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1. Introduction

Turbulent boundary layer (TBL) separation occurs in many industrial processes. It produces detrimental effects as drag
increase, lift reduction, and pressure loss, which can lead to the inefficiency of the vehicle or of industrial designs.

The physical mechanism responsible for flow separation is well known: under the influence of an adverse pressure
gradient, the flow near the wall decelerates until separation, inducing the development of a shear layer that transports
vorticity far from the wall. Occurring when wall shear stress falls to zero, the position of the TBL detachment with adverse
pressure gradient has an unsteady behavior. Thus position of the TBL separation has to be characterized, including transitory
detachment properties [1]. Downstream from the separation point, the flow is highly dependent on upstream conditions. It
is characterized by a shear layer where turbulence production is diffused by large eddy structures in the backflow near the
wall, where negligible turbulence energy production occurs [2-4]. During the shear layer development process, instabilities
induce the emergence of dominant coherent structures [5,6]. Roll-up of the shear layer induced by the Kelvin-Helmholtz
instability is scaled by a Strouhal number Sty = 0.012 obtained using the momentum thickness 6 of the boundary at the
mean separation point [7,8]. As shear layer develops, progressive merging of structures will decrease the time scale and
lead to a second dominant scale, the shedding mode. Based on the separation length, the shedding mode is characterized
by a Strouhal number St;.,, = 0.6-0.8 [9-11].

Flow control appears as a solution to delete or reduce the separation and had received special attention in the last
decades [10,12-14], highlighting the need for using a flow-control strategy based on natural flow instabilities and dominant
flow structures [15,16]. In this context, the SePaCoDe ANR project (2011-2014) aims to propose a robust model-based
separation control strategy leading to 2D separations occurring on salient and smooth-edge ramps. Furthermore, robustness
of control implies a good comprehension of the predominant phenomena in the separation process [17].
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Fig. 1. (Color online.) Experimental facility and detail of smooth and salient edge ramps.

It is then the goal of the present study to describe the turbulent separation occurring on salient and smooth edges
through wind tunnel experiments conducted at PRISME Laboratory. Wall-pressure measurement and boundary layer
characterization with hot-wire anemometry are conducted to characterize the flow upstream from separation, while Par-
ticle Image Velocimetry (PIV) and cross hot wire are used to characterize the separation region.

2. Experimental setup
2.1. Wind-tunnel and ramp facilities

Experiments are conducted in the subsonic Malavard wind tunnel of PRISME Laboratory. In the test section—5 x 2 x 2 m>
(length x width x height)—, up to a 60 m/s free-stream velocity can be achieved, with a residual turbulence intensity
lower than 0.4%. The ramp model (Fig. 1) is set at the middle height of the test section and spans the tunnel width. It
is comprised of four parts: a leading edge with elliptic profile, a flat plate where TBL develops, the ramp and a second
flat plate downstream from the ramp. Furthermore, a flap is fixed at the trailing edge to ensure symmetrical pressure
distribution at the leading edge (the flap is set at « = —7° incidence). Two models of ramp (length [ = 470 mm) with a
step height h =100 mm have be used (Fig. 1): a salient edge ramp (edge located at x/h = 1.27) with a slant angle of 25°
ending with a 7 order polynomial (Eq. (1), 0.5 <x/l <1) and a smooth edge ramp with a curvature defined by a 7 order
polynomial and a maximal slant angle of 25° (Eq. (1)).
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For all results presented here, free-stream velocity is set at Ug = 20 m/s, achieving a Reynolds number Rey ~ 3500 based
on the momentum thickness upstream from the separation point. The boundary layer is tripped to fix the transition, thus
warranting the reproducibility of its properties during the overall experiments. Based on displacement thickness assessment,
a zigzag tripper of 300 pm thickness is placed 103 mm downstream from the leading edge [18].

