with explicit
blended 2nd and 4th order artificial dissipation.
The dual-time stepping technique in employed
for time-accurate simulations. The pseudo-time
integration is carried out by an explicit hybrid
multistage Runge-Kutta scheme. Classical con-
vergence acceleration techniques, such as local
time stepping and implicit residual smoothing,
are available together with multigrid algorithms.
Turbulence is modeled by either algebraic or
transport equation models. The κ−ω SST turbu-
lence model is applied and the the fully turbulent
assumption is made for the flow.

It is expected that the flow presents some un-
steadiness due to the bubble and to the thickness
of the trailing edge. Therefore a time-accurate
solution is searched. Actually, there is no much
difference between an instantaneous and time-
average flow field, as shown in figure 2
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Fig. 1 Geomtery [3]

Fig. 2 Time-averaged bubble

The two codes provide very similar results in
line with literature data. A comparison of the
time-averaged pressure and friction coefficients
achieved by UZEN and OPEN-FOAM is showed
in figure 3. The flow detaches at the beginning
of the ramp. This means that that the angle of
the ramp is sufficient for a pressure gradient able
to separate the flow. The flow over the ramp re-
attaches at x ≈ 85 mm. in good agreement with
literature data [4].

The power spectral density (PSD) of lift and
drag coefficients is reported in figure 4. A clear
peak at a Strouhal number Str = f∗h

U∞
of 0.33 is

clearly visible.
Two probes have been located in the sepa-

rated region (P1) and at the trailing-edge of the
ramp (P2) as shown in figure 5. The power spec-
tral density (PSD) of the pressure and of the ve-
locity components are shown in figure 5. The
data have been obtained by the κ−ω SST-LR,
a low-Reynolds variation of the SST model [5].
The main peak is present in velocity and pressure
at both the locations. At the point P2, secondary

(a) CP

(b) C f

Fig. 3 Time-accurate pressure and skin-friction
coefficients

frequencies with a relevant content of energy are
also visible. It is worth noting that the SST κ−ω

SST model returns a main peak at a little lower
frequency with Str = 0.28.

3 Numerical characterization of the sepa-
rated flow

The numerical activities performed in the frame-
work of the project SHAFT have several goals.
The first is to support the experimental test cam-
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Fig. 4 Power spectral density of aerodynamic co-
efficients

Fig. 5 Location of probes for PSD. Different
scales for x and y axis.

paign providing information useful for choosing
the parameters of the control device. The other
aim is to further validate the in-house flow solver
Spark-LES [6, 7, 8]. SPARK-LES is a code cur-
rently under development at CIRA in the frame-
work of the HYPROB Program, funded by the
Italian Ministry of Research. The solver features
high-fidelity numerical methods and state-of-the-
art modelling, and reproduces mixing and turbu-
lence in general flows as the operation of a liquid-
rocket thrust chamber at high pressures.

PIV measurements will be taken during the
experiments and this will allow for a valida-
tion and calibration of the last features (sub-grid
modeling, inflow turbulence) implemented in the
code.

(a) P1

(b) P2

Fig. 6 Power spectral density of velocity compo-
nents and pressure

The characterization of the separated flow is
being performed by employing several codes and
methods. The well-assessed in-house URANS
code UZEN, the open-source solver Open-
FOAM and also Spark-LES that needs to be used
with some care because some features are still to
be deeply verified.
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3.1 Simplified Geometry

The parameters of the control device to be used in
the experiments have been obtained by looking at
the flow over a rounded ramp. [4]. Therefore the
flow over this geometry has also been taken into
consideration. The simulations by Dandois et al.
[4] are taken as reference, because of the simpli-
fied geometry and of the employed control tech-
niques. The difference are the Reynolds number
and the fact is that the geometry has a rounded
edge. However, despite the differences it is ex-
pected that the separation region and the length
of the bubble are comparable.

3.2 Eddy-resolving methods

Eddy-resolving methods are applied to the sim-
plified geometry with a sharp edge and at the
same Reynolds number as the experiments. The
computational domain is reduced, as shown in
figure 7 in order to save CPU time.

A grid made of 748×96×384 = 27.5×106

cells has been generated. A simulation with-
out any turbulence/sub-grid model by the Open-
FOAM code has been performed before applying
the CIRA code Spark-LES. UZEN code by using
the κ−ω SST model has been also employed on
a much coarser mesh of 472×108 cells.

The OpenFOAM computations have been
performed using the native solver pimpleFoam,
which is based on a modified version of the clas-
sical PISO algorithm ("PIMPLE") to handle the
pressure-velocity coupling. Second-order accu-
rate central schemes in space and a second-order
backward scheme in time have been employed,
with maximum CFL number equal to 1. Bound-
ary conditions consist of a uniform inlet profile
without any superimposed perturbations, a pres-
sure outlet, and slip boundaries for the top sur-
faces. The simulation has been advanced for
about 20 through-flow-times and the results are
time-averaged for about 10 through-flow-times.
Spanwise averaging is not performed and the data
in the mid-span plane are considered.

The bubbles returned by UZEN and Open-
FOAM are very similar (figure 8). The flow re-

(a) Simplified geometry (dimensions in mm.)

