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NOMENCLATURE
C

= chord length

CCW = slot orients in counter clockwise direction
CD

= drag coefficient: D / q c

CL

= lift coefficient: L / q c

CP

= pressure coefficient: (p − p∞) / q

CQ

= steady volume flow coefficient: Q / cU∞

CW

= slot orients in clockwise direction

Cµ

= steady momentum coefficient: (2h/c)(USlot/U∞) 2=2CQ(USlot/U∞)

D

= drag

h

= slot width

L

= lift

LE

= leading edge

LL

= slot locates at lower loft

q

= dynamic pressure:

Q

= volume flow through the slot

R

= radius of the trailing and leading edges of the airfoil investigated
= a parameter that governs the evolution of a wall jet in an external stream

Re

= Reynolds Number: U∞ c / ν

TE

= trailing edge

Uslot , Uj

= slot velocity assumed to be “top-hat”

UL

= slot locates at upper loft

U∞

= free stream velocity

xc

= distance from slot to trailing edge

α

= angle of attack

δf

= flap deflection

12

NOMENCLATURE ---- Continued
ϕ

= slot location in radians measured from the chord line

θ

= angular distance measured from the chord line near the TE or LE of a circular
cylinder
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ABSTRACT

Various methods of Active Flow Control (AFC) were experimentally investigated on
an elliptic airfoil to improve our understanding of the flow mechanisms and identify the
parameters, governing fluidic control of separation and circulation. Steady blowing,
steady suction and Zero Mass Flux Forcing (ZMFF) were applied to enhance the
performance of the airfoil at all possible parts of the flight envelope. All three modes of
actuation were two dimensional. The unique design of the model enabled one to vary the
slot-widths, their locations and their orientations, without a change of hardware. Changes
in the free stream velocity, amplitudes and frequencies of the periodic forcing, or mass
flow associated with the steady suction or blowing were also investigated. Wedges
attached to the trailing edge of the ellipse modified the shape and sharpness of the trailing
edge thus determining the Kutta condition rather than letting it be freely established by
the AFC.
For steady blowing the increment of the lift coefficient scales with the momentum
coefficient (Cµ), provided that the slot is thin. The lift increment generated by the blowing
is adversely affected by wider slots and a deleterious effect on CL was observed at low Cµ
. The lift increment was independent of Reynolds numbers of the airfoil and the jet but it
depended on the slot location and orientation. An imposed Kutta condition, even when
carried out by a small protuberance had a significant effect on CL. The drag was not
necessarily reduced by the blowing and Cµ was not its primary scaling parameter.
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Suction is much more effective than blowing at low levels of Cµ. Neither Cµ , nor
volume flow coefficient, CQ, provides universal relation for suction. ZMFF is most
effective in reattaching separated flow but the traditional <Cµ> does not provide the
universal scaling for ZMFF. Much higher level of input was required to attach separated
flow than to keep the flow attached.
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CHAPTER 1 INTRODUCTION
1.1 Historical Background
Flow separation is generally considered to represent the detachment of fluid from a
solid surface (e.g. Maskell, 1955; Chang, 1976; Telionis, 1979; Gad-el-Hak & Bushnell,
1991). Whether caused by a severe adverse pressure gradient (e.g. Simpson, 1989, 1996),
a geometrical aberration (e.g. Bradshaw & Wong, 1972; Kim et al, 1980) or any other
means, separation is generally accompanied by significant thickening of the rotational
flow region adjacent to the surface with a marked increase in the velocity component that
is normal to it. Thus our traditional means for analysis, namely the boundary layer
equations, are summarily invalidated. Separation is almost always associated with losses
of some kind, including loss of lift, drag increase, pressure recovery losses, etc.
Consequently, engineers have been preoccupied with delaying it, altering its location or
better still avoiding it whenever possible. The accepted shape of hydro and aerodynamic
vehicles and devices operating today, bear testimony to the tremendous advances that
have been made in the development of means that avoid separation.
Prandtl (1927) demonstrated that flow separation from the surface of a circular
cylinder can be substantially delayed by sucking the boundary layer through a narrow
slot. However as the quest for speed increased, and the wing sections became thinner,
suction gave way to blowing of highly pressurized air that was conveyed in small
diameter pipes. Nevertheless, suction through pores in the surface proved to be valuable
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in stabilizing the boundary layer and delaying transition to turbulence (e.g. Bussmann &
Muenz, 1942). Jet propulsion that availed relatively large quantities of compressed air
onto an airborne system, enabled blowing to become the standard technique used for lift
augmentation. Massive blowing that increased the lift above and beyond the nominal
values provided by conventional control surfaces, created a device known as “jet-flap”, or
was more recently referred to as circulation control. Nevertheless, boundary layer control
by blowing was used sparsely, even on military airplanes, because of the substantial
power required for its application and the added complexity and weight of its plumbing.
Until 1947 mass flux removed by suction or injected by blowing, was considered to
be the primary parameter affecting the flow. After Poisson-Quinton (1948) had shown
that momentum flux collapsed the CL generated by blowing from various slot widths on a
single curve, momentum coefficient, Cµ, was adopted as the primary parameter defining
boundary layer control by blowing, while mass flow coefficient, CQ, was retained to
characterize suction. For steady blowing, Cµ was mostly calculated by knowing the mass
flow through the slot and the slot’s height and by assuming the flow to be onedimensional. Large variations in momentum coefficients (0<Cµ<1) were considered by
Poisson-Quinton and by others (e.g. Attinello, 1961) but the effects of slot width or its
location were never systematically analyzed. Atinello who designed the blowing system
on the Lockheed F-104 fighter airplane recognized the significance of the slot width at
low values of Cµ that were more realizable in practice. He argued that the enhancement of
lift depends on Cµ[1-(U∞/USlot)]= Cµ - 2CQ whenever Cµ<0.05. The latter parameter is
derived from simple mass and momentum considerations when a jet emanates into a

17

large, constant velocity stream that is parallel to it, in the absence of pressure gradient
and a solid surface
{J-m U∞=ρ∫u(u-U∞)dy= 0.5Cµ - CQ}.

Figure 1.1. 1Schematic diagram showing the conservation of mass and momentum
when a jet emanates into a constant velocity stream

The abovementioned constrains enable one to subtract a scalar quantity based on
mass flow (CQ), from a vector quantity based on the jet momentum, (Cµ). Only
momentum needs to be considered when USlot>>U∞, but the effects of low momentum
coefficient on the drag of an airfoil are largely unexplored. The focus on lift enabled
many researchers to model the “jet flap” by assuming the flow to be inviscid and to
predict a complete thrust recovery that was independent of the inclination of the jet
leaving the trailing edge of the airfoil (e.g. Woods, 1958). The notion of such
independence was corroborated experimentally by Davidson (1956) when the jet
injection speed was very high relative to the free stream. The thrust recovery hypothesis
created a controversy that is not fully resolved for miscible turbulent jets (Tsongas, 1962;
Hynes 1963), although it has been recognized that approximately 90% of the jet
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momentum is recovered as thrust up to injection angles of 60o, thus making the thrust
effectively independent of the injection angle.
On the other hand, if the blowing-slot is located sufficiently far upstream of the
trailing edge, as is the case in many “blown flap” configurations, one has to consider the
flow of a wall jet that is embedded in an external stream. The downstream development
of a wall jet in the absence of pressure gradient and curvature was investigated by Zhou
& Wygnanski (1993) who observed that the flow develops in a self-similar fashion
provided the local maximum velocity measured in the wall jet is at least twice as large as
the free stream (i.e. Umax/U∞ >2). To obtain the self-similarity, the local width of the wall
jet was divided by a velocity ratio

that when multiplied by an

appropriate length scale represents the ratio between the circulation introduced by the
wall jet over the flap and the mass flow injected by the slot. Hence this flow is not only
dependent on the momentum flux introduced at the nozzle but also on the vorticity and
the mass flow near the nozzle exit. Extending this observation to separation and
circulation control by blowing would suggest that ΔCL should depend not only on Cµ but
also on

that changes its sign when USlot < U∞. This happens when one considers

Attinello’s (1961) observations that that decreased the lift at low jet momenta for which
.
Many observations made in the past (e.g. Poisson Quinton 1961) suggested that the
lift increment attained by using blowing encompassed two effects that sequentially
depend on the level of Cµ . At small Cµ separated flow reattaches to the surface generating
a lift increment ΔCL∝Cµ . In this case the role of the jet momentum is to control the
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boundary layer and generate a flow that could be described by potential flow solution
around the solid airfoil. For larger input of momentum Cµ> CµCrit the lift increment is
smaller, ΔCL∝√Cµ due to super circulation. The critical value of Cµ , separating the two
regimes depends mostly on the flap deflection and its size, but it is also sensitive to
incidence, thickness of the wing, its shape, sweep and aspect ratio, as well as the flap’s
thickness and curvature. CµCrit is estimated to be approximately 5% when steady blowing
is applied to conventional flaps having a chord that is less than 30% of the total airfoil
chord. When a jet emanates from the shoulder of a highly deflected flap, CµCrit increases
with increasing flap deflection and was estimated to be: CµCrit ≈0.015*tan(δf), provided

α=0o. Recent observations (Cerchie et al., 2006) suggest that the assumptions giving rise
to CµCrit might be erroneous because an airfoil may increase its lift due to the upstream
entrainment caused by blowing, suction or fluidic actuation, without necessarily attaching
the flow downstream of the slot.
Periodic forcing or excitation from a thin slot, or active flow control (AFC) as it is
often referred to, emerged in the late nineteen eighties as an active research area with
potentially wide application to aerodynamics. The physical driver was that separated
flows could be manipulated and attached to surfaces, with attendant increases in lift, by
means of periodic zero mass-flux forcing (ZMFF) whose input momentum was a small
fraction of that required by steady blowing (e.g. Nishri & Wygnanski, 1998; Seifert et al,
1993). Perturbations could be introduced via a narrow slot or any other device capable of
producing an oscillatory momentum source. The efficacy of this method was attributed to
the fact that separated flow is well represented by a classical mixing layer (Figure 1.1. 2a)
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while a boundary layer on the verge of separation contains an inflected velocity profile
that is susceptible to periodic perturbations and amplifies them in a manner similar to the
amplification of perturbations in a plane mixing layer (Figure 1.1. 2b). This creates an
array of spanwise vortices that periodically sweep the surface transferring streamwise
momentum from the outer flow to the surface, thus enabling the boundary layer to remain
attached and overcome larger adverse pressure gradients (Darabi, 2002). This is in
contrast to traditional boundary layer control techniques where suction removes the low
momentum fluid from the boundary layer while blowing reenergizes it. Spanwiseuniform periodic excitation exploits the instability of the boundary layer that amplifies
the input, thereby leveraging its effects.

Figure 1.1. 2 above a deflected flap (a) separated flow; (b) Forcefully attached mean flow
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An early example demonstrating quantitatively the relatively large efficiency of flap
excitation (with and without simultaneous steady blowing) from the flap of a NACA0015
is shown in Figure 1.1. 3. This figure was reproduced from the paper of Seifert et al
(1993) where the dependence of the lift coefficient on incidence (Figure 1.1. 3a) is
plotted together with the form-drag polar (Figure 1.1. 3b). The airfoil characteristics at
this flap deflection are emphasized in these figures. Here, a combination of excitation,
together with steady blowing, shifted the entire lift curve upwards by ΔCL=0.65 prior to
the onset of trailing edge separation and by ΔCL=0.9 at incidence corresponding to the
maximum lift generated by this airfoil. This represents an increase of 64% in
relative to baseline configuration (Figure 1.1. 3a). The form drag was eliminated by
excitation at incidences corresponding to 0.7<CL<1.5 (Figure 1.1. 3b). The introduction
of pure periodic oscillations had also the most profound effect on the total drag which
was reduced by a factor of 3. Replicating this form-drag polar by steady blowing required
Cµ=10%, i.e. a factor of 6.25 larger (Figure 1.1. 3). Later experiments by Seifert & Pack
(1999) demonstrated that these results are Reynolds Number independent.
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Figure 1.1. 3 The effect of blowing and periodic forcing on the lift and form drag polar obtained on a
flapped NACA0015 airfoil (Courtesy of Seifert et al. 1993).
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The introduction of periodic forcing adds frequency as a parameter, with or without
considering the steady mass flux component, thus correct amplitude scaling becomes an
even more difficult task. Moreover, with the vast and ever growing range of actuation
methods, a key task is to establish a common “output” parameter so that their relative
effects on the flow or performance parameters of interest can be compared. Generalizing
the steady blowing parameter to include a periodic component (Seifert et al, 1993) is a
common approach and produces the combined momentum coefficient:

where J and 〈J〉 represent the steady and unsteady momentum addition respectively (e.g.
Seifert et al, 1993; Greenblatt & Wygnanski, 2000). In most cases, the momentum
components cannot be predicted from first principles although lumped-element or
reduced-order models were used (e.g. Gallas et al, 2002). Consequently every actuator
must be calibrated by directly measuring the velocity field and hence it’s momentum
components.
Although the above definition can readily be extended to include all devices that
produce oscillatory momentum, the parameter 〈Cµ〉 is not without its limitations. For
example, the suction phase does not directly add momentum, and calibrations performed
under quiescent conditions (U∞=0) may become invalid in the presence of free stream
velocity (U∞ ≠ 0). To date, various experiments have been conducted which indicate that
this parameter is not universally valid and alternate forms have been suggested.
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When momentum is introduced in an oscillatory manner, the correct frequency scaling
parameters are not known without empirical input. In general, different objectives – e.g.
attaching an otherwise separated flow, the avoidance of separation of an attached flow, or
maximization of CL,max or L/D – will result in different numerical values of a selected
parameter. The attachment of an initially separated shear layer to an inclined solid surface
by means of small amplitude perturbations is directly related to the shear-layer receptivity
to the perturbations and their amplitude. Forcefully reattached flow (Figure 1.1. 4)
indicates that the vortices amplified by the instability reinforce and regulate the eddies
that would have been shed if the flow would have been separated creating a free mixing
layer near the surface (Darabi, 2002).

Figure 1.1. 4 Forcefully reattached boundary layer by periodic excitation emanating from a slot
(Darabi, 2002), showing a phase-averaged PIV “snapshot” (arbitrary phase). Colors represent
spanwise vorticity contours; black curves represent streak-lines.
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Figure 1.1. 5 minimum momentum coefficient required to attach an otherwise separated shear layer
to a deflected surface as a function of reduced frequency (Nishri & Wygnanski, 1998).