2.2. Pressure probe measurements

To characterize the pressure distribution on the model, wall pressure taps (0.3 mm in diameter) are connected to pressure
sensors by a 1.50 m-long tygon capillary. A PSI 8400 (2500 Pa, £0.75 Pa) acquisition unit allows the measurement of 112

pressure transducers. Time-series of fluctuations pressure are acquired with a 100 Hz sampling frequency. The recording
time is 40,960Uq/h. The pressure coefficient (Cp = 11);50 ) and the gradient pressure coefficient are deduced with uncertainty
z2rUo

estimates of +1.7% and 5%, respectively.
2.3. Single hot-wire measurements

TBL properties upstream from the separation point are characterized with single hot wire anemometry. The data acqui-
sition system was manufactured by Dantec. The probe (55P11) is made of a 5 pm-diameter wire 1.25 mm in length, which
corresponds to % = 43, Calibration of the hot-wire probe is performed with a Dantec 90H02 Flow Unit. A fourth-order
polynomial fits the calibration curve through the data points. Hot-wire profiles are obtained with 50 points. The statistic
properties of velocity are obtained at a 60 kHz sampling frequency (cut-off frequency of 30 kHz, which is about twice the
Kolmogorov frequency) with an acquisition time 28,000 < TqU./8 < 120,000.

Based on a work by Alfredsson and Orlu [19], the validation of near-wall measurements is done using data sampling
diagnostic according to the u’ = f(u) curve, which is characterized by a linear profile as velocity vanishes. Then the probe
position and the friction velocity are estimated according to u™ = 14.5tanh(y*/14.5) for 4 <u™ < 11 [20].

2.4. Cross-wire measurement

Downstream from the separation point, the instantaneous characteristics of the shear layer are performed with a cross-
wire anemometer. The 55P61 probe used for measurement is composed of two 5 pm wires 1.25 mm in length arranged in
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X-arrays. Velocity calibration is conducted in the same way as single hot-wire calibration. Angular calibration is performed
from B = —45° to 45° with a 5° discretization. Time-series are acquired at a 30 kHz frequency (cut-off frequency of 10 kHz).
The recording time is 26,000U¢/h.

2.5. Particule Image Velocimetry

The flow field over the ramp is obtained with a TSI Particle Image Velocimetry (PIV) system using two overlapping
planes acquired by two CCD cameras (TSI PowerView plus 4M 2048 x 2048 pixels®). The two cameras and the Nd-Yag
Quantel laser (Big Sky Laser, 150 m]) are driven by a TSI Synchro Laser Pulse (610035). The use of 50 mm lenses (AF D
Nikkor, f 1:1.8) allows a velocity field of 390 x 390 mm? for each camera, leading to a global velocity field of 700 x 390 mm?.
Velocity fields are computed from images by a multipass algorithm with a first pass of 32 x 32 pixels® and a second pass
of 16 x 16 pixels2 (overlap 50%) using the TSI software. This process achieves a vector velocity each 1.5 mm. A total of
3400 samples are acquired to obtain the statistical properties of the velocity field. The statistical errors of the mean and
second-order moments are respectively 1% and 3% for a 97% confidence interval [21].

3. Results and discussion
3.1. Salient edge experiments

The pressure coefficient distribution along the streamwise direction is showed in Fig. 2. Due to the acceleration imposed

by the elliptic profile, C, drop until it reaches a minimum at x/h = —14.8. It then grows up and remains roughly con-

stant over the range —8.7 < x/h < —4.7, where the pressure gradient ddixp reaches its minimum. Beyond x/h > —4.7, TBL

undergoes a favorable pressure gradient as the flow approaches the ramp. From the leading edge, the pressure coefficient de-
creases up to a suction peak (x/h = —14.8) induced by flow acceleration. Then the pressure coefficient vanishes (C, < 0.01)
for —8.7 < x/h < —4.7 and presents a minimal value of the pressure gradient (—7.7 < x/h < 3.7, |ddix”| < 0.044 m~1). For
x/h > —4.7, favorable pressure gradient occurs as flow approaches the ramp. Downstream from the salient edge, a con-
stant plateau C, = —0.07 up to x/h =4.7 is induced by the presence of a recirculation zone. Then the pressure coefficient
increases up to a value Cp, =0.2 at x/h =9.04 and converges downstream toward a value C, = 0.19.

