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Lift Enhancement of a Stationary Wing in a Wake

Z.Zhang!, Z. Wang?, and 1. Gursul®
Department of Mechanical Engineering
University of Bath, Bath, England BA2 7A4Y, United Kingdom

Abstract
A stationary wing placed in the wake of a bluff body experiences lift enhancement. The quasi-
periodic flow in the wake causes excitation of the separated flow in the post-stall conditions.
The increase in the time-averaged lift force is associated with the flow separation, leading-edge
vortex formation and subsequent reattachment in a process similar to the dynamic stall of
oscillating wings. The lift enhancement is maximum for an optimal offset distance from the
wake centerline. At the optimal location, potential flow oscillations, rather than the direct
impingement of large vortices in the wake, provide the excitation. The smaller amplitude flow
oscillations lead to a large separation bubble in the time-averaged sense in the post-stall regime.
The delayed flow separation in the wake has a similar mechanism and frequency to those of
the active flow control methods for separation. The degree of the lift enhancement is
remarkable, given that the wake at a Reynolds number of 50,000 is expected to be highly three-

dimensional.
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Nomenclature
b span
CL mean lift coefficient
chord length
frequency

c
f
K reduced pitch rate
P

probability
Re Reynolds number
t time
U mean streamwise velocity component

Us freestream velocity

u instantaneous streamwise velocity component
V mean cross-stream velocity component

v instantaneous cross-stream velocity component
X streamwise distance

cross-stream distance
o angle of attack
@ spanwise vorticity
rms  root-mean-square

LE leading-edge

I. Introduction
Aerodynamic surfaces operating in wakes are commonly encountered in various engineering
applications and biological flows. Canard-wing configurations in fixed-wing aircraft [1], flight
refuelling, aircraft wings in ship airwakes, formation flight [2], oscillating tandem-wing
configurations in nature [3] and biomimetic propulsion [4], energy harvesting in bluff body
wakes [5], and rotor blades passing through the wakes of stator blades in turbomachinery [6]
are some examples. The majority of these cases is governed by the interaction of the unsteady
wakes shed from upstream bodies/wings with downstream wings. Even if the wake is turbulent
at higher Reynolds numbers, the interaction of highly coherent vortices with the wing
determines the mean lift and drag as well as the fluctuating loads. Flow physics of various types
of vortex—body interactions, including the case of a Karman vortex street interacting with a

downstream surface, have been reviewed by Rockwell [7].



Interaction of a fully developed Karman vortex street with a two-dimensional body at zero
angle of attack was investigated at a low Reynolds number range [8]. It was shown that the
wavelength A in the undisturbed vortex street and the offset distance between the wake
centreline and the leading-edge of the body are the two important length scales that have major
influence on the details of the interaction, distortion of the vortical structures near the leading-
edge as well as unsteady pressure field on the surface of the body. Durgesh et al. [9] reported
lift and drag measurements of an airfoil in the near-wake of a bluff body (0.5 to 1.0 chord
lengths downstream) at zero offset distance. There was a decrease in the slope of the curve of
the time-averaged lift coefficient versus angle of attack. The decrease in the lift slope, which
could be significant, was attributed to the smaller dynamic pressure due to the velocity defect
in the wake. Similar decrease in the time-averaged lift slope was noted in other experiments in
the near-wake and at zero offset distance [10]. There was also a delay of the stall, however the
maximum lift coefficient remained nearly the same. In these studies, the Reynolds number of
the wake based on the width of the bluff body were on the order of 10* to 10°. Although the
fluctuating velocity is expected to have some three-dimensionality, unsteady wake was
dominated by coherent vortices due to the vortex shedding. Hence, it may be presumed that the
decrease in the lift slope is related to the mean velocity defect and coherent velocity fluctuations

in the wake.

However, a recent work [11] showed that artificially generated “homogeneous and isotropic”
freestream turbulence (up to 15% in intensity) can also produce the same effect of decreasing
lift slope, with slight changes in the maximum lift coefficient. The lift slope decreased with
increasing turbulence intensity in the absence of any mean velocity gradients or coherent
velocity fluctuations. There were no flow field measurements, however the possibility of
dynamic stall caused by the turbulent cross-stream velocity fluctuations was suggested. The

flow physics of decreasing lift slope in a wake or highly turbulent freestream remains unclear.