Nishri & Wygnanski (1998) established that for a fully turbulent upstream boundary
layer separating from a generic flap (i.e. an inclined surface), and in the absence of
surface curvature, the optimum reduced frequency, i.e. requiring the least momentum
〈Cµ〉min, to attach the flow was F+ ≈ 1.3, where F+≡feXte/U∞ (Figure 1.1. 5). However, the
optimum F+ required to prevent the separation of an initially attached flow was somewhat
higher, in the range 2≤F+≤4. The actual 〈Cµ〉 required to keep the flow attached might be
an order of magnitude smaller than the 〈Cµ〉 required to force reattachment of the flow.
This makes AFC much more attractive provided one can assure that the flow will not
separate spontaneously. This requires the ability to sense an impending separation and a
robust closed loop control mechanism. The implementation of such strategy is based on
the identification of a hysteresis loop by preliminary measurements under the
predetermined flow conditions. Such measurements consist of the series of open-loop
tests, providing the information about the theshold values of control authority, necessary
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for keeping the flow attached. Even for one freestream velocity and angle of attack, the
amount of work necessary to identify the process precisely, is significant. The price of the
control fault could be very high, since it may lead to the abrupt drop in lift, increase in
drag, and a change in the pitching moment.
A number of different parameters have been proposed and assessed for the
characterization of lift coefficient resulting from ZMFF. Nagib et al (2006) conducted
experiments on a highly deflected simple flap and concluded that the velocity ratio is the
most appropriate parameter. They combined this with Strouhal number to form the new
parameter,

. Stanlov & Seifert (2008) considered five different

scaling parameters for control using high-frequency and pulsed actuation and concluded
that the Reynolds number scaled momentum coefficient provided the best scaling for
their data set. Periodic forcing therefore only broadened the number of variables affecting
the flow and increased the need to assess their relative influence on the flow.
Another technological driver behind the development of AFC is its ability to deploy
autonomous actuators and sensors within, or attached to, aerodynamic surfaces.. Two of
the most common actuator types are fluidic actuators (e.g. ZMFF, Nagib et al, 2006) that
are deployed behind the slot to produce oscillatory perturbations, and surface mounted
mechanical oscillators (e.g. Viets, 1987, Neuburger & Wygnanski, 1987, Bar Sever,
1989). Significant advances in zero and non-zero mass-flux devices occurred in recent
years. They include piezoelectric (Chen et al, 2000, Glezer & Amitay, 2002) valve-type
(Seifert et al, 1996; Bachar, 2001; Seifert & Pack, 1999) and pulsed combustion or
detonation-driven (Crittenden et al, 2001) devices. The same is true for surface-mounted
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actuators, that include piezoelectric (Seifert et al 1998); plasma-based arc filament (Post
& Corke, 2004), (Samimy et al, 2004); shape memory alloys (Wlezien, 1988) and
Lorentz force (Weier & Gerbeth, 2004) actuators. Perturbations generated by the
actuators are ususally small relative to a characteristic speed and dimension of a vehicle
thus exploiting the boundary layer instability concept. Modern active flow control
encompasses both steady and periodic approaches, as well as combinations of the two.
Our ability to understand and analyze these flows from first principles is severely
limited for two reasons. Firstly, the pre-existing turbulent flow complexity is exacerbated
by a periodic unsteadiness that is often driven by instability mechanisms. Secondly, the
wide variety of actuation devices listed above can have significantly different effects on
the same basic flow field. Thus theoretical methods (Gaster et al, 1985; Reau & Tumin,
2002) can at best describe only qualitative trends and generally have a limited predictive
capability. The main advances to date have been empirical, or semi-empirical, and these
form the basis of our present rather superficial understanding. Nevertheless, experiments
that isolate controlling parameters remain an indispensable approach for advancing our
knowledge.
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1.2 Broad Objectives of the present investigation
In view of the uncertainties associated with the parameters affecting fluidic separation
and circulation control, it was decided to revisit the problem. The test-bed selected is a
thick, elliptical airfoil with leading and trailing edges that are approximated by circular
arcs. This enables one to vary the slot width, its orientation and its location without the
need to cut new metal and expose the test to manufacturing uncertainties. There are two
zones of a wing where the application of flow control is most valuable: over a deflected
flap of an airfoil at low angles of incidence, or over a leading edge at incidence
corresponding to stall conditions. The introduction of flow control near the trailing edge
may increase substantially the lift generated by the wing and simplify or even eliminate a
complex multi element, Fowler Flap System. The application of AFC near the leading
edge may delay stall and ameliorate its occurrence thus eliminating the need for heavy
and complex slat system. The effects of slot orientation, slot width and its location were
never investigated systematically to date. Intuitively, suction should favor upwind
(referred later on as anti-clockwise) orientation of the slot scooping the retarded boundary
layer fluid, while blowing would favor its downwind (clockwise) orientation accelerating
this fluid. However, intuition might be misleading. Whenever a steep landing approach is
necessary one would like to destroy the lift and enhance the drag, but do so under
complete control with an almost instantaneous ability to reverse the trend. This might
require blowing against the free stream in a manner similar to thrust reversal on
commercial airliners.
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Very little data is available on slot suction for lift augmentation as this method of
separation control was abandoned soon after its inception, therefore extensive
comparison between it and steady blowing is warranted. Once again, slot width, its
location and orientation have to be considered. Finally the steady modes of separation
control should be compared with the unsteady one, ZMFF, in order to understand the
causes of its effectiveness and correlate them with the available parameters. The main
objective of the present investigation is to compare all three on the same airfoil using the
same instrumentation and data analysis. Since ZMFF is not the only unsteady method of
flow control the understanding of its controlling parameters and their hierarchy as far as
lift generation is concerned, may serve as a baseline for wider comparisons.
A sharp, triangular wedge can be attached to the circular arc forming the trailing edge
(TE) of the airfoil in order to determine the significance of the Kutta condition and to
simulate the flow over a deflected flap. The length of such flap (and its included trailing
edge angle) may also vary as does its location in relation to the slot from which the AFC
emanates. The Reynolds number and the methods of flow control can also be altered with
ease as it was done on conventional airfoils.
Finally the occurrence of hysteresis whenever active separation control is used is
carefully investigated for a number of instances in order to lay down the foundation for
closed loop control devices.
This thesis describes a not only parametric study on a two dimensional configuration
in incompressible flow at Reynolds numbers of Re < 0.5*106, but it also endeavors to
probe the flow field in order to make flow control more effective than it currently is.
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CHAPTER 2 DESCRIPTION OF THE EXPERIMENTAL
APPARATUS
The basic elliptical airfoil (without attachments, Figure 2. 1) has a chord of 10.86” and
a maximum thickness of 30% chord. The circular arcs that form its leading and trailing
edges are 2.46” in diameter and they fit snuggly into the main body of the airfoil. The
slots are inclined at 30o to the tangent and their width and location can be adjusted in situ
by rotating the individual arcs and placing the appropriate shim stock into the slots before
tightening the end plates. The symmetry of the configuration enables tests at positive and
negative incidence angles thus changing the orientation of the slot relative to the
oncoming stream as well as the surface from which AFC emanates. This might be very
important near the leading edge where acceleration of the flow away from the stagnation
point (that is generally located on the lower surface) might affect the stall angle and the
behavior of the airfoil near stall.

Figure 2. 1A cross section of the elliptical airfoil
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One may obtain data by either placing the minor or the major axis of the ellipse
normal to the flow. The major axis always represents the chord while the minor one
represents the maximum thickness of the elliptical airfoil. Under normal flight conditions
the major axis is inclined slightly to the oncoming flow, however by rotating the ellipse at
90o to the flow, the airfoil simulates the two dimensional equivalent of a tiltrotor wing in
hover, thus measuring its download. Figure 2. 1 shows the slots as they would be in the
hover configuration with the flow coming from above, for cruise the two arcs forming the
leading edge may be interchanged in order that the LE slot will also point downstream.
An “I” beam divides the interior volume of the airfoil into two independent pressure
chambers through which blowing, suction or ZMFF can be passed either independently
or in conjunction with one another.
The airfoil is equipped with 52 static pressure taps (Figure 2. 1) from which the lift
and the static form-drag were calculated. Total drag was measured by traversing the wake
some 3 chord lengths downstream of the trailing edge where the static pressure
corrections were small. The rake consisted of 15 total-pressure probes that were placed at
an interval of 1” and two static pressure probes located at both ends of the rake. The rake
could slide relative to the airfoil and could be centered in the wake. It could also be
traversed across the wake in order to provide the necessary resolution of data points
wherever the velocity gradients were steep. All the pressure ports were scanned
electronically using a Pressure Systems Inc. (PSI) model 780 equipped with four, 16-port
differential pressure scanners. These scanners have an array of silicon piezo-resistive
pressure sensors, one for each pressure port. The sensors are calibrated by connecting
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them all to a common manifold of known pressure. All the sensors are calibrated by
exposing them to a prescribed identical pressure through two-position pneumatically
actuated valves.
A hot wire anemometer was used to calibrate the slot whenever the actuation method
demanded it. The constant temperature anemometer (AA systems model AN 1003) was
used in conjunction with a single wire probe that was inserted into the slot. The wire was
calibrated in the free stream and the flow through the slot was assumed to be uniform at
every instance of time. Data acquisition from the hotwire anemometer and the pressure
transducers was accomplished using a 16-bit National Instrument PCI 6024E A/D card
that had a range of +/-10 volts. For the pressure system, a National Instruments PCI GPIB
card served as an interface between the computer and the instrument using an IEEE 488.2
cable.
The 24” span model was installed in a 24-inch by 41-inch test section of an open loop,
cascade wind tunnel. The Reynolds number tested varied between 100,000 and 500,000.
In order to avoid laminar bubbles and strong Reynolds number dependence, four
roughness strips were used, two were placed at mid chord and two at the juncture
between the LE cylinder and the main element. The installation of the airfoil in the tunnel
is shown in Figure 2. 2.
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Figure 2. 2 A picture of the airfoil in the wind tunnel

A small blower could provide up to 68 SCFM at a maximum pressure of 800mm of
water. The air supplied passed through a flow meter of the appropriate range. The input
voltage regulated the RPM of the blower and thus the volume flow through the slot. The
air leaving the flow meter outlet passed through two flexible hoses connected to both
sides of a settling chamber in the interior of the airfoil, thus maximizing the contraction
ratio between the inlet area and the slot area. The same plumbing was used for suction
except that the flow direction was now reversed and required the inlet of the blower to be
connected to the hose rather than its outlet.
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CHAPTER 3 RESULTS AND DISCUSSION
3.1 Baseline Results
The use of flow control near the leading edge of an airfoil is mostly intended to delay
separation and ameliorate stall. It is therefore important to know the condition of the
baseline flow prior to stall or immediately after its occurrence as a result of excessive
incidence. The existence of an open slot affects the maximum lift generated by the airfoil
as the cavity in the interior of the airfoil may resonate with various instability modes and
trip the boundary layer. Close to the Reynolds numbers at which transition occurs
naturally near the leading edge, the flow may be very sensitive to any protuberance or
surface discontinuity. An example for such sensitivity is shown in Figure 3.1 1 where the
slot is oriented in the direction of streaming and it is located at an azimuth of ±30o
relative to the LE of the airfoil, which includes two slot locations: on upper loft (UL) in
clockwise direction (CW) and on lower loft (LL) in the counter clockwise direction
(CCW). When the incidence angle is increased while the slot is open, a CLmax of 1.2 is
attained and the stall is very gentle (i.e. dCL/dα≈ 0 for 12o< α <20o). The airfoil stalls at

α=21o with a concomitant decrease in CL of 50%. Decreasing α from post stall
conditions results in natural reattachment of the flow at α=16o, thus generating a
hysteresis loop of 5o. The reattachment is limited to the leading edge region and although
CLmax =1.2 the flow is clearly separated over a fraction of the chord. Covering the slot
with a tape results in hysteresis between 12o<α<19o where the lower number corresponds
to decreasing incidence where reattachment occurs. It is clear that the open slot generates
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perturbations that force the separated shear layer to reattach earlier (in this case at higher

α).

Figure 3.1 1 The dependence of CL on α with a slot located at 30o from LE either on upper loft or
lower loft, and pointing downstream in both locations

Since the airfoil is symmetrical one may increase its negative incidence and examine
the stall conditions on the opposite loft that becomes “the upper surface” instead of being
the lower one. In this case there is no slot that disturbs the flow, and thus the airfoil stalls
abruptly at α=15o, generating a lower CLmax=1. Since the flow reattaches at α<13o the
hysteresis loop is rather small. Taping the slot on the opposite surface does not change
the stall angle nor does it change the CL generated because the location of the tape does
not affect transition.
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Figure 3.1 2 Surface pressures on the ellipse when the slot is located at 30o from LE
on lower loft in counter clockwise direction

To gain a better understanding of flow structure, one often refers to a surface pressure
distribution. At low Re flow, (e.g. Re=160,000), a LE bubble is formed (Figure 3.1 2).
The flat, almost constant region of Cp indicates that a bubble had been created between
x/c=0.08~0.18, near the location of the trip strip (x/c=0.11). The bubble grows gradually
with increasing α up to α=15 o, then it starts to spread, and bursts at α= 16 o where flow
separates. A similar observation can be made (Figure 3.1 3) when slot is located at the
LE, either covered or not. In other words, the presence of a slot has no effect on the base
flow if it is located at the LE or on the lower loft.
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Figure 3.1 3 Surface pressure of ellipse when slot locates at 0 o from LE in clockwise direction.

Changing slot location to the upper loft in its clockwise orientation (Figure 3.1 4)
retains a somewhat smaller bubble up to an incidence of 22o. Two lift slopes are shown in
the inset one for 0o<α <9o and the other for 9o<α <18o. However, flow separation creeps
up from the TE reaching x/c=0.6 at α =22o. The resonance frequency energizes the LE
bubble, whose size shrinks but the fluid within it spins faster to create locally lower
pressure. So the bubble can sustain itself till α =22o and totally separate from upper
surface at 23o.
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Figure 3.1 4 Surface pressure of ellipse when slot locates at 30 o from LE
at upper loft pointing downstream.