Fig. 3 shows the dimensionless profiles of the mean and fluctuating streamwise velocity measured with hot-wire probe
upstream from the salient edge. Due to the favorable pressure gradient, the boundary layer thickness and the shape factor
decrease up to the salient edge (Table 1). At the salient edge, the boundary layer thickness is about 22 mm and the
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Fig. 2. (Color online.) Pressure coefficient and pressure gradient distribution along the ramp model.
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Fig. 3. (Color online.) Profiles of the mean streamwise velocity and rms velocity u’* in inner scaling.
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Table 1
Turbulent boundary layer characteristics.
x/h -2.6 -0.5 0.77 1.05 1.27
U, (m/s) 19.50 19.48 19.96 20.12 21.77
899 (mm) ~21.98 ~21.92 ~21.95 ~25.26 ~22.01
§* (mm) 3.63 3.73 3.89 3.88 335
8p (mm) 2.65 2.72 2.86 2.93 2.6
Rey 3312 3406 3662 3778 3628
Hi 137 137 1.36 132 1.28
ur (mfs) 0.674 0.657 0.697 0.729 0.90
7 (kg/m-s?) 0.54 0.513 0.577 0.633 0.96
U/U
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Fig. 4. Mean streamwise velocity over the ramp and Turbulent Kinetic Energy (TKE).
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Fig. 5. (Color online.) PSD of transverse velocity component obtained in the shear layer near separation point (x/h =1.77) and in the wake flow (x/h =7.27).

momentum thickness equals 2.6 mm, which corresponds to a Reynolds number Rey = 3628. The location of the near-wall
turbulence peak of rms streamwise velocity profiles (Fig. 3) ranges between y™ ~ 8 and y* ~ 12.

The mean stream-wise velocity field computed from PIV (Fig. 4a) evidences a mean separation point occurring slightly
downstream from the salient edge, at x/h = 1.27. Downstream from the separation point, a shear layer progressively de-
velops above a mean recirculation zone (Fig. 4a). The mean center of the recirculation zone is located at {x/h =4.2; y/h =
—0.54}, and the reattachment point of recirculation is located at x/h = 6.57, yielding a separation length Lsep = 5.3h. The
maximum levels of the turbulent kinetic energy (TKE, Fig. 4b) are present in shear layer [4]. The TKE value at the separation
point is k/U2 = 0.015. This value progressively increases up to a maximal value k/U2 = 0.04 achieved above the end of the
recirculation zone (6.19 < x/h <7 and y/h =0.39).

The shear layer roll-up and vortex shedding frequencies are emphasized by Power Spectral Density (PSD) of the trans-
verse velocity component for two positions (Fig. 5): the first one in a shear layer near separation point (x/h = 1.77) and
the second in the wake flow (x/h = 7.27). Close to the separation point, the PSD exhibits a shear layer roll-up frequency of
110 Hz, corresponding to a Strouhal number Sty = 0.014, while in the wake, a shedding frequency of 20-25 Hz is observed,
which gives a Strouhal number St.,, = 0.53-0.66, consistent with the literature [7-11].

3.2. Smooth edge experiments

Fig. 6 displays the pressure coefficient distribution along the model. A minimal amplitude of C, = —0.013 is achieved
at x/h = —8.7. In the range —7.7 < x/h < —5.7, a minimal value of % = —0.035 m~! occurs. For x/h > —5.7, a strong

favorable pressure gradient appears up to x/h = 1.07. Then flow expansion induces pressure coefficient increase up to
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Fig. 6. (Color online.) Pressure coefficient and pressure gradient distribution along the ramp model.
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Fig. 7. (Color online.) Profiles of the mean streamwise velocity and rms velocity in inner scaling.

Table 2

Turbulent boundary layer characteristics.
x/h -13 -10.4 -7.8 -5.2 -2.6 -0.5 0
Ue (m/s) 21.55 20.09 20.32 20.08 20.25 20.65 21.25
899 (mm) ~6.17 ~12.47 ~14.44 ~19.04 ~18.95 ~21.95 ~21.94
§* (mm) 1.08 1.97 2.66 318 3.38 3.34 3.08
89 (mm) 0.75 1.41 1.92 2.32 248 2.51 2.37
Reg 1011 1815 2506 2981 3235 3327 3223
Hiy 144 14 1.385 137 1.363 133 13
uz (m/s) 0.875 0.769 0.75 0.739 0.755 0.783 0.833
7w (kg/m-s?) 0911 0.704 0.67 0.649 0.678 0.73 0.826

separation point where a pressure plateau occurs (2.36 < x/h < 3.45). From x/h > 3.45, the pressure coefficient increases
up to a local maximum (x/h = 5.6) and decreases downstream to a value C, = 0.2 achieved for x/h > 10.