Figure 1: Schematic of the wing in the wake of a bluff body.
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Previous studies of wake-airfoil interaction [1, 9, 10] were limited to the cases of zero offset
distance between the wake centerline and the leading-edge of the wing. The only work that
considered the effect of nonzero offset distance is by Faure et al. [12]. It was suggested that the
lift in the post-stall region may increase when the clockwise vortices induce a downwash
velocity at the leading-edge of the downstream airfoil. In this paper we show that the time-
averaged lift is strongly affected by the offset distance of the wing in the wake, and there is

significant lift increase and delay of stall at an optimal offset distance.

II. Experimental Methods
Experiments were performed in a low-speed closed-circuit open-jet wind tunnel with a circular
working section of diameter of 0.76 m and length of 1.1 m, located at the University of Bath.
The wind tunnel has a maximum operating speed of 30 m/s and a freestream turbulence
intensity of 0.1% at maximum operational speed. The schematic of the wing in the wake of a
bluff body is shown in Figure 1. The wake generator has an elliptical leading-edge with a
major-to-minor axis ratio of 4:1 and a sharp rectangular back. The wake generator, supported
by two end-plates, has a length of 90 mm, thickness of H = 50 mm and span of 600 mm. The
downstream wing is of NACA 0012 profile with a chord length of ¢ = 100 mm and span of b
=400 mm (equivalent of aspect ratio of 8 for this half-model). The wing and load cell assembly
was mounted on a two-axis traverse that features two translation rails for the x- and y- axis

adjustments (see Figure 2). For this paper, the wing leading-edge was fixed at a streamwise
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Figure 2: Schematic of the experimental setup and the PIV measurements.
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distance of x/c = 3.0. All measurements were conducted at a constant freestream velocity of U
=15 m/s, corresponding to a Reynolds number based on the chord length of Re = 100,000. The
wake Reynolds number based on the thickness of the bluff body was 50,000.

The wing was mounted vertically to the two-axis traverse via an aluminium binocular strain
gauge force balance. The signal from the force balance is amplified through an AD624
instrumentation amplifier and logged to a personal computer via NI6009 DAQ at a sampling
rate of 5 kHz. The duration of each record was 20 s, which is sufficiently long for the mean

and the rms of the signal to reach a steady state value.

The Particle Image Velocimetry measurements were carried out with a TSI 2D-PIV system in
the mid-span plane of the wing as sketched in Figure 2. The flow is seeded with olive oil
droplets, 1 um in diameter produced by a TSI 9307-6 automizer. The seeding particles were
illumined by a NewWave Solo 120-15 Hz double pulse laser system, which has an output of
120 mJ per pulse. The laser pulse was synchronised with 8 MP Powerview plus CCD camera
via the Laserpluse 610036 synchroniser. The commercial software package Insight 4G and a
Hart cross-correlation algorithm were used to analyse the images. For the image processing, an
interrogation window size of 32x32 pixels was used. The effective grid size was around 2 mm
(2% of chord length). For each run, 2,000 instantaneous flow fields were captured at a rate of

1 Hz.

I11. Results

The flow downstream of the wake generator is first examined by velocity measurements in the
absence of the downstream wing. The time-averaged normalized streamwise velocity defect
and root-mean-square of streamwise and cross-stream velocity fluctuations at x/c = 3.0 are
presented in Figure 3(a). A normalized streamwise velocity defect of 21% is seen at the wake
centerline. The rms of both streamwise and cross-stream velocity is comparable in magnitude.
At x/c = 3, the wake lengthscale (location of the half defect velocity) is found to be Lyp= 0.32¢
and the momentum thickness @ = 0.14c¢. The proper orthogonal decomposition (POD) analysis
was performed using the commercial software TSI GRAD-POD TOOLBOX. Figure 3(b)
shows the first two most energetic vorticity modes (24% and 21% of the total energy), hence
the coherent vortices have roughly half of the total kinetic energy in the wake. The wavelength
of the coherent vortical structures is estimated as A« = 1.58c. The frequency of the Karman
street, as measured by a hot-wire probe (not shown here), revealed that fH/U. = 0.26 and fc/U..
=0.52.
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Figure 3: (a) Mean streamwise velocity defect, and rms velocity of streamwise and cross-
stream velocity fluctuations at x/c = 3.0; (b) first two vorticity modes of the POD analysis.

Figure 4 presents the variation of the time-averaged lift coefficient C; with the angle of attack
for the wing location x;;/c =3 and of y;z/c=0 and —0.7 as well as in the freestream. The slopes
of all cases around o = 0° agree well with the Prandtl’s lifting line theory, assuming an elliptical
circulation variation and using a slope of 2n for the airfoil lift coefficient. The wing when
located in the wake exhibits higher maximum lift coefficient and a delay of stall. The lift
enhancement can be more substantial when an offset from the wake centerline is introduced.
The maximum lift coefficient, for an offset of y;g/c=—0.7, is CLmax= 0.97 at o =20 deg, which
is 34% higher than that of the freestream case. Also, for this offset, the lift curve remains

unaffected until the stall of the baseline case.
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Figure 4: Mean lift coefficient as a function of angle of attack, x;z/c = 3.0.
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Figure 5: Mean lift coefficient as a function of offset distance from the wake centreline,
xLE/C = 3.0.