Figure 3.1 5 Slot location and orientation effect on low Re flow

39

(a)

(b)

Figure 3.1 6 The baseline pressure distribution of sharp and circular TE, both plotted in x
(streaming) and y direction respectively

The base pressure in the absence of suction near the bluff TE is negative (Cp=-0.15 or
Cp=-0.1 depending on Re). It appears that the flow is always separated downstream of
x/c=0.95, since Cp is constant. The flow is attached to the triangular appendix added to
the circular TE all the way to the TE and the Cp in this case is positive. In both instances
the pressure recovery at the lower Re is higher (Figure 3.1 6a). By replotting the pressure
distribution versus y/c the constancy of the base pressure around the TE becomes more
obvious (Figure 3.1 6b). The pressure recovery over the triangular appendix is also
clearly exhibited in this plot.
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Adverse effect on lift at small α and stall hysteresis

Figure 3.1 7 Lift hysteresis on the extended sharp TE due to change in α

The addition of the sharp TE flap to the elliptical airfoil generated negative lift at
small angles of incidence of α< ± 3o (Figure 3.1 7). (The CL shown at α< 0o was not
exactly zero, because of the experimental difficulty, but off zero by a negligible amount.
The CL shown at all incidences were subtracted by this value, to gain a purposed
comparison between the incidences and the two Re flow.) This observation was made by
Horner17 on thick symmetrical struts and was generally explained by the fact that a
boundary layer over the rear portion of a thick strut is on the verge of separation α = 0o
and thus at small positive incidence separation originates on the top surface and creeps
upstream with increasing incidence. At intermediate angles of attack, 5o < α < 15o in this
case, the upstream movement of the separation point stops around the location where the
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airfoil attains its maximum thickness. Lift is generated in this range of α values but the
slope of the lift curve (dCL/dα) is relatively low [(dCL/dα) ≈0.055 per degree].
Stall hysteresis may be observed between 13o< α <16o at positive incidence and low
Re (=2.5*105), and between -14o<α <-20o at the higher (Re =4.1*105). Although the
maximum lift is approximately the same (CLmax≈0.8) regardless of the sign of α, the angle
of attack where LE stall occurs depends on the surface chosen. This dependence stems
from the existence of the slot on one of the surfaces that trips the boundary layer
prematurely resulting in some losses. For this reason dCL/dα for the plain elliptical airfoil
is smaller on this surface than it is on the other surface.
Pressure distributions measured near the TE do not indicate any flow separation in that
region. Cp is positive at the TE and appears to be equal on both surfaces as long as α<3o.
The observed adverse lift effect at α ≈0o, i.e. dCL/dα <0 stems from apparent bubble,
created near the leading edge on the lower surface. It does not occur on the upper surface
due to the presence of the slot that is pointing upstream and tripping the boundary layer.
The contribution of the LE bubble to negative lift is small but it tends to lower the
pressure over the entire surface on which it is formed and this affects the negative lift. At

α=1o the bubble on the lower surface is smaller than at α=0o ,but the pressure over the
entire lower loft is more negative because the flow tends to accelerate over the lower
surface as it approaches the TE due to the incidence. The acceleration on the lower
surface is very clearly visible at α=5o where the minimum pressure occurs at x/c=0.56. It
is thus a combination of a LE bubble and flow acceleration toward the TE, both occurring
on the lower loft, that results in the negative lift. It is certainly not the separation near the
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TE on the upper surface as was suggested by Horner (Figure 3.1 8 a,b). Figure 3.1 8 c
also shows the velocity profile in the wake that slightly shifts toward the upper loft
indicating lift reduction. At larger incidence of α=5o the suction at the LE counters this
adverse effect and generates positive lift (Figure 3.1 8a).
At higher Re the LE bubble on the lower loft was eliminated due to transition to
turbulence (Figure 3.1 9). Thus at α=1o the pressure was lower on the upper surface near
the LE. Nevertheless at x/c>0.55 and α=1o, the pressure on the lower surface is lower
resulting in CL<0. This might have been caused by a combination of thickness and
incidence as well as by some losses associated with the LE bubble created at the positive
incidence.

(a)
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(b)

(c)
Figure 3.1 8 Surface pressure distribution of low Re in (a) streaming direction, and (b) vertical
direction; (c) wake velocity deficit of ellipse with a sharp TE
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Figure 3.1 9 Surface pressure distribution of high Re
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3.2 Steady Blowing Results
The results are divided into two main groups: one focusing on controlling the flow
from the TE elliptical airfoil and the other from its LE. Slot location, slot orientation and
slot width were then changed for each of the AFC methods used. In each application the
input momentum and mass flow was altered. Since the number of parameters is very
large the all-encompassing matrix approach for this experiment had to be abandoned in
favor of effects exposing important features of the flow. Furthermore the data presented
in this paper represent a fraction of the data considered in order to expose some novel
features of this exercise.
The sole difference between the elliptical cylinder and a thick symmetrical airfoil
(strut) is the lack of definite Kutta condition at the trailing edge. In that respect the ellipse
is similar to the circulation controlled airfoils investigated by Englar[10] that use the
“Coanda Effect” to generate the excess circulation. The pressure distributions over the
ellipse and the strut at incidence are similar, but the imposition of Kutta condition has its
consequences. For controlling the separation near the trailing edge we shall follow the
path established by Poisson-Quinton[3] by keeping α =0o , retaining the slot position at a
fixed location given by θ=90o (this reference angle assumes that the TE θ=180o because
the cylinder is exposed to the uniform stream coming from the left), while changing the
other parameters affecting the flow.
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3.2.1 Steady blowing from the trailing edge slot pointing in the direction of streaming

The lift increment generated by varying CQ, slot widths and Reynolds numbers is
shown in Figure 3.2 1. It is clear that the flow is Re independent for the range of Re
considered, but the CL generated is very sensitive to the slot width, h, that was increased
by a factor of 3 only. For a given mass flow the narrowest nozzle generated the highest
CL. The maximum slot width considered in Figure 3.2 1, when scaled with the chord is
less than 0.5% and it is commensurate with the existing data[3,4].
Since CQ did not solely determine the lift increment, the dependence of CL on the
velocity ratio UJ/U∞ was examined as recommended by Nagib et al[11,12], but it did not
show any improvement. Contrary to the results shown in Fig. 3, the largest CL was
generated by the widest slot, for a given UJ/U∞ (Figure 3.2 2). The results shown in
Figure 3.2 2 also suggest that blowing has a deleterious effect on lift when UJ/U∞ <1.
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Figure 3.2 1The increase of lift as a function of CQ

Figure 3.2 2 The increase of lift as a function of UJ/U∞ .
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Figure 3.2 3 The dependence of CL on Cµ .

Recalculating the results in terms of Cµ collapsed the data onto a single universal
curve as suggested by Poisson-Quinton[3] (Figure 3.2 3). Furthermore, there is a linear
dependence of CL on Cµ suggesting that the results obtained for Cµ<3% (inset of Figure
3.2 3) only delay the separation of the boundary layer from the upper surface and thus
generate lift. This is generally referred to as the Boundary Layer Control (BLC) regime
and assumed to be applicable at low values of Cµ. The term BLC refers to the alleviation
of boundary layer separation precipitated by severe adverse pressure gradients and
curvature occurring mostly near the leading edges of wings at high incidence and at
deflected flap shoulders[3,13]. Blowing energizes the boundary layer while suction
removes it until the potential lift predicted by inviscid flow is sensibly realized. A
symmetrical airfoil at α=0o should not generate lift invalidating the popular definition of
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BLC unless one incorporates jet entrainment into the inviscid model[14,15]. Since jet
entrainment alleviates the adverse pressure gradient upstream of the blowing location, the
introduction of an inviscid model that accounts for it blurs the distinction between BLC
and Circulation Control (CC). Control of circulation is thought to occur at Cµ >CµCrit
where the value of the latter depends on flap deflection and the relative extent of the flap
and is generally bound by: 3%<Cµ<5%. Examination of the entire data-set on a semilogarithmic scale is continuous and does not indicate that a CµCrit separating BLC from
CC exists. The deleterious effect on CL at Cµ<0.4% is disturbing even if it is not
surprising[4]. It suggests that weak tangential blowing just encourages separation from the
surface from which the blowing originates.

Figure 3.2 4 The dependence of Cm,c/4 on Cµ .
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It is well known that variations in pitching moment are more sensitive to differences in
pressure distribution over an airfoil than lift, thus the applicability of Cµ as being the
dominant parameter governing the blowing from the vicinity of the TE has be reinforced
by considering the behavior of Cm,c/4 (Figure 3.2 4). Since blowing generates a region of
low pressure over the circular aft portion of the airfoil (in the vicinity of the slot), it
precipitates a nose-down pitching moment that increases with increasing Cµ . A slight
nose-up pitching moment observed at Cµ < 0.3% is associated with the deleterious effect
of blowing on lift. Once again the results are independent of Re.
The effect of blowing over the circular trailing edge of the airfoil on the total drag is
shown in Figure 3.2 5. The ordinate in this figure represents ΔCD=CD-CDo, where
CDo≈0.07, is the baseline drag of the elliptical airfoil at the given slot configuration and
Re. This representation focuses on the effect of Cµ on the drag in an analogous way to the
lift that vanished at α=0o and Cµ =0 on this symmetrical body. The drag was measured
several times using a wake rake but the data was more scattered than the pressure data on
the airfoil, for this reason the results are represented by “error-bars” For Cµ<0.2% an
increase in Cµ results in approximately proportional reduction in drag, that reaches 20%
for 0.05%<Cµ<0.2% for the narrowest slot (h/R=1.2%), thus the deleterious effect of
blowing on the lift is compensated by the observed drag reduction in this case. However
for 0.25%<Cµ<0.4%, the drag increased substantially (CD≈1.26CDo at Cµ<0.43%) before
dropping to a local minimum around Cµ≈0.92% where CD≈0.63CDo. This behavior was
most notable for the narrowest slot and it moderated at wider ones (Figure 3.2 5). At the
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very high end of the Cµ values tested the ΔCD≈Cµ that conforms to Davidson’s
proposition[5].

Figure 3.2 5 The dependence of drag on Cµ ..

Figure 3.2 6 The distribution of Cp plotted against the local thickness of the elliptical cylinder
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Plotting the pressure distribution over the surface versus the vertical distance
measured from the chord line reveals the contribution of the pressure to the form drag.
Four pressure distributions are plotted in Figure 3.2 6 corresponding to the ΔCD values
marked by empty star symbols shown in Figure 3.2 5. These values were chosen in an
attempt to understand the jump in the drag occurring around Cµ = 0.4%. The Cp measured
near the LE stagnation point is unity (not shown in the figure) but the flow accelerates
rapidly as it proceeds along the circular arc to attain a Cp = -0.87 at (y/c) = 0.1 and (x/c) =
0.062. The slight discontinuity in the slope of the surface between the LE cylinder and
the main body of this airfoil results in a premature deceleration of the flow that attains a
Cp ≈ -0.69 at (x/c) = 0.5 where the airfoil is thickest. The flow decelerates from the
thickest location in the direction of streaming until it separates near the TE. The baseline
flow is symmetrical and it separates at (x/c) ≈ 0.95. The base pressure at the TE for the
baseline flow is: C p= -0.14. Weak blowing at Cµ = 0.18% decreased the base pressure
further to: Cp = -0.16 while decreasing slightly the Cp over the lower surface, therefore
reducing the lift (Figure 3.2 3). A further increase in Cµ increased the base pressure that
becomes almost equal to the baseline Cp at Cµ = 0.41%. At Cµ = 0.73% the base pressure
increases to Cp = -0.07, lift is generated by increasing the Cp on the lower surface and
decreasing it on the upper one.
Wake traverses corresponding to the same four values of Cµ are shown in Figure 3.2 7.
The maximum velocity deficit in the absence of blowing is approximately 0.86U∞. The
wake corresponding to Cµ=0.18% has a much lower maximum deficit of velocity:
0.94U∞ while its width is approximately unchanged relative to the baseline. Since the
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form drag increased in this case (Figure 3.2 6), the reduction in drag is attributed to a
reduction in skin–friction, to the added Cµ , and possibly to improved steadiness of the
flow (vortices shed periodically from a bluff body contribute to drag). The wake
corresponding to Cµ=0.41% resembles the wake generated in the absence of blowing but
it is slightly wider and has a larger maximum velocity deficit, in spite of the lower form
drag and the added Cµ.. The wake corresponding to Cµ=0.73% has a similar maximum
velocity deficit as the baseline configuration but it is substantially narrower on the side
where the blowing is used. It suggests that the added momentum energized the boundary
layer thus narrowing the wake. The lift generated in the process is reflected by the motion
of the wake center downward (or the rightward in Figure 3.2 7).

Figure 3.2 7 Velocity distributions in the wake of the ellipse at various values of Cµ and at h/R=1.2%

On the basis of the results presented thus far, one could have assumed that the lift
scales properly with Cµ while the drag does so approximately, nevertheless a further
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increase in the slot width till it approached h/c=1% seem to be warranted, and indeed it
was, as can be seen in Figure 3.2 8 & Figure 3.2 9.

Figure 3.2 8 The dependence of CL on Cµ for a wider range of slot widths.