(b) Computational domain

Fig. 7 Simplified geometry and computational
domain

attaches at about x/h ≈ 4.9. The reference DNS
[4], instead, has a shorter bubble with a separa-
tion point at x/h= 0.53 and a re-attachment point
at x/h = 3.93.

A comparison the the time-averaged stream-
wise velocity upstream of the edge at the stations
x/h = −1 and x/h = 0 (edge of the ramp), is
shown in figure 9. The boundary layer returned
by Open-FOAM is completely different from
the reference literature data. This was expected
due to the differences in geometry and Reynolds
number and because an uniform velocity pro-
files is employed in the Open-FOAM simula-
tions, while "a realistic turbulent inflow bound-
ary condition based on an extraction/rescaling
technique" is used by Dandois et al. [4]. In fact,

4



NUMERICAL ANALYSIS OF THE FLOW AROUND A BACKWARD-FACING RAMP

(a) UZEN

(b) OpenFOAM

Fig. 8 Time-averaged bubble on simplified ge-
ometry. contour of streamwise velocity

(a) x/h =−1 (b) x/h = 0

Fig. 9 Time-averaged stream-wise velocity up-
stream the edge

(a) x/h =−1 (b) x/h = 0

Fig. 10 Time-averaged stream-wise velocity
fluctuations upstream the edge

the stream-wise velocity fluctuations by Open-
FOAM are negligible at x/h = −1 and much
lower at the edge of the ramp (figure 10). The
"cheap" URANS results are in reasonable agree-
ment with the OpenFOAM data.

The comparison in the zone of the ramp
where the flow is separated is reported in figure
11. The agreement of mean velocities with the

(a) x/h = 1 (b) x/h = 2

Fig. 11 Time-averaged stream-wise velocity over
the ramp

DNS literature data is far better. Again the UZEN
results are encouraging also in the view of using
fast URANS simulations to support the experi-
ments. It is worth noting that the reference points
are taken from the published paper and therefore
some inaccuracy is possible in the plotted data.

The velocity fluctuations are shown in figure
12. Fluctuations are present in OpenFOAM re-

(a) x/h = 1 (b) x/h = 2

Fig. 12 Time-averaged stream-wise velocity
fluctuations over the ramp

sults but are lower that DNS data. However, the
peak is located at the same distance from the wall.
It is important to note that the data are reported
along the y axis and not along the normal to the
wall.
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Finally, the results in the recovery region are
presented in the figures 13 and 14. Both Open-

(a) x/h = 3 (b) x/h = 4

Fig. 13 Time-averaged stream-wise velocity in
the recovery region

FOAM and UZEN data agree quite well with
DNS at the station x/h = 3 where the flow is
still separated. Some discrepancies are visible
at x/h = 4 mainly due to the fact the flow is
just re-attached in DNS while is still separated in
the present computations. OpenFOAM underes-

(a) x/h = 3 (b) x/h = 4

Fig. 14 Time-averaged stream-wise velocity
fluctuations in the recovery region

timates the fluctuations with respect to the DNS.
The inflow fluctuations of DNS still have some
influence at theses stations while the u

′
provided

by OpenFOAM goes to zero away from the wall.
The simulations above discussed have pro-

vided useful information. The simplified geome-
try of the ramp can be used to reproduce the re-
gion of separated flow present in the model that
will be tested in the wind tunnel experiments.
URANS cannot reproduce the turbulent charac-
teristics of the flow but are fast and can be em-
ployed to support the wind tunnel campaign and

to give useful data for choosing the control pa-
rameters. The OpenFOAM computation has al-
lowed to numerically set-up a direct numerical
simulation.

The goal is to perform eddy-resolving simu-
lations by the CIRA solver Spark-LES and Open-
FOAM data will be useful for sake of compari-
son. A first attempt by Spark-LES has been per-
formed on a coarser grid of 364×72×256 cells
without employing any sub-grid model. Fluctu-
ations are added at the inflow of the computa-
tional domain. The turbulence develops as can

Fig. 15 Isosurface of Q = 2×106m2/s2 coloured
by vorticity

be seen in figure 15 that shows a visualization
of the turbulent structures by an iso-surface of
Q = 1

2

(
Ωi, jΩi, j− Si, jSi, j

)
. The turbulent struc-

tures are forming upstream the ramp, then in the
separated region, and in the boundary layer de-
veloping downstream the bubble.

3.3 Concluding Remarks

The numerical activities that are being performed
in the framework of the project SHAFT, a project
fully funded by CIRA whose aim is to investi-
gate the control of the flow separation by zero-
net mass flux actuators, have been presented in
this paper. Different numerical methods and
codes have been employed. The CIRA flow
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solver UZEN and the open-source code Open-
FOAM have been employed for URANS sim-
ulations. The in-house developing Spark-LES
and OpenFOAM are used as eddy-resolving nu-
merical methods. A first simulation has been
performed by OpenFOAM without any turbu-
lene/subgrid model on a simplified geometry re-
sembling the experimental model. Useful infor-
mation have been obtained. The simplified ge-
ometry can be used to reproduce the region of
separated flow that will be controlled in the ex-
periments. URANS cannot reproduce the turbu-
lent characteristics of the flow but are fast and
can be employed to support the wind tunnel cam-
paign and to give useful data for choosing the
control parameters. The Spark-LES code has
been used so-far on a coarse mesh and the sim-
ulation of the finer mesh is currently running.
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