Figure 5 shows the variation of the time-averaged lift coefficient C; with offset distance at
various angles of attack. The dashed lines represent the lift coefficient in the freestream for the
corresponding angles of attack. It is seen that below the stall angle of attack of the baseline
case (a < 12.5 deg), the lift coefficient experiences a drop near the wake centerline before
recovering to the freestream value with increasing offset distance. In contrast, in the post-stall
regime, significant lift enhancement is seen for all offset locations. In addition, there exists an
optimal location at which the mean lift is maximum for both a=15 and 20 deg. The optimal
location is roughly y; p/c=—0.7 for a=20 deg, resulting in a maximum lift coefficient which is
64% larger than that of the freestream case at the same angle of attack and 34% larger than the
maximum lift coefficient of the baseline wing. This offset distance also results in an increased

lift near the maximum value for a=15 deg.

To understand the underlying differences in the mean flow for these cases, the time-averaged
velocity measurements are presented in Figure 6 for a =15 and 20 deg at zero and the optimal
offset as well as the baseline case in freestream. At a = 15 deg in the freestream, large
separated region is observed on the suction side of the wing, whereas attached (or weakly
separated) flow in the time-averaged sense is observed when the wing is in the wake. At a =
20 deg, massively separated flow is seen for the freestream case. In contrast, when the wing is
in the wake, a small separation bubble near the trailing-edge for y; ;/c= 0 and a large separation
bubble on the whole wing for y; z/c= —0.7 are observed. The large separation bubble covering
the entire suction surface is responsible for the significant lift enhancement. It is well known
that highly curved streamlines over an airfoil, whether caused by a vortex or a separation
bubble, increase the lift force. It may be assumed that the lift enhancement is directly related
to the size of the separation bubble, hence the proportion of the surface of the airfoil affected

by the flow curvature.

Figure 7 presents various instantaneous flow images for a = 20 deg and y;z/c= —0.7. For
“conditional sampling”, we studied the variation of the velocity magnitude just above the
leading-edge region (x/c=3.1 and 0.1c above the wing surface). Figure 7(a) presents the
histogram of the probability of the normalized velocity magnitude Vu? + v2/Us, at this
location. The highest probability (25%) is seen around Vu? 4+ v2/U,= 1.3. In Figure 7(b), we
present three representative velocity and vorticity magnitude fields that satisfy the condition
1.25 <vu? + v2/U, < 1.35 at the sampling location. Vorticity shedding and roll-up, resulting

in reattachment at various chordwise locations or highly curved streamlines over the wing, and



subsequent separation in some cases, are observed. Leading-edge vortex formation and
shedding becomes more pronounced for a higher velocity magnitude band 1.45 <+Vu2 + v2/U.,
< 1.55 in part (c). It is observed that within this velocity magnitude band, the reattachment
locations are mainly around the mid-chord and the reattached flow subsequently separates. The
instantaneous flow images in Figure 7 are similar to those of “dynamic stall” of oscillating

wings [13].

(b) a=20°
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Figure 6: Mean velocity magnitude and streamlines for two locations in the wake at x;/c
= 3.0 and in the freestream for o= 15° and 20°.
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Figure 7: For o= 20° and y,g/c = —0.7, (a) probability of normalized velocity magnitude
above the leading-edge; (b) three images of instantaneous velocity magnitude and
vorticity for normalized velocity magnitude between 1.25 and 1.35; (c) between 1.45 and
1.55.
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Figure 8: The first three vorticity POD modes for o= 20° and (a) y;z/c = 0, (b) y;z/c =
-0.7.

The first three vorticity POD modes for o= 20° are compared in Figure 8 for (a) y,z/c =0, (b)
yig/c = —0.7. The percentages of the total energy of the first three modes are 14.8%, 14.1%
and 11.1% respectively for y;g/c = 0, and 9.6%, 8.2% and 6.5% for y, g/c = —0.7. For the zero
offset case, the first two modes characterize the head-on collision of the vortical structures,
which suggests the formation of the leading-edge vortices and separation bubbles of different
sizes. The third mode represents the flapping of the shear layer. For the optimal offset case,
there are similar POD modes, although the flow separation is induced by the oscillations in the

potential flow region, not by the direct impingement of the vortices.