The TBL evolution upstream from the ramp is displayed in Fig. 7 for seven positions. Beyond x/h = —5.7, the displace-
ment thickness and the shape factor decrease (Table 2) as a favorable pressure gradient occurs (Table 2). The boundary layer
thickness does not decrease before x/h = —0.5, which can be explained by the low favorable pressure gradient and the bias
induced by the boundary layer’s thickness detection. All rms streamwise velocity profiles (Fig. 7) collapse for 5 < y* < 30,
with a near-wall turbulence peak at y* = 14. At x/h = 0, the boundary layer presents a thickness § ~ 22 mm and a mo-
mentum thickness 8y = 2.37 corresponding to a Reynolds number Rey = 3200.

For the smooth edge configuration, the mean separation point takes place at x/h = 2.17 (Fig. 8a), while incipient and
transitory detachments [1] occur at, respectively, x/h > 1.8 and x/h = 2.24, with a standard deviation osep = 0.24 h (Fig. 8c).
The mean center of the recirculation zone locates at {x/h = 3.86; y/h = —0.74}, and the mean reattachment point at x/h =
4.86 (Fig. 8a). This results in a separation length Lsep = 2.7h. As for salient-edge experiments, the maximum levels of TKE
(Fig. 8b) localize in the shear layer. From the mean separation point to x/h = 4.4 (y/h = —0.57), TKE value progressively
increases from k/Ug =0.01 to k/Ug = 0.03. This maximal level is preserved up to x/h = 5.45, before decreasing as flow
is going further downstream. The shear layer deflects toward the downstream flat plate, inducing an increase of the local
pressure coefficient (Fig. 6, x/h = 6), which explains the decrease of TKE in the shear layer for x/h > 5.45.

The PSD of the transversal velocity component obtained by cross hot-wire measurement are shown in Fig. 9 for two
positions: the first one in the shear layer near the separation point (x/h =2.5) and the second in the wake flow (x/h = 6).
Close to the separation point, the PSD presents a bump at a frequency of 70 Hz, corresponding to a Strouhal number
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Fig. 8. (Color online.) (a) Mean streamwise velocity over the ramp, (b) TKE, (c) histogram and Cumulative Distribution Function of the unsteady position of
the separation point.
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Fig. 9. (Color online.) PSD of transverse velocity component obtained in the shear layer near the separation point (x/h =2.5) and in the wake flow (x/h = 6).

Sty = 0.010 based on the momentum thickness of the boundary layer at x/h = 0. In the wake, a characteristic frequency of
30-50 Hz is observed, which gives a Strouhal number St; ., between 0.4 and 0.67.

4. Conclusion

Salient edge ramp flow characterization shows that upstream from the separation point, the low favorable pressure
gradient induces a TBL decreases. At the salient edge, the momentum thickness leads to a Reynolds number Rey = 3780
and a shear layer roll-up characterized by a Strouhal number Sty = 0.014. The recirculation is characterized by a separation
length Lsep = 5.3h. The shear layer shows a high level of TKE, increasing up to the end of recirculation zone and a shedding
frequency characterized by a Strouhal number St;,, = 0.53-0.66.

For the smooth-edge configuration, the TBL upstream from the separation point is first subject to a favorable pres-
sure gradient, then to an adverse pressure gradient inducing a TBL separation at x/h = 2.17. The momentum thick-
ness (at x/h =0) Reynolds number is Rey = 3200 and scaled shear layer roll-up with a characteristic Strouhal number
Sty = 0.010. The separation length is Lsep = 2.7h and the shedding frequency of the shear layer presents a Strouhal number
Str,., = 0.4-0.67.

Contrary to the salient edge configuration that presents a discontinuity, the progressive increase of pressure gradient for
the smooth edge induces a delayed mean separation point and increases the fluctuations of the instantaneous separation
point. As the separation point for the smooth edge occurs downstream from the separation point for the salient edge, the
mean recirculation size is smaller. Furthermore, the shear layer deflects toward the downstream flat plate, which contributes
to decrease the recirculation zone and the TKE.

The next step of this work will be devoted to active control with pulsed jet actuators as active vortex generator device.
The analysis of the controlled flow depending on the actuation parameters will conduct us to highlight which instabilities
are to be promoted for reducing the separated flow.
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