Comparing the CL values attained at Cµ = 3% one observes that the narrowest group of
slots generated CL≈0.55 while the widest slot corresponding to h/R=7.2% (or h/c=0.88%)
generated a CL≈0.25. One should therefore endeavor to use narrow slots. Furthermore,
the deleterious effect on the lift at low values of Cµ expanded to Cµ ≈ 1% for the widest
slot-widths used. Once again, it appeared that Re is no factor in the range of U∞
considered.
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Figure 3.2 9 The dependence of ΔCD on Cµ for a wider range of slot widths

Consider the drag increment created by the widest slot (h/R=7.2%, in Figure 3.2 9). A
very slow oozing jet results in a drag reduction that exceeds 10%, however between
0.1%< Cµ <0.5% ΔCD≈0. This also corresponds to the region of the most deleterious
effect on the lift. For Cµ >0.6% the drag keeps increasing reaching ΔCD≈0.25
(corresponding to ΔCD/CDo=35%) at Cµ=3%. For narrower slot height (h/R=4.8% in
Figure 3.2 9) there is no net drag increase at all values of Cµ but the favorable effect on
drag observed for narrower slots is consistently reduced by increasing h/R becoming
deleterious for the widest slot at higher levels of Cµ. .
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Figure 3.2 10 Velocity distributions in the wake of the ellipse
measured at Cµ ≈2.5% for three values of h/R

A wake survey taken at Cµ ≈ 2.5% and three slot widths varying from h/R =2.4% and
going up to h/R=7.2% (Figure 3.2 10) reveals that the wake becomes broader as the slot
width increases. The velocity deficit also increases with increasing slot width reflecting
on the increase in drag shown in Figure 3.2 9.
The pressure distribution for the narrower slots of h/R of 2.4% and 4.8% indicate that
blowing at Cµ ≈ 2.5% affects the entire pressure field around the ellipse,: increasing the
lower surface pressure and doing the opposite to the upper surface. The base pressure is
increased by the blowing from its baseline value of Cp=-0.17 to Cp=0 suggesting that at
this Cµ the flow is mostly attached near the TE. This is not the case for the widest slot of
h/R=7.2% (not shown) where the effect of blowing on the pressure distribution is
minimal all around.
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Although it appears that the drag of a thick airfoil does not depend on a single
dimensionless variable like Cµ, the lift might still do so within some limitations. The use
of Attinello’s correction that accounts for the mass flow injected into the stream by the
wider slot widths, improved the collapse of the lift generated by the blowing onto a single
curve, but it did not eliminate the scatter (Figure 3.2 11), particularly at the higher levels
of Cµ that generated a lift increment ΔCL>0.4. This parameter, (0.5Cµ-CQ) represents the
conservation of mass and momentum of a jet in an undisturbed stream in the absence of
pressure gradients and this, of course, does not apply to slow blowing near a trailing edge
of a blunt airfoil. The negative values of ΔCL correlated well with this parameter
indicating perhaps that the deleterious effects on lift stem from the added mass that
possesses lower axial momentum than the free stream. Nevertheless, one has to conclude
that the slot width is an independent parameter affecting the flow.
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Figure 3.2 11 The dependence of CL on Attinello’s relationship (0.5Cµ - CQ)
for a wider range of slot widths.

Since for thin slot heights Cµ was the best parameter correlating the lift generated by
steady blowing in the trailing edge region, an empirical correlation based on Cµ and on
(h/c) was sought after. Such a correlation is shown in Figure 3.2 12 where the
dependence of ΔCL on

is plotted. The exponent β depends on h/C and is

approximated by a polynomial function (R/C =0.114 for this airfoil). One may note that
for h/R<0.05 the parameter is approximately equal to the conventional Cµ . This function
renders a reasonable dependence of ΔCL on blowing although for
the results are still scattered.

>0.03
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Application of Atinello’s corrections may improve and broaden the applicability of
such correlations. By analogy with the wall jet in streaming flow, an improved
correlation between ΔCL and blowing may be provided by using a product of
this case

Cµ. In

changes sign when UJ<U∞, however further investigation is needed in order

to provide the background logic for the proposed empiricism.

Figure 3.2 12 The data shown in Fig. 13 recast using an empirical parameter

Investigations of a wall jet flowing over a circular cylinder in the absence of external
stream indicated strong dependence of the flow on h/R when the latter exceeded a certain
threshold level[16]. In that case the pressure distributions over the cylinder changed as
well as the locations from which the flow separated from the solid surface and it was
believed that the same effect is at work presently. The simplest check of the idea was to
add a small cusp to the trailing edge that would determine the Kutta condition while not
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extending the chord in any substantial way (the increase in chord length was 2.4% only).
The cusp was a small, right angle triangle, ¼ inch on a side. It was attached to the trailing
edge thus establishing a possible separation location at the sharp trailing edge. The effect
of this small protuberance on the lift generated at high values of Cµ that were of the order
of Cµ > 10% was substantial. For the narrow slot having h/R=1.2%, the lift decreased
monotonically starting at Cµ = 9% and (dCL /dCµ)→0 when Cµ >14% (Figure 3.2 13),
consequently the reduction in CL at Cµ =22% was approximately ⅓. The effect of the
cusp on the wide jet (emanating from the slot that had h/R=7.2%) was opposite,
increasing the CL for the range of 6%< Cµ <22%.

(a)

(b)

Figure 3.2 13 The effect of the small cusp on the lift generated by the elliptic airfoil and the pressure
distributions in the vicinity of the TE with and without the cusp at Cµ ≈ 14% for h/R=1.2% &7.2%
Above right is trailing edge Cp distribution of h/R=7.2% (left) & 1.2% (right) at Cµ =14% (empty
symbol for circular TE; solid symbol for cusped TE).
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There is a major difference in the pressure distribution over the TE cylinder resulting
from the increased slot width around Cµ =14% (Figure 3.2 13b). While for the narrow slot
width dCp/dθ ≈0 for 100o< θ <140o, for the wide slot the pressure increases precipitously
near the slot (90o< θ <110o), thereafter becoming almost constant [(dCp/dθ)→0] for
180o<θ<300o. In the absence of the protuberance, the flow downstream of the narrow slot
seemed to separate below the TE (i.e. at θ >180o), while in its presence it did so at the
TE. Separation for the wide jet was delayed by Δθ ≈10o by the introduction of the
protuberance, while occurring at the TE in its presence.
The effect of the sharp trailing edge on the lift generated by the airfoil was
investigated further by increasing the size of the wedge attached to the TE, boosting the
chord length to 13.33”. In this case the TE cylinder was entirely enclosed by the added
wedge and its radius was no longer relevant and could not be used as a scaling factor for
the slot width h, it was therefore replaced by the chord in Figure 17a. The effect of the
sharp trailing edge on the lift generated by blowing was paramount, with ΔCL decreasing
by a factor of 5 (from 1.5 to 0.3 at Cµ=10%)! There is no doubt that added circulation is
generated by a strong wall jet flowing over a curved, blunt surface that serves as the
trailing edge of the airfoil. On the original (blunt TE) ellipse, additional circulation is
generated whenever Cµ.>1%, resulting in a sharp deviation from the lift-curve generated
by the sharp TE airfoil. The deleterious effect of the blowing was also increased by the
addition of the sharp TE (Figure 3.2 14a). A strong wall jet does not separate from the
circular TE thus overcoming highly adverse pressure gradients. The downward
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momentum of the jet at the TE creates circulation and hence adds to the lift. The addition
of the cusp at the TE reduces the baseline (dp/dx) and prevents the downward turn of the
jet. One may observe this by examining the pressure distributions on the two types of
trailing edges at identical values of Cµ.=14% or at identical CL generated by Cµ.=2% or
14% depending on the shape of the TE (Figure 3.2 14b).

Figure 3.2 14 a) The effect of the sharp TE on the lift generated by the elliptic airfoil at high Cµ
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Figure 3.2 14 b) The pressure distribution near the TE for the two types of trailing edges

Figure 3.2 15 The pressure distribution near the blunt and sharp trailing edges at low Cµ

Comparison of the two baseline pressure distributions reveals that the addition of the
TE cusp ameliorated the adverse pressure gradient in the TE region resulting in a positive
Cp=0.2 at the TE (Figure 3.2 14b). This is contrasted with the base pressure of the
original elliptical airfoil (Cp=-0.15) caused by the separated flow near the TE (the flow
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separated at x/c≈0.96). Blowing over the circular contour near the TE at Cµ.=2% attached
the flow over the upper surface of the cylinder resulting in CpTE<0. Most astonishing is
the magnitude of the favorable pressure gradient that was observed downstream of the
blowing slot in this case (Figure 3.2 14b). Comparison of the pressure gradients on the
two configurations suggests that much of the jet momentum on the cusped airfoil could
be converted to lift if the jet would be allowed to turn in the direction normal to the
oncoming stream.
At the low range of Cµ.<0.5% both configurations generate negative CL. While the
sharp TE airfoil generates CL<-0.2, the adverse effect on the rounded trailing edge is
much smaller (CLmin.≈-0.03). Pressure distributions near the sharp TE indicate lower
pressures on the bottom surface than on the top and the pressure at the TE is positive
(CpTE>0). The maximum adverse pressure gradient near the slot (x/c>0.7) is
approximately the same on both surfaces suggesting that the flow is attached and the Cp
on both surfaces is almost identical. For the rounded trailing edge the CpTE=-0.17 (Figure
3.2 15) suggesting that the flow is separated, also (dCpdx)≈0 on both upper and lower
surfaces near the TE. The separated region seems to extend farther upstream on the upper
surface where the blowing emanates from the slot. The detrimental effect of weak
blowing has been observed experimentally on thin airfoils[4] so it may have little in
common with the observation of Hoerner[17] that applies to thick airfoils at low angles of
attack. In this case negative lift may be generated by the vertically displaced external
streamlines that have to accommodate the added mass flow emanating from the surface at
low values of Cµ. (corresponding to Uj<U∞) This creates an upwash downstream of the
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TE resulting in a downward force on the airfoil. At high Cµ , Uj>>U∞ resulting in strong
entrainment of fluid into the jet that causes the external streamlines to converge, thus
reducing the pressure over the upper surface and generating lift. The opposing effects
may be responsible for the multitude of parameters governing the lift generation by
blowing.

3.2.2 The effects of slot location near the trailing edge.

Figure 3.2 16 Lift increment by blowing through a slot at 120o from the trailing edge

Steady blowing through a slot locating at 120o from the chord near trailing edge had
hardly any effect on the lift for Cµ< 2% (Figure 3.2 16). As discussed in session 3.2.1,

66

steady blowing at 90° from trailing edge generates negative lift at low Cµ. The same
negative effect is shown in Figure 3.2 17.

Figure 3.2 17 Lift vs Cµ in semi-log scale as blowing through a slot at 120o from the trailing edge

At both locations, a wide slot provides a mild transition from negative to positive lift,
while narrow slot changes the sign of the lift abruptly. 120o slot generates less lift than
the 90o slot, for wide ones. For a narrow 120o slot, the lift rises rapidly after Cµ>2%, and
it surpasses the lift generated by 90o slot when Cµ>10% (Figure 3.2 18).
There is hardly any drag reduction by blowing at φ=120o. In fact, total drag resulting
from blowing through a narrow slot was double the baseline drag at Cµ=10%, before
rapidly decreasing at higher Cµ.
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(a)

(b)
Figure 3.2 18 Comparison of lift and drag by blowing through slots of 90° and 120° from TE
with slot width of h/R= (a) 1.2% and (b) 4.8%
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Figure 3.2 19 Drag variance by blowing through a slot at 120o from the trailing edge;

Cµ seems to be the best parameter to collapse the drag data, which is especially good
when the drag starts to increase as Cµ>5%,

does not do well in this respect.

Figure 3.2 20 Lift comparison by blowing through slots of
90° and 120° from TE with h/R=1.2% and Re=250000
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It is hard to ignore a rapid lifting after Cµ>10%, and it is easy to tell from both linear
and semi-log scale that there is a third regime regarding lift effect (Figure 3.2 20). To
understand the flow structure at each regime, one may study the pressure details at
trailing edge (Figure 3.2 21).
Comparing to the 90° slot location, the wall jet emerging at φ=120o is somewhat
downstream of the separation point. Slow blowing inside the wake makes no difference
to the boundary layer flow, and only after it reaches Cµ=2% a recognizable variance in
Cp. At φ = 90° slot blowing can keep the flow almost to the trailing edge providing Cp=0
at the TE when Cµ=2% (Fig. 3.2 21a). Increasing Cµ further increases the CpTE and results
in a complete flow attachment all the way to the TE. The major effect on lift stems from
the upstream entrainment of fluid by the high-speed jet that manifests itself in a reduction
in pressure from Cp=-0.8 at (x/c=0.8) corresponding to Cµ=2%, to Cp=-2.0
corresponding to Cµ=12% (Fig.3.2 21). Repeating the same experiment for φ=120o
resulted in a lift increase due to upstream entrainment but the flow downstream of the slot
did not reattach until Cµ=12% was reached (Fig.3.2 21d). The base pressure in this case
actually dropped from Cp=-0.2 corresponding to Cµ=2% (Fig.3.2 21a) to Cp=-1.0
corresponding to Cµ=10.3% (Fig.3.2 21c). At Cµ=12% the upstream pressure φ=120o
became lower than for φ=90o and the flow seemed to be attached up to the TE(Fig.3.2
21d). It seems that the high speed blowing generated finally the “Coanda Effect”.
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(a)

(b)

(c)

(d)

Figure 3.2 21 Cp distribution comparison of the two slot locations
with Cµ = (a) 2%, (b) 4.6%, (c) 10.3%, (d) 12.7%, respectively
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3.2.3 The effects of slot location and orientation near the leading edge.
The use of flow control near the leading edge of an airfoil is mostly intended to delay
separation and ameliorate stall. It is therefore important to know the condition of the flow
prior to stall or immediately after its occurrence as a result of excessive incidence. The
existence of an open slot at θ=30o from the LE affects the maximum lift generated by the
airfoil as the cavity in the interior of the airfoil may resonate with various instability
modes and trip the boundary layer. Close to the Reynolds numbers at which transition
occurs naturally, near the leading edge, the flow may be very sensitive to any
protuberance or surface discontinuity. An example for such sensitivity is shown in Figure
3.1 1 where a slot pointing to the rear (i.e. where the flow emanating from the slot
approximately coincides with the direction of the ambient stream) is located at an
azimuth of 30o relative to the LE of the airfoil. When the slot is open and α increases, a
CLmax of 1.2 is attained and the stall is very gentle (i.e. dCL/dα≈ 0 for 12o< α <20o). The
airfoil stalls at α>21o with a concomitant decrease in CL of 50%. Decreasing α from post
stall conditions results in natural reattachment of the flow at α≈16o, thus generating a
hysteresis loop of Δα≈5o. Reattachment is limited to the leading edge region and although
CLmax =1.2 the flow is clearly separated over a large fraction of the chord. Covering the
slot with a tape results in hysteresis between 12o<α<19o where the lower number
corresponds to decreasing incidence where reattachment occurs. It is clear that the open
slot generates perturbations that delay αstall on one hand and force a separated shear layer
to reattach earlier (in this case at higher α) on the other hand. The ΔCL=CLmax-CLstall was
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hardly affected by the taping of the slot. Lowering the Reynolds number had a very
similar effect to the taping because it too resulted in delayed transition, thus generating
the same ΔCL & CLmax but at lower angles of incidence.
Since the airfoil is symmetrical one may increase its negative incidence and examine
the stall conditions on the opposite loft that becomes “the upper surface“ instead of being
the lower one. In this case there is no slot that disturbs the flow, and thus the airfoil stalls
abruptly at α=15o, generating a lower CLmax=1. Since the flow reattaches at α<13o the
hystersis loop is rather small. Taping the slot on the opposite surface does not change the
stall angle nor does it change the CL generated because the location of the tape does not
affect transition. The results presented in the example shown in Figure 3.1 1 provide the
baseline data against which blowing results are compared at the specific Re=250,000,
similar results were obtained at other free stream velocities and they too were used to
assess the effects of blowing described below.
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3.2.3.1 Steady blowing from the leading edge slot pointing in the direction of streaming
Steady blowing from the upper surface θ=30o in the direction of streaming has
detrimental effect on lift up tp Cµ≈ 9% and even at that strong blowing there was no
increase in lift at α<10o (Figure 3.2 22).There is a substantial increase in CLmax when
Cµ=9% and the airfoil does not fully stall at α<20o even at much smaller values of
Cµ.The total drag did not decrease proportionally to Cµ and at lower levels of Cµ (e.g.
Cµ=2.28%), the effect of blowing on the drag was deleterious except when α> αstall of
the baseline configuration.
Pressure distributions suggest that at low Cµ (with local Uj/U∞<2) blowing from upper
loft seems to slow down main stream thus generating a thick shear layer that, causes the
pressure on the upper surface to rise. At very high Cµ, a short bubble might have been
created whose impingement region increases locally the pressure. The asymmetry causes
lower surface pass faster with lower pressure. Main stream near LE upper surface speeds
up with increasing alpha, as a consequence, the rising pressure region moves further
downstream, which continues to play the negative lift factor. When Cµ > 4% , pressure at
lower surface starts to increase and upper surface to decrease, which passes baseline after
x/C=0.5 , which explains delayed separation as alpha goes high (Figure 3.2 22, 23, 24).
Cp distribution shows a consistent contribution of lower surface to form-drag reduction at
zero alpha, for all Cµ region, and the drag variance mainly depends on upper surface.
When Cµ<4% the increasing upper fore body pressure increases the form drag as well as
total drag. This effect is reduced as Cµ>4%, when high blowing creates substantially low
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pressure at LE which is the main cause of drag reduction, which is also true at higher
incidences.

Figure 3.2 22 The effect of Cµ on CL and CD at various α while using blowing from the upper surface
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Figure 3.2 23 Surface pressure of ellipse at α = 0 o
when blowing slot locates at LE upper loft 30 o from chord in the direction of streaming

Figure 3.2 24 Surface pressure of ellipse at α = 13 o
when blowing slot locates at LE upper loft 30 o from chord in direction of streaming
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Massive blowing at Cµ levels approaching 10% (Figure 3.2 22), generates substantial
lift at high incidence and also increase αstall. Once again it is questionable whether such
high values of Cµ warrant application. Blowing from the lower surface near the frontal
stagnation point (i.e. at θ=330o or θ=-30o), in the direction of streaming, is always
detrimental in spite of the fact that it delays αstall and makes the stall gentler. Blowing
from a downstream facing slot located on the lower surface, pulls the streamlines
approaching stagnation-region downward reducing the lift. However, whenever the front
stagnation point moves below and behind the slot as it may occur for small values of ±θ
and large angles of incidence, additional lift may be generated by forcing the jet to turn
around and enclose a sizeable bubble. This is similar to the situation in which the
direction of blowing opposes the oncoming flow as discussed below.

3.2.3.2 Steady blowing from the leading edge slot opposing the direction of streaming
Blowing against the oncoming stream from the upper surface of the airfoil destroys the
lift, while blowing from the lower loft is not detrimental to the lift because the jet is able
to turn onto the upper surface accelerating the flow there (Figure 3.2 25). Low Cµ <1%
blowing reduces CLmax slightly but it has no effect on the stall angle. As Cµ increases
above 2%), the maximum lift increases as does αstall. There is hardly any effect of this
type of blowing on the drag, except at post stall angles of incidence. The dependence of
lift on Cµ at α = 13o, is shown in Figure 3.2 26 together with some measured pressure
distributions. A Cµ>2% is required in order to affect the lift. Pressure distributions
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measured at four different values of Cµ confirm that Cµ must be high to lower the pressure
on the upper surface and blowing has no obvious effect on lower surface Cp. The jet
however, affects the pressure distribution over the LE region of the lower surface (i.e. at
x/c<2%) by eliminating the usual stagnation pressure. As Cµ increases the Cp measured at
1% chord (near where natural stagnation pressure locates) decreases.
It is instructive to compare blowing emanating from the upper surface in the direction
of streaming, that is traditionally used to delay stall, with blowing against the stream from
the lower surface at α = 13o at which the baseline flow yields CL=CLmax (Figure 3.2 27).
Blowing against the stream at low Cµ is not deleterious as is the blowing in the direction
of streaming, indicating the deleterious effect may be weakened by moving blowing slot
toward upstream. In fact if the baseline CL would have been equal (i.e. if transition effects
associated with the slot presence would have been absent) it would require a Cµ >3% for
the lift generated in both configurations to be equal, Blowing against the stream at Cµ
=9.1% has similar Cp distribution as upper surface blowing in the stream direction but
the lift generated in the former case is lower (CL =1.3) than the latter (CL =1.6).
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Figure 3.2 25 Blowing against the oncoming stream from the lower loft at various jet momenta

a

b

Figure 3.2 26 Surface pressure of ellipse at α = 13 o
when blowing slot locates at LE lower loft 30 o from chord and against streaming
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Figure 3.2 27 Lift comparison of blowing from upper loft
in direction of streaming and from lower loft against streaming, at α = 13 o

The deleterious effect of counter stream blowing on lift and the drag penalty
associated with it are plotted in Figure 3.2 29. The maximum lift coefficient dropped
from CLmax=1 for the baseline configuration to 0.65 at the low level of Cµ =0.25%, αmax
also decreased from 15o to 12o. Increasing Cµ to 2.28% resulted in a substantial decrease
of (dCL/dα) prior to the occurrence of separation. Increasing Cµ further, increased
(dCL/dα) at small angles of incidence (Figure 3.2 29) but lowered αmax=9o. Pressure
distribution of α = 8o at variance momenta indicates higher Cµ of 4%, the jet turns to the
direction of mainstream (instead of diffusing into it), creating a lifting bubble at LE,
which also causes early separation .Increasing the blowing from the upper loft at α=13o
decreases the lift rapidly but not monotonically, however at Cµ=3% very little residual lift
is left (approximately 10% of the CL existing at Cµ=0). Pressure distributions plotted for
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this incidence (Figure 3.2 30) indicate that the separation location that occurs at x/c≈0.75
at Cµ=0 moved upstream to x/c=0.45 for Cµ=0.6% and to the LE at Cµ=2.3%. This effect
may better be observed in Figure 3.2 31a where the lift, generated by blowing against the
ambient flow from the upper surface at α=13o, is plotted vs. Cµ . Thus blowing from the
upper loft at Cµ>5% is able to destroy all the lift generated by the airfoil while
concomitantly quadrupling the drag. These results may be applied to steepen the descent
of an airplane and shorten its landing distance as they resemble the action of a thrust
reverser. Blowing from the lower loft with Cµ >1.5% increases the lift at high incidence
angles, while for lower Cµ there is a slight drop in CL (Figure 3.2 31b).

Figure 3.2 28 Surface pressure of ellipse at α = 13 o
when blowing slot locates at LE upper loft 30 o from chord and against streaming
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Figure 3.2 29 Blowing against the oncoming stream from the upper loft at various jet momenta

Figure 3.2 30 Surface pressure of ellipse at α = 8 o
when blowing slot locates at LE upper loft 30 o from chord opposing streaming
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(a)
(b)
Figure 3.2 31 Blowing against the oncoming stream from the upper or the lower loft at α = 13o
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3.2.4. Concluding Remarks About Steady Blowing
The use of steady blowing for lift augmentation may be convenient due to the
availability of compressed air on airborne systems but it is not efficient. At low levels of
Cµ and particularly at larger slot widths, blowing is detrimental. In the past, attention was
focused on high values of Cµ that could possibly decrease the landing speed of supersonic
military jets that had large excess of power at low speeds (e.g. Lockheed F-104) but this
is not the case for most civilian applications. It is clear that Cµ is not the sole parameter
affecting the flow although it is the leading one for narrow slot widths. A circular
(Coanda type) blunt trailing edge generates a higher lift than a sharp trailing edge that
does not represent a deflected flap. There is a strong coupling between Cµ and an imposed
Kutta condition, even when the latter is carried out by a small protuberance. There is also
an interaction between the slot-width and the geometrically imposed Kutta condition.
Steady blowing in the vicinity of the leading edge requires a very high Cµ to delay stall.
Slot locations and slot orientation are very important parameters in this case because
blowing against the stream may enhance the lift when applied at one location or destroy it
from another location. Such destruction of lift increases the drag thus enabling a
controlled steep landing approach.
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3.3 Steady Suction Results
Slot suction results are also divided into the same two groups as blowing: one focusing
on controlling the flow from the TE and the other from the LE. The parameters that were
altered are again, slot location, slot orientation and slot width for various levels of suction
and free stream velocities. In order to enable a comparison between suction and blowing,
much of the data was acquired under identical conditions with only the direction of the
flow through the slot being reversed.

3.3.1 Steady suction from TE slot pointing in the direction of streaming at φ=90o.

Figure 3.3 1 TE 90o or φ=90o slot configuration

The flow was sucked through a slot pointing in the clockwise direction and opposing
the free stream rather than scooping it. The 90o slot configuration (Figure 3.3 1) was
tested first at α=0o. Intuitively it would seem to be a very ineffective method to generate
positive lift. One might have even expected a deleterious effect by pulling the flow from
the lower surface upward and shifting the Kutta condition to the upper surface. The
results indicate an opposite trend, generating lift at very low levels of CQ and there
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appeared to be no deleterious effect such as the one observed in conjunction with steady
blowing (Figure 3.3 2).
It is clear that the mass flow coefficient, CQ, that is traditionally used in the literature
for suction applications is not the sole parameter governing the lift increase because
variations of slot-width, h, disperse the results over a wide range of CL’s. The resulting
lift is also sensitive to changes in the Reynolds number contrary to the independence of
the blown boundary layer from this parameter. Higher lift is generated by the application
of suction through larger slot width and larger values of Re (Figure 3.3 2). Since in this
configuration suction accelerates the reverse flow through the slot, the smallest
acceleration , i.e. given flow passing through the largest slot, should provide the optimum
lift as indeed it does. An increase in Reynolds number thins the boundary layer and
enables a given CQ to bend the outer streamlines more effectively toward the surface.

Figure 3.3 2 The dependence of CL on CQ when suction was applied through φ=90o slot
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Figure 3.3 3 The dependence of CL on Cµ when suction was applied through φ=90o slot

Converting the measured mass flow coefficient to Cµ and re-plotting the results
suggests that the thinnest slot width of h/R=1.2% is set apart from the rest of the cases by
providing the lowest lift increment at a given Cµ.. It is understood that Cµ is a vector
quantity that might depend much more on the direction of the flow associated with the
suction than CQ was and thus it separates more clearly the flow generated by suction from
wide slots from flow generated by narrow slots (Figure 3.3 3) than CQ did. Suction
through the narrow slot generates a high velocity stream opposing the ambient direction
of the flow, while suction through a wide slot is more omni directional accelerating the
flow coming from upstream and bending the streamlines that enter the slot thus creating a
low pressure region upstream and with it a concomitant increase in lift. None of the
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suggested parameters such as Attinello’s [Cµ – 2CQ] parameter or to velocity ratio Uj/U∞,
collapses the lift generated by suction onto a single curve (Figure 3.3 4).

Figure 3.3 4 The dependence of CL on [Cµ – 2CQ] and Uj/U∞ , when
suction was applied through TE φ=90o slot

Figure 3.3 5 Empirical correlation of suction results collapsing the lift onto a single curve

Building upon conventional wisdom that correlates the lift generated by suction to the
volume flow coefficient CQ and accounting for the observed dependence on Reynolds
number and on slot width, it was shown that:
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CL = f{(Uj/U∞)(h/c)γRe0.4}
where γ is the exponent to which the dimensionless slot width ratio is raised (Figure 3.3
5).
It is surprising that the exponent, γ, never approached unity implying that CQ is not a
variable that can represent suction through a slot in a unique manner. It is thus necessary
to consider the suction velocity ratio and the slot width as independent variables for a
prescribed Re.

Figure 3.3 6 The variation of the moment coefficient with {(Uj/U∞)(h/c)γRe0.4}

A much more severe test of the selected parameter’s robustness is the dependence of
the moment coefficient on this sole parameter. Based on the data available (Figure 3.3 6),
it appears that the selection is valid. The moment around the ¼ chord point becomes
increasingly negative with increasing suction due to the low pressure generated on the aft
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cylinder resulting from the suction. This might be an effective way to provide a desired
moment on a control surface.
This is quite different from the steady blowing case, which at low input Cµ had hardly
any effect on the moment or even created a slightly positive Cm¼, (Figure 3.2 4), suction
generated a “nose – down” moment at the smallest of levels. The widest slot having
h/R=7.2% generates a nose-down pitching moment that as three times as large as a
narrower slot of width h/R=2.4%, at the given value of Cµ =1%.

(a)
(b)
Figure 3.3 7 Drag reduction due to suction; variation of drag with Cµ

(a)
(b)
Figure 3.3 8 Drag reduction due to suction; variation of drag with CQ
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The drag reduction observed by traversing the wake is plotted in Figure 3.3 7 against
Cµ

in order to provide an easy comparison with blowing where the momentum

coefficient is the leading parameter affecting the lift. When the suction is carried out
through a wide slot at high Re the drag is monotonically and rapidly reduced with
increasing Cµ. A ΔCD of approximately 50% relative to the baseline drag of CD=0.06 was
attained at Cµ<1% provided that the slot was wide. The large drag reduction is
comparable to blowing straight downstream from the same slot location but for a thin
slot. For the narrow slot having h/R=2.4%, a threshold equivalent to Cµ ~ 1% was
required before a measurable ΔCD was observed at the higher Re, as it did for blowing.
The low Re thin slot case (Figure 3.3 7) is considered an anomaly whose baseline drag
was also higher.
Replotting the data on a linear scale against CQ indicates that the drag reduction does
not scale with CQ as well (Figure 3.3 8).There is also a threshold value of CQ=0.2%
before the narrow slot, high Re results indicated a reduction in drag. At higher CQ the
total reduction in drag saturates after reaching a value of CD≈0.03. The reduction in the
form drag scales reasonably well with CQ (Figure 3.3 8b). It does so monotonically and at
levels of CQ >1.2% it might almost vanish, this probably occurs when the entire boundary
layer flow is sucked away gently so as not to induce too low a pressure near the slot.
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Figure 3.3 9 Drag reduction due to suction; variation of drag with {(Uj/U∞)(h/c)γRe0.4}

At first glance the suction results are counter intuitive because both lift and the drag
depend on Re although the empirical correlation that scaled the lift did not do too well in
scaling the drag reduction (Figure 3.3 9). The presence of a sink on the upper surface of
an ellipse should generate lift that is proportional to the sink-strength CQ and depends on
the slot location. If the ellipse would have not been blunted, i.e. approximated by two
circles at leading and trailing edges, conformal transformation would have predicted
theoretically the lift increment as being:
ΔCL=2CQ cot(φ/2)
where φ represents the slot location on the transformation circle.
The results plotted in Figure 3.3 2 do not show a linear dependence of CL on CQ for
the prescribed slot location, pointing to some shortcomings of the inviscid model when
applied to a thick ellipse possessing a separated region near its trailing edge. The
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reduction of drag by the application of suction negates the notion that a sink just
increases the drag, i.e. ΔCD=2CQ[18,19]. The fact that products of ΔCL*Re-0.4 and ΔCD*Re0.4

depend only on the suction parameters reinforces the notion that viscous forces are

involved in lift generation and drag reduction. The boundary layer thickness is
proportional to Re-n where n=0.5 for laminar boundary layer and n≈0.2 for turbulent
boundary layer over a smooth surface in absence of pressure gradient. Thus at higher Re
a lower value of CQ is required to remove the entire boundary layer from the surface.
Suppose this is achieved, then the skin friction drag should have been reduced to naught.
However this is replaced by two different components of drag. First is a form drag
associated with the presence of a sink on the upper surface (sink drag). Second is the
contribution to drag that takes into account the power required by the suction pump. It
has been shown by Preston et al.[20] that:
ΔCDpump=CQ(H∞-pc)/½ρU2∞
where H∞ is the total pressure of the undisturbed stream & pc is the chamber pressure into
which the fluid is sucked with negligible kinetic energy.
This contribution to drag has to be added to the wake traverses that were carried out in
order to assess correctly the efficacy of the system while still neglecting duct losses. The
amount of drag reduction depends on the roughness of the surface[21]. It is complicated
further by the partial separation ensuing at the bluff trailing edge of this airfoil. The form
drag obtained from pressure integration is plotted versus CQ in Fig. 8b. It appears that CQ
is the dominant scaling parameter for CDp that is monotonically reduced by increased
suction. Nevertheless, the narrow slot generates consistently a higher drag the wide one
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and this difference may be attributed to “sink-drag”. Thicker slots would remove more
fluid while generating lesser sink-drag. Blowing on the other hand does the opposite, the
input momentum generates thrust but the wall jet thus created increases the frictional
losses and the production of turbulence due to the strong velocity gradient near the
surface. A wider slot creates a wider jet and enhances the production of turbulence.
Convex curvature of the trailing edge region enables the wall-jet to adhere to the surface
(Coanda effect) thus reducing the drag generated mostly by vortex shedding from the
bluff trailing edge. The competing effects of increased skin friction and reduced wake
(vortex) drag create the complex dependence of the drag on Cµ. In this case the narrowest
slot generates the most robust adherence to the curved surface and thus the most effective
reduction in drag (Figure 3.3 7b) while blowing from a wide slot merely increases the
turbulence production and the skin friction.

Figure 3.3 10 Wake traverses as a function of Cµ
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Figure 3.3 11 Pressure distributions near the TE as functions of Cµ

The observations discussed above are reinforced in Figure 3.3 10 where wake surveys
and pressure distributions (Figure 3.3 11) measured near the TE are shown. As the
suction increased to CQ =0.47%) the total drag measured by traversing the wake dropped
from CD=0.063 to CD=0.032 while lift was generated due to the presence of the sink on
the upper surface. Lift generation may be observed in Figure 3.3 10 where the center of
the wake shifted toward the lower side as CQ increased. Pressure distributions over the aft
portion of the ellipse (Figure 3.3 11a) show clearly the increase in the pressure
differential between the upper and lower surfaces as CQ increased. Figure 3.3 11 also
shows how the base pressure increased with increasing suction suggesting that the flow
was almost attached up to 97% of the chord at CQ =0.47%. By plotting the pressure
distribution vs. y one may assess the contribution of suction to form drag reduction
(Figure 3.3 11b). The increase in the base pressure is the primary driver behind the
reduction in CDp. A secondary contributor to the decrease in form drag is the LE suction
that is clearly observed near the LE (Figure 3.3 11b).
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3.3.2 Steady suction from the trailing edge slot with geometrically predetermined
“Kutta” condition at α=0o.

With a blunt TE, flow separates in the vicinity of the TE. Suction attracts fluid from
both sides of the slot resulting in mixed effects on lift and drag. To simplify its effect, a
triangular, flap was added to the TE, and was referred to simply as “Kutta”, in the
discussions that follow. The following comparison between the flow over the ellipse and
over this strut shown above was made for a narrow slot (h/c=0.14%) located at φ=90o.
Therefore the results used for comparison between the ellipse and the sharp TE strut
should not be equated with the results shown in Fig. 8 for which the slot width was
considerably larger. The addition of the triangular TE increased the CL and reduced the
total CD when suction was increased (Figure 3.3 12). The baseline drag reduction
resulting from the elimination of the blunt trailing edge is most remarkable, since CD
decreased from 0.06 to 0.03. However, the overall ΔCD at low Re due to an increase of
suction is approximately the same as with the bluff TE. There is a difference in ΔCD at
most levels of Cµ<10% at the higher Re=4.1*105 where suction on the sharp TE is
deleterious presumably due to the fact that the flow does not reattach to the blunt TE. The
effect of the sharp TE on the increase in lift is substantial as well, particularly at the
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higher Re where the ΔCL at a given Cµ almost doubled relative to the bluff TE (Figure 3.3
12).

Figure 3.3 12 The addition of a sharp trailing edge to the elliptical airfoil and its effect on the efficacy
of suction emanating from a narrow slot (h/c=0.14%) located at φ=90o

The form drag, CDp is much lower when the TE is sharp because most of the drag in a
bluff body is form drag. However this difference in CDp generated by these two TEs
diminishes at higher suction rates due to the large effect that suction has on CDp when the
TE is bluff (Figure 3.3 13). At CQ=0.4% the CDp is equal for both shapes of TE and there
might be a cross over at still higher values of suction. The increases in lift can be
predicted by an ideal flow model but the reduction in total drag and in form drag is
contrary to the general perceptions outlined by Legras (1947) who used ideal flow
concepts.
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Figure 3.3 13 The effect of suction on addition of a sharp trailing edge to the elliptical airfoil and its
effect on the efficacy of suction emanating from the narrow slot located at φ=90o.

Figure 3.3 14 The dependence of the moment coefficient on the shape of the TE and on the suction
emanating from the narrow slot located at φ=90o.
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The nose-down (negative) moment coefficient increases more swiftly with increasing
suction when the TE is sharp, because the lift also increases more rapidly in this case
(Figure 3.3 14). However at large Cµ>3% a crossover may occur as a consequence of
curvature.

3.3.3 Effect of slot location on steady suction from a clockwise φ= 120oTE slot
By moving the slot to the rear, to φ=120o one may assess the effect of slot location in
the presence of strong adverse pressure gradient and curvature. The present results are
compared to those obtained for φ=90o in (Figure 3.3 15). The flow is sensitive to the slot
location and the efficacy of suction is greatly enhanced by this move. For example, the
lift generated at Cµ=1% almost doubled at the new slot location, as did the drag reduction
ΔCD. The new slot location is probably closer to the natural location of separation than
the slot at φ=90o was, thus the increase in φ increased the suction effectiveness. It is
worth noting that the results obtained at φ=120o are also less affected by changes in Re
than those obtained at φ=90o.
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Figure 3.3 15 The effect of φ on CL & ΔCD

Although the baseline pressure distributions for both slot locations are almost identical
(Figure 3.3 15), the increase in the effectiveness of suction at φ=120o is obvious. The Cp
measured at the TE is no longer negative corresponding Cµ=0.5% and it appears that the
flow is attached almost up to the TE. Identical suction applied to a slot located at φ=90o
indicates that the flow is separated over the last 4% of the chord.
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Figure 3.3 16 Cp distribution near the TE for φ=90o & φ=120o

Figure 3.3 17 Wake velocity profiles corresponding to φ=90o and φ=120o

The integral results for lift and drag are being reflected in the wake velocity profiles
(Figure 3.3 17). The baseline velocity deficit is almost identical for both cases, while the
deficits corresponding to Cµ=0.5% differ in magnitude and location. Since the integral of
the velocity defect represents the drag, the drag corresponding to φ=120o is smaller than
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the one corresponding φ=90o. The improvement in CL can be seen from the location of
the wake centerline relative to the baseline case. Here too one anticipates an increase in
the lift.

Figure 3.3 18 Dependence of CL on CQ when suction was applied through φ=120o slot

Varying slot width and Re at φ=120o suggests that steady suction at this location is
independent of variations in slot width and in Re, depending only on CQ provided
h/R>1.2. This is contrary to the observations made at φ=90o (Figure 3.3 2-5) that
indicated a clear dependence on both parameters. The main explanation for this
difference stems from the location of the slot and the boundary layer characteristics that
are associated with the location. At φ=90o the sucked boundary layer resembles a
boundary layer on a flat surface whose thickness is Re dependent. At φ=120o the
upstream boundary layer might have separated and the sucked fluid might have come
from a turbulent mixing layer that was much thicker and whose thickness is independent
of Re. Even if the boundary layer in this case was not fully separated at the slot it should
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have had an inflection point implying that the largest eddies generated within it have had
their origin in an inviscid process. This type of boundary layer is much thicker and its
thickness is independent of skin friction and Re (Stratford etc.). One may provisionally
conclude that when a suction slot is in the vicinity of the separation point or downstream
of it CQ is the leading parameter governing the flow as long as the slot velocity is not
excessive, i.e. the slot width exceeds a threshold value.
The narrowest slot (h/R=1.2%, or h/c=0.1%) generates much less lift for a given CQ
and exhibits seemingly peculiar behavior at high CQ. It is suspected that the high speed
suction through a slot that is oriented in the direction of streaming (clockwise orientation)
and is located near the rounded trailing edge (x/c=0.96), enhances the reversed flow in
the near wake thus increasing the drag. It may also pull fluid from the lower surface and
decrease the lift (Figure 3.3 18). This observation was checked by comparing the pressure
distributions and wake deficits at two values of CQ= 0.42 & 0.7 (Figure 3.3 19).

Figure 3.3 19 Comparison of pressure distributions and wake profiles for the narrowest slot at
Re=3.3*105 and two strong suction values (CQ= 0.42 & 0.7)
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The pressure distribution over the airfoil indicates that most of the lift enhancement
comes from lowering the pressure upstream of the slot (Figure 3.3 19). At lower suction
coefficient CQ= 0.42 the sink effect associated with the suction is weaker and the flow is
attached farther than at the higher CQ= 0.7. This might be the cause for the upstream
pressure on the upper surface to increase upstream of the slot. The wake corresponding to
CQ= 0.42 is broad but shallow while the wake corresponding to CQ= 0.7 is not only broad
and deep but it also is shifted toward the upper surface indicating a loss of lift. The
similar behavior can be seen at lower Re=2.5*105 in (Figure 3.3 20).

Figure 3.3 20 Comparison of pressure distributions and wake profiles for the narrowest slot at
Re=2.5*105 and two strong suction values (CQ= 0.47 & 0.94)

It was anticipated that form drag, ΔCDp, following lift would scale by CQ indicating
that the pressure distributions regardless of direction are independent of Re and slot width
but depend on slot location (Figure 3.3 21a). However, it also turned out that for CQ >
0.4% the total drag reduction also scales with CQ provided one excludes the lowest
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Re=1.6*105 from the correlation that is presumably affected by transition to turbulence
(Figure 3.3 21b).

(a)

(b)

Figure 3.3 21 Effect of CQ on form drag and total drag

Figure 3.3 22 Comparison of drag reduction for the narrowest and widest slots used at the two slot
locations: φ=90o and φ=120o

Comparing drag reduction for the narrowest and widest slots used suggests that the
total drag is uniformly reduced with increasing CQ for the widest slot used regardless of
the slot location. However while for φ=90o, a threshold value of CQ≈0.2% is required
before any substantial reduction in drag is noticed, at φ=120o the lowest values of CQ
generate drag reduction. Also the effect of Re on the drag reduction is quite different,
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because at φ=120o the most effective drag reduction occurs at the lowest Re while at
φ=90o the lowest Re requires the largest threshold value of the suction parameter. The
narrowest slot, h/R=1.2%, reduces the drag at low CQ but has a deleterious effect at high
CQ in the case of φ=120o. The same slot narrow slot width at φ=90o has a deleterious
effect at low CQ levels that is reduced at high CQ. It is not clear that any drag reduction is
attained by the narrowest slot at φ=90o.

3.3.4 The effects of α ≠0o and steady suction from the trailing edge slot on the flow
around the strut.
The adverse effect of α on the lift generated by the strut at very small angles of attack
was discussed in section 3.3.2. Suction from the TE at φ=90o eliminated this effect but it
did not restore symmetry to this flow. In Figure 3.3 23, suction increased lift as α> -1 o.
When α < -2 o (or, slot changed to “lower” loft), suction from lower loft side was blocked
by the sharp trailing edge of the strut so it had no effect on lift. This shifted the incidence
at which no lift is generated to α o=-3o. In other words, suction is effective in generating
lift when it is applied on the upper loft.
At low incidence (Figure 3.3 24), the flow over the strut is attached all the way to the
TE (see also discussion associated with Fig 3.1.8). Suction simply removes the boundary
layer on the upper surface and if it exceeds the product of U∞δ* per unit span (where δ* is
the displacement thickness) it accelerates the flow over the upper surface and generates
lift. If at low values of CQ the lift increment ΔCL ≈CQ as even the present data indicates,
then ΔCL ≈CQ = q/U∞c = q/νRe. Thus for a given CQ an increase in Reynolds number
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implies an increase in volume flow through a slot. However, since δ* decreases with
increasing Reynolds number (for laminar flow δ* is proportional to Re-½), maintaining a
constant CQ while increasing Re should increase the lift. This is precisely what may be
observed in Figure 3.3 24 where a flow at higher Re generates larger ΔCL at smaller CQ.
At high incidence, where the baseline flow separates upstream of the suction slot, the
displacement thickness of the upstream boundary layer becomes irrelevant and the degree
of reattachment depends on the magnitude of CQ. In this case the results corresponding to
CQ=0.33% maintain attached flow over a longer distance than those corresponding to
CQ=0.25% in spite the difference in the Re (Figure 3.3 25). The effect of suction on lift
diminishes at high α where around α =13o, suction at CQ=0.25% becomes ineffective.
The cross over between these two scenarios occurs around α =8o where the total drag at
Re=4.1*105 exceeds the drag measured at Re=2.5*105 (Figure 3.3 25).Increasing the
incidence by approximately 1o rendered CQ=0.25% totally ineffective as far as drag is
concerned.
Suction from either upper or lower surface relative to a positive incidence angle α
decreases drag, and within the range of 1 o < α < 8 o suction at high Re is more effective
than at low Re (Figure 3.3 26). While at α <-3o suction from the upper surface does not
affect the lift, it still reduces the drag by thinning or removing the boundary layer from
the lower surface. It is interesting to note that for this configuration, particularly at low α
the form drag CDp is substantially lower than the total drag (Figure 3.3 4) because in this
case both solid and wake blockages are small. Furthermore the intensity of the vortices
shed from the strut are weak relative to the blunt body ellipse. The drag polar shown in
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Figure 3.3 27, confirms the earlier observations discussed and it reaffirms the advantages
of suction corresponding to 0.4<CL<0.8.

Figure 3.3 23 Suction effect on lift around small α

Figure 3.3 24 Pressure distribution at α = 1o as suction applies around the strut
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Figure 3.3 25 Pressure distribution at α = 10o as suction applies around the strut

Figure 3.3 26 Suction effect on drag around small α
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Figure 3.3 27 Drag polar as TE90 suction applied around the strut

3.3.5 Steady suction from a leading edge slot pointing upstream

The main purpose of locating AFC near the leading edge is to affect conditions created
near stall, i.e. at incidence angles that are close to CLmax. The presence of the slot at these
angles of incidence affects the baseline conditions and the reader is directed to that
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chapter of the thesis before considering the effects of AFC, nevertheless relevant baseline
data is presented in the figures considered herewith.
We first placed the slot pointing upstream (anti-clockwise) on the upper surface at 30o
from the leading edge and compared the lift results to the same slot located on the lower
surface and pointing clockwise into the wind. The mere presence of the slot on the upper
surface disturbed the passing flow and lowered the CLmax by approximately 0.1 relative to
the slot being located on the lower loft of the airfoil. However the early tripping by the
slot increased α stall by 2o.
Suction has no effect on the lift at α <6o but it increases CL thereafter (Figure 3.3 28).
Suction from the lower loft at Cµ=1.8% increases the maximum lift by ΔCL=0.22 relative
to the basic airfoil performance while suction from the upper loft does less well,
generating ΔCL=0.15 only. On the other hand, upper loft suction increases the stall angle
more effectively than suction from the lower loft, provided the slot points upstream and
scoops the boundary layer flow.
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3.2.4. Concluding Remarks About Steady Suction From A Leading Edge Slot

Figure 3.3 28 The effects of slot location relative to the LE on the lift
for baseline and two suction parameters.

There is no effect of slot direction reversal on the baseline result when the slot is on
the lower loft (see Fig 3.1 1 of baseline chapter). However comparing the baseline data
for the two slots (one clockwise oriented and the other counterclockwise) located on the
upper surface brings forth the significance of slot orientation. The clockwise slot yields
CLmax=1.2 that remains constant between 12o< α <21o whereupon stall occurs, while the
counterclockwise slot at the same location generates CLmax<1 and it stalls at αstall=16o.
The baseline drag is approximately constant up to α = 5o creeping up at larger incidence,
reaching a CD=0.19 just prior to stall at α = 21o.
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Figure 3.3 29 The effects of slot location relative to the LE (φ=±30O) on the lift
for baseline and two suction parameters.

Suction is ineffective for the slot pointing downstream (counter clockwise) on the
lower loft (Figure 3.3 29), at all angles of attack, while being very effective on the upper
surface at all values of α > 10o.Application of suction at Cµ=1.8% prevents stall up to α
= 25o whereupon CL=2.1, i.e. doubling the baseline value. The drag corresponding to this
level of suction increased slightly with increasing incidence from α = 5o to α = 10o but it
then decreased to its original value around α = 25o.
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Figure 3.3 30 Pressure distribution and wake profile at α = 20o
for LE30o slot on upper loft pointing downstream

This decrease may be attributed to the low pressure region acting on the circular
leading edge by the clockwise oriented suction slot. Thus a sink that increases the
curvature of the streamlines near the leading edge may not just increase the lift but
provide a component of thrust.
All forms of active flow control are sensitive to slot location, and suction is no
exception. When the air was scooped near the LE at an azimuth of φ=90o with Cµ=0.7%
it created ΔCL=0.3 (Figure 3.3 31). It implies that this azimuth was much more effective
than the azimuth of φ=30o that was used previously (Figure 3.3 29). Suction at this low
level did not increase the drag prior to naturally occurring stall angle (sink drag), and it
reduced the drag associated with bluff body separation at higher angles of incidence. At α
>8o the drag of the airfoil with suction being applied became substantially lower (Figure
3.3 31). Suction also affected αstall that increased by approximately 10o.
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Figure 3.3 31 Lift polar of LE steady suction at φ=90o
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3.4 Periodic Forcing Results
3.4.1 Application of Periodic excitation (ZMFF) from the leading edge with slots
pointing in the clockwise or counter clockwise directions

Fluidic actuation emanating near the leading edge is expected to delay the angle at
which stall occurs and ameliorate its adverse effects. In this chapter we shall examine the
effects of periodic forcing emanating from the LE itself (φ=0o) and from other slot
locations such as (φ=30o & φ=90o). The orientation of the slot was also changed for the
purpose of assessing its effects.

(a)
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(b)
Figure 3.4 1 The effect of ZMFF emanating from a slot located at the LE (φ=0o) and pointing in:
(a) counter clockwise direction, (b) clockwise direction on lift

Figure 3.4 2 The effect of F+ on CL when ZMFF emanates from a slot
located at the LE (φ=0o) at natural post stall incidence
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Figure 3.4 3 The effect of ZMFF emanating from a slot located at the LE (φ=0o) and pointing in:
clockwise direction on the moment generated around the quarter chord.

When a slot is located at the LE periodic excitation hardly affects non-separated flow
regardless of slot orientation. In fact it probably thickens the boundary layer and thus
reduces somewhat the lift generated at α<αstall. However, at larger incidence angles
ZMFF may delay the occurrence of stall by a few degrees and soften the lift loss. The
success of the method depends on the imposed frequency and on its amplitude. In the
example shown (Figure 3.4 1), the actuation amplitude corresponding to <Cµ>=0.27%
sufficed to delay stall by approximately 10o for the counterclockwise slot for F+=1.66
(Figure 3.4 1a). Both lower and higher forcing frequencies did poorer, but the results did
not vary simply with frequency. At high frequency of F+=3.3, the stall is abrupt
regardless of the slot orientation. At low frequencies the clockwise oriented slot makes
the loss of lift very gradual (Figure 3.4 1b).
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Performing a frequency scan at a post stall angle of α=19o (where the baseline
CL=0.5) reveals that the dependence of CL on frequency depends also on the orientation
of the slot. For counterclockwise oriented slot, a higher lift is generated when F+<2 and
F+<1. When the slot was rotated clockwise there was only one frequency that generated a
higher lift than its neighbors at F+<1 (Figure 3.4 2). Since a slot at this location could not
have affected transition at a chord Re=1.6*105, these differences could only be attributed
to a cavity resonance that might have been sensitive to slot orientation. At F+>2 the lift
monotonically decreased with F+ approaching the baseline value at F+≈4.
There are applications where the control of “moment stall’ is very significant. These
are mostly related to rotor blades where dynamic stall results in destructive bending
moments. The potential application of an elliptical airfoil to the “Canard Rotor Wing”
that represents both a rotor for vertical takeoff and landing and a fixed wing for cruise is
a case in point. For a thick ellipse, having a natural separation at its trailing edge, one
does not expect the quarter-chord to be a true aerodynamic center (Figure 3.4 3) and the
Cm,c/4 varies with incidence between -0.004 and +0.001 for the baseline prior to stall.
Forcing at the highest frequency delays moment stall by 3o and retains a positive Cm,c/4
over this range. The disparity between the optimal frequency for ameliorating lift stall
and the best frequency for softening moment stall is surprising and requires further
investigation.

119

Figure 3.4 4 The effect of <Cµ > emanating from a slot located at the LE (φ=0o)
and pointing in the counter clockwise direction on lift.

Larger values of <Cµ> delayed the stall farther and even increased somewhat CLmax. In
the example shown (Figure 3.4 4) <Cµ> =0.75% increased αstall by 8o and generated

ΔCLmax=0.15. At pre-stall incidence the stronger the forcing the lower is the lift
suggesting a possible thickening of the boundary layer by applying ZMFF. Clearly
however, placing the slot at the leading edge is ineffective regardless of the slots’
orientation.
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3.4.2 Application of Periodic excitation (ZMFF) from the LE30 o with slots pointing in
the clockwise or counter clockwise directions

(a)
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(b)
Figure 3.4 5 The effect of ZMFF emanating from a slot located at φ=±30o and pointing both
downstream on lift: (a) slot on upper surface and in clockwise direction,
(b) slot on lower surface and in counter clockwise direction

Moving the slot location downstream to φ=±30o (representing x/c≈0.015) provides
some insight into the significance of the surface selected for actuation for separation
control, and the significance of the slot location relative to the front stagnation point. The
natural choice is to locate the slot at φ=30o where the vortices generated by ZMFF sweep
the upper surface over which there is a large adverse pressure gradient created by positive
incidence α. In this case low frequencies, F+<1 are most effective in maintaining attached
flow at natural post stall incidence. In fact the stall angle is delayed relative to the taped
slot by 10o and relative to the open slot by a mere 3o. Nevertheless CL,max was increased
by almost 30%. Surprisingly, locating the slot at φ=-30o ameliorates stall but does not
increase CLmax in any substantial manner. The stall angle, αstall, is increased by
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approximately 10o relative to both conditions of the slots (whether they are taped or not).
The most effective forcing frequency in this case is the highest one, i.e. F+ > 3.
The effect of forcing frequency on the lift increment generated at α = 25o and
<Cµ>=0.75% is shown in Figure 3.4 6. In this case, contrary to the data presented in
Figure 3.4 2, the correct choice of frequency has a major effect on the results. For φ=30o
ΔCL = 1 while for φ=-30o it is reduced to ΔCL = 0.5. An explanation for this is provided
by pressure distributions shown in Figure 3.4 7.

Figure 3.4 6 The effect of F+ on ΔCL when ZMFF emanates from a slot
located at φ=±30o and at incidence α = 25o

The big difference in αstall between the baseline results shown in Figure 3.4 5a for the
open and taped slot is a consequence of transition to turbulence that is triggered by the
open slot. When the slot location is changed to the lower loft while the incidence is
positive, the accelerating flow on the upper surface is laminar due to the absence of a slot
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at the location at which the flow rapidly accelerates. Separation occurs at φ=-30o at the
same incidence as it does for the taped slot located at φ=30o regardless of the former
slot’s condition, i.e. whether it was taped or not (Figure 3.4 5b). For the “clean LE” αstall
= 13oand the stall is very abrupt with ΔCL=0.7. By opening the slot on the upper surface

αstall was increased to 22o. Comparing the two pressure distributions prior to the
occurrence of stall (Figure 3.1 4 in baseline chapter) indicates that for the “clean LE”
there is a large bubble that extends all the way to the tripping device located on the upper
loft of the airfoil. When this bubble bursts the flow separates from the LE resulting in the
dramatic decrease in lift. High frequency perturbations at F+>3 provide an effective
tripping device that eliminates the large bubble and delays substantially αstall. Circa 2000
Glezer et al created a controversy claiming that F+≈10 provides the most effective tool for
separation control. He did so on an airfoil consisting of a circular LE to which a shallow
triangle was attached, thus at low Re he triggered transition to turbulence rather than
actively controlling separation.

Figure 3.4 7The effect of F+ on Cp when ZMFF emanates from a slot
located at φ=±30o and at incidence α = 24o.
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3.4.3 Application of Periodic excitation (ZMFF) from the LE90 o with slots pointing in
the clockwise or counter clockwise directions

Figure 3.4 8 The effect of ZMFF emanating from a slot located at φ=90o and pointing upstream on
lift. (a) Cµ=0.27% & F+ is variable; (b) F+=1.66 & Cµ is variable

In view of the very interesting results that were obtained for suction and for blowing at
non conventional slot orientations coming from this location (Chapters 3.2 & 3.3), it was
decided to try periodic excitation as well. In the case when <Cµ>=0.27%, ZMFF delayed

αstall by 4o but it did not increase or decrease CLmax., as it so obviously did when steady
blowing was tested ( Fig., 3.2 31). Increasing the amplitude of the ZMFF increased αstall
to 19o but it still had no effect on CLmax (Figure 3.4 8). Prior to naturally occurring stall,
5o< α <13o an increase in the amplitude of ZMFF results in a slight decrease of CL by
creating vortices that sweep the entire length of the airfoil’s upper surface. The suction
part of the cycle generates no additional lift (Figure 3.3 31) while the blowing portion of
it can destroy the lift (Fig., 3.2 31) consequently the net deleterious effect is anticipated.
One may also note that the frequency scan (Figure 3.4 8a) has now very little effect on
the stall characteristics of the airfoil contrary to the finds at φ=30o (Figure 3.4 6& 7)
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because the stationary trip strip is located very close to the slot at φ=90o. In this case
therefore, transition is not affected. The largest lift increment generated by attaching the
flow using ZMFF at small incidences above natural stall angle occurs at approximately
F+≈1.

Figure 3.4 9 The effect of ZMFF emanating from a slot located at φ=-90o on lower loft and against
streaming on lift.

ZMFF applied at φ=-90o on lower loft against the direction of streaming (Figure 3.4 9)
thickens the boundary layer, resulting in lower lift. The higher the frequency, the more
severe is the effect. However, this deleterious effect decreases at high alpha, especially
for lower frequencies of forcing. In fact, the lowest frequency, F+=0.55 even delays stall,
though by a mere one degree. Despite the little effect on lift and stall, comparison of
frequencies gives the low frequency preference at lower loft.
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Figure 3.4 10 The effect of slot location on the effectiveness of ZMFF emanating from a slots located
at φ=0o, 30o & 90o in counter clockwise orientation. <Cµ>=0.75% & F+=1.66.

Forcing the flow against the oncoming stream from the lower loft has hardly any
effect on αstall and has a slightly deleterious effect on the lift at α < αstall. In this case as
in the previous one, the effect of the frequency on the maximum lift generated (CLmax)
was minor. Comparing the results obtained from the three slot locations φ=0o, 30o & 90o
suggests that the most effective slot location for stall amelioration at this Re is the LE,
where αstall was increased by approximately 10o whereas at φ=90o it was only 4o. The
proximity of the actuator located at φ=90o to the trip strip might have affected the results,
either because some of the effect of ZMFF in this case is promoting transition or because
the trip strip degrades the effect of the two dimensional forcing.
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3.4.4 Application of Periodic excitation (ZMFF) on reattachment from LE30 o
Applying periodic excitation to a slot pointing downstream and located in the vicinity
of the LE (φ=±30o) at post-stall angles of incidence may reattach the flow and generate
lift that corresponds to or exceeds the natural CLmax. The question arises what is the
minimum <Cµ> required to achieve this at a prescribed F+. This is best done by
observing tufts and recording the pressures on the airfoil, while simultaneously, very
slowly increasing the amplitude of the periodic excitation at a predetermined frequency,
without altering either the incidence of the airfoil or the velocity of the free stream.
Whenever the tufts changed their direction, <Cµ>reattachment was recorded and the
corresponding jump in the lift was measured. The experiment was repeated at a variety of
frequencies and incidence angles and the result is plotted in Figure 3.4 11.
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Figure 3.4 11 Minimum values of <Cµ > required to reattach the flow at α>α stall using ZMFF.

The flow reattached almost instantly and the reattachment was insensitive to frequency
when the incidence exceeded the natural reattachment angle by a single degree regardless
of the slot’s location. When φ=-30o and F+<1, a measurable <Cµ> required to attach the
flow, but at φ=+30o the flow did not want to reattach at F+>2. At Δα=(α-αreattachment)=4o
(α =21o at φ=+30o) the minimum <Cµ>=0.15% was required to reattach the flow
provided F+≈2. At Δα = 7o the lowest <Cµ>reattachment=0.32% provided F+=1.5. These
results are in general agreement with the observations made by Nishri (1998) on the
generic flap where the upstream boundary layer was generated over a flat surface. It is
interesting to note that oscillations generated by ZMFF emanating from the lower loft
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(negative angle of incidence in Figure 3.4 11) produced quite similar results because of
oscillating front stagnation point.

3.4.5 Periodic excitation (ZMFF) from the trailing edge slot pointing downstream
The use of ZMFF near the trailing edge of the ellipse was reported by Cerchie et al.[ 9]
who used large exterior actuators seen in Figure 3.4 12. Since the utility of these
actuators is limited by low frequencies it was decided to postpone the detailed
investigation of ZMFF at the TE of the ellipse until interior actuators could be used for
this purpose. Nevertheless some preliminary data was taken that compliments the earlier
results in order to assess their significance.
The dependence of the lift increment ΔCL on the location of the slot, on the frequency
of excitation and on <Cµ> is reproduced from earlier results for a prescribed slot width of
0.03” or (h/R=2.4%). These results indicate that <Cµ> does not uniquely determine the
lift generated by ZMFF and it is much more sensitive to slot location than to the
frequency of forcing (Figure 3.4 12). A similar observation was made when suction was
applied to a slot located near the TE (Figure 3.4 13).
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Figure 3.4 12 Scatter in data when <Cµ > is used as parameter determining the flow, that collapses
when based on empirical combination of F+ and arc length[9] .

Figure 3.4 13 Lift comparison of ZMFF emanating from TE as φ=90o, 140o and 160o
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(a)

(b)

Figure 3.4 14 ZMFF effect on (a) lift, (b) drag when applied at TE 90 o

New experiments were carried out using ZMFF at TE90o. This slot location was
upstream of the natural separation point, so it was expected that the previously derived
scaling laws will not apply to this location. Results indicate that ΔCL is proportional to
<Cµ> and is independent of the forcing frequency provided the latter is smaller than
170HZ (F+<0.35, see Figure 3.4 14a). Contrary to the flow over a highly deflected flap of
an airfoil where reattachment of separated flow to the flap to the flap surface is associated
with the length of the flap, the reattachment to the circular TE is much less clear. It is
known that the distance over which Kelvin Helmholtz instability is amplified depends on
frequency. It was therefore suggested to check the arc-distance over which the flow was
attached and correlate this attachment length with the excitation frequency. This
relationship is given in (Figure 3.4 15b). It indicates that the flow wraps itself around the
TE and reaches an arc of 120o from the slot before separating, when the frequency of
excitation was 100Hz. By multiplying the applied <Cµ> by θ0.5 the dependence on
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frequency vanished (Figure 3.4 15a).It suggests that even when surface curvature plays
an important role, so does the venerable Kelvin-Helmholtz instability.

Figure 3.4 15 TE periodic excitation: (a) lift vs empirical parameter, (b) θ vs F
(θ is the attachment length at TE measured from slot, divided by radius of circular TE.)

The dependence of the drag on frequency and on <Cµ>appears strange at first glance
(Figure 3.4 14b). The low frequency of 40Hz increases the drag up to <Cµ>=2.5% and its
harmonic excitation (f=80Hz), has a deleterious effect up to <Cµ>=5%. The dominant
frequency associated with vortex shedding from a bluff body has a characteristic Strouhal
number of 0.2 based on the width of the wake. On a circular cylinder at subcritical Re
one uses the diameter and U∞, however on other bluff bodies one uses a characteristic
width of the wake that to a first approximation may be equivalent to the maximum
thickness of the bluff body, and if the separation location is known, a better guess is the
local width of the body at the location of separation. In this case the natural shedding
frequency is close to 80Hz based on the width of the separation region. Forcing the flow
at this frequency locks onto the vortex shedding frequency and increases its form drag.
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According to Naim et al (2007)[22], frequencies lower than or equal to the natural vortex
shedding frequency (VSF) managed to “lock” and control the entire near wake flow. It
did so over a fairly wide range of frequencies with upper limit being dependent on the
amplitude of the actuation and it increased with increasing amplitude. Under no
circumstances did it exceed twice the natural VSF in the wake. Locking onto the VSF,
considerably shortened the length of the vortex formation region, increased the vortex
strength thus reducing the pressure on the lee side of the cylinder and increasing its form
drag by as much as 32%. More interesting perhaps is the observation of Naim suggesting
that substantial coherent motion concentrated not only at the VSF but at its 3rd harmonic
(i.e. 3*VSF), corresponding to 240Hz in the present case. This frequency too showed a
substantial increase in drag up to <Cµ>=2% (Figure 3.4 14b). The lock-in phenomenon
and its effect on the drag should be investigated further whenever separation control
using periodic excitation is contemplated. At all other frequencies of excitation (those
who are incommensurate with VSF) partial or complete reattachment of the flow to the
upper surface reduced the drag. Most of the drag reduction occurred at <Cµ><1%.
It is generally assumed that attached flow at a trailing edge of an airfoil is associated
with Cp=0, with the pressure increasing monotonically on the upper surface. This
represents the Kutta-Joukowski condition in real flows. One therefore searches for the
location of maximum pressure in the vicinity of the TE to determine the condition of the
flow there (i.e. whether it is attached or separated). As <Cµ> >2%, the location of the
maximum pressure coefficient shifted to the lower surface (Figure 3.4 16) suggesting that
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the flow is fully attached on the upper one and the “Kutta condition” shifted toward the
lower surface. The extent of this shift increases with increasing <Cµ>.

Figure 3.4 16 Pressure distribution of F=80Hz as ZMFF applies at TE90o

(a)

(b)

Figure 3.4 17 ZMFF effect on (a) lift, (b) drag when applied at TE 140 o

Changing the slot location to φ=140o that is presumably downstream of the natural
separation point ZMFF is mostly less effective and the added lift that it generates is no
longer proportional to <Cµ> except perhaps at high values of <Cµ> (Figure 3.4 17a). At
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<Cµ> < 3% this slot location generates a lower lift than a slot located upstream of the
separation point, but for <Cµ> > 4.5% the current slot location has a clear advantage.
Moving the slot further downstream to φ=160o reduced the efficiency of separation
control by periodic excitation even at the highest levels of <Cµ> considered. A
comparison of the lift generated by excitation emanating from these 3 locations at a
single frequency of f =80Hz is shown in Figure 3.4 18. One may clearly observe how the
linear dependence of ΔCL on <Cµ> that was observed at φ=90o changes with increasing φ
and at φ=160o an increase in <Cµ> beyond 4% is totally ineffective.
Examining the pressure distribution measured against y/c for various levels of periodic
excitation taken at f=80Hz (Figure 3.4 19), reveals that at high <Cµ> the results
corresponding to φ=140o indicate the highest level of Cp recovered on the lower surface
of the ellipse in the TE region. The results for φ=90o are less good particularly at the
lower end of the high amplitude category where (Cp)TE <0o, and the results gathered for
φ=160o failed to attain (Cp)TE>0. It is interesting to note that for <Cµ> <1% at φ=90o the
effect of periodic excitation on the base pressure recovery is deleterious.
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Figure 3.4 18 Lift comparison at F=80Hz for φ=90o, 140o and 160o
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(a)

(b)
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(c)
Figure 3.4 19 Comparison Pressure distributions in the vicinity of the TE for φ=90o, 140o and 160o.
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3.5 Comparative Assessment of the Fluidic Actuation Methods Used
3.5.1 Steady suction and blowing from the trailing edge

Figure 3.5 1The effect of the slot width on the CL generated by
suction or blowing at low levels of Cµ at Re=4.1*105.

A comparison between suction and blowing at the narrowest slot width (where the
suction was least effective) and widest slot width (where blowing was least effective) is
shown in Figure 3.5 1. At low values of Cµ suction is always beneficial while blowing is
not. Even for the narrowest slot width, where suction is least effective the cross over
between these two techniques occurs around Cµ =0.9%. For the widest slot width blowing
does not generate any lift below Cµ≈1.2% while suction generates substantial lift (CL
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≈0.4). Nevertheless at high values of Cµ >5% blowing is superior provided the slot width
is narrow and the trailing edge of the airfoil is blunt (circular or otherwise curved).

Figure 3.5 2 The effect of a sharp trailing edge on the CL generated by suction or blowing at low Cµ .

Sharp trailing edge that is not inclined to the chord line increases the lift generated by
suction and decreases it whenever blowing is used (Figure 3.5 2). The sharp trailing edge
prohibits the movement of the rear “stagnation” location to the lower surface at high
values of Cµ (i.e. does not allow changing Kutta condition due to blowing) but increases
the entrainment from the lower-loft boundary layer downstream of the TE. This enhances
the deleterious effect of blowing. However, whenever suction is used in conjunction with
a sharp TE, the flow from the lower loft is prevented from flowing into the slot, due to

141

the sharp turning angle that it has to overcome, consequently the sharp TE increases the
upstream effect of suction and improves the generation of lift.

3.5.2 Steady suction and blowing from the leading edge

Figure 3.5 3 Lift comparison of steady suction & blowing
by a leading edge 30 o slot pointing downstream at both upper and lower loft

Figure 3.5 4 Drag comparison of steady suction & blowing
by a leading edge 30 o slot pointing downstream at both upper and lower loft
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When the slot points downstream on the lower loft (Figure 3.5 5), neither suction nor
blowing is very effective although suction increases the lift slightly at all angles of attack.
Blowing however ameliorates the stall, making it substantially shallower, although αstall
hardly increases in this case. However, drag is substantially decreased around before and
after stall, with a maximum of 70% at α =12o. Blowing from the upper loft in the same
clockwise (downstream) direction at Cµ = 4% does not have any effect on the lift
generated. It required a Cµ=9% (Figure 3.2 22) to avoid stall up to an angle of incidence
of 20o and to generate a CL of 1.8 at that angle. Suction on the other hand, at Cµ = 1.8%
(i.e.1/5th of the blowing value) generated the same lift at α =20o but the lift kept climbing
at the same slope up to the end of the α sweep at 25o. It also supplies the best drag
reduction before or post stall: 30% drag reduction at α =11o and 80% drag reduction at α
=20o
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Figure 3.5 5 Lift comparison of steady suction & blowing
by a leading edge 30 o slot pointing downstream at lower loft

Blowing or suction had no substantial effect on the baseline drag at or drag provided

α<10o. For α>10o blowing generated the largest drag (larger than the baseline drag)
although some of the jet momentum was supposed to be recovered as thrust. This is
attributed to an increase in skin friction by the high speed jet attached to the surface and
located below the large deficit boundary layer. The drag due to the suction decreases with
increasing incidence as it was pointed out in section 3.3. In the basic configuration’s post
stall regime at α=25o, the (L/D)baseline=1.8, while bowing at Cµ=4% increased this
quantity to (L/D)blowing=2.8 but suction at Cµ=1.8% generated (L/D)suction=32!
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3.6 Hysteresis

3.6.1 Introduction

Nishri (1998) and Darabi (2004) who investigated the flow over a generic flap shown
schematically in Figure 3.6 1, reported that they could keep the flow attached at much
lower level of periodic excitation than was required to force a flow that was already
separated to reattach. This was achieved at a wide spectrum of frequencies provided the
amplitude of the perturbations was sufficiently large. A very sensitive indicator of the
state of the flow was the center of pressure, xCp, that hovered around the mid flap when
the flow was separated but moved closer to the leading edge for attached flow. An
example of the movement of xCp with increased <Cµ> at a predetermined frequency is
shown in Figure 3.6 1.

<cµ >
Figure 3.6 1 The generic flap and the dependence of xCp on <cµ > at F+=0.7 (Nishri 1998)
Above right, <cµ >sat=50, <cµ >r=25, <cµ >sep=2 (The values of <cµ >
shown are 10,000 times of the real values.)
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At <Cµ>r =25*10-4 the flow reattached and xCp dropped from 0.45 to approximately
0.2 (see arrow 2 in Figure 3.6 1). Thereafter it was possible to reduce substantially <Cµ>
(arrow 3) while keeping xCp<0.3 before separation brought it back to 0.5. As long as the
flow did not separate (arrow 3) one could increase or decrease the amplitude and the
result was reversible. By increasing the momentum amplitude after reattachment