Figure 9 compares the probability of the local wake angle auake = tan~'(v/u), which provides an
indication of the local angle of attack of upstream flow, as well as its time rate, called “reduced
pitch rate”, at y/c = 0 and -0.7 in the absence of the wing. At the wake centreline (3/c=0), the
probability of the wake angle is distributed symmetrically about aweke = 0 deg. Slightly higher
probability is seen around owake = £20 deg than at awae = 0, which is due to the sinusoidal
variation of wake angle due to the passage of the vortices. At the optimal cross-stream location

(y/c=-0.7), there is an asymmetry of the histogram with higher probability at a positive wake
11



angle of around 3 deg, but the mean wake angle is very small (0.6 deg). For the reduced pitch
rate K = c(dawake/dt)/2Ux, the time rate dawae/dt was calculated by using the Taylor’s
hypothesis and a high-order central differencing to find dv/dx. Figure 9 shows that the reduced
pitch rate exhibits a narrower probability distribution at the optimal location than the wake
centreline. While small scale structures are associated with larger values of K, it can be
estimated that large-scale Karman street vortices produce K ~ 0.18 at the centerline, which is
large enough to cause dynamic stall vortices [13]. On the other hand, higher probability of
velocity oscillations at smaller amplitudes, with sufficiently high time rates, at the optimal
location is reminiscent of periodic excitation for active flow control. It is known from the active
flow control experiments that the optimal Strouhal number of the excitations is in the range of

fc/Ux = 0.5 to 1.0 [14], which is consistent with the value of 0.52 in our experiments.

The time-averaged velocity measurements presented in Figure 6 reveal that the optimal
location causes highly curved streamlines forming a closed separation bubble in the time-
averaged sense. The reattachment of the flow in the region of the trailing edge is similar to
other high-lift producing flows in the cases of unsteady freestream [15] and active flow control
with suction [16]. This type of flow is not observed when the wing is placed at the centreline.
Hence, the mean streamline pattern is well correlated with the enhanced time-averaged lift.
However, it is not clear how the smaller amplitude excitation at the optimal location (in
comparison to the larger amplitude excitation at the wake centreline) leads to the optimal time-

averaged flow. This remains to be studied.

We believe that the mechanism of lift enhancement at a post-stall angle of attack is similar to
that observed in other unsteady flows. Early studies of streamwise velocity fluctuations in a
freestream [15] showed that the mean lift becomes maximum at an optimal frequency. The
simplest simulation of uniform transverse fluctuations is a plunging airfoil [17], which is
known to produce enhanced lift at optimal frequencies. Unsteady disturbances produced by a
gust generator are likely to increase the mean lift, provided that frequency is appropriately
tuned. However, gust generators are likely to require external power, whereas wakes of

stationary bodies provide unsteady disturbances that do not require external power.

Finally, the effect of three-dimensionality remains to be studied. Our experiments were
performed at a Reynolds number based on the bluff body thickness Re = 50,000 and for x/H =
6. At a comparable Reynolds number based on the diameter Re = 13,000 and in the intermediate

wake region x/d = 20, Hayakawa and Hussain [18] found significant three-dimensionality and
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Figure 9: Probability of wake angle awake, probability of reduced pitch rate K, and joint
probability of wake angle and reduced pitch rate at (a) y/c =0, (b) y/c =-0.7.
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estimated the spanwise scale of vortical structures around 1.8d. They concluded that the typical
spanwise extent of large spanwise vortices is comparable with the local half-width of the wake.

We are investigating this aspect further and would like to report on it in the near future.

IV.  Conclusions
The unsteady aerodynamics of a wing placed in a wake of a bluff body was investigated. Lift
force measurements revealed that the wing experienced mean lift enhancement as well as a
delay of stall compared to the freestream. The lift enhancement at the post-stall angles of attack
became maximum when the wing was placed at an optimal offset distance from the wake
centreline. A 34% increase in the maximum lift coefficient and delay of stall angle of 9° was
observed. The increased lift is due to the flow separation and formation of a large separation
bubble in the time-averaged flow. The instantaneous flow revealed that the quasi-periodic wake
flow excites the separated flow and causes the formation of leading-edge vortex and
reattachment, similar to the dynamic stall of oscillating wings. At the optimal location, small
amplitude oscillations, as opposed to the large amplitude oscillations at the wake centerline,
provide an effective way for flow control. Even though the excitation frequency in this case is
in the range of optimal flow control frequencies, the excitation is believed to have low spanwise

correlation at this wake Reynolds number, which makes this finding intriguing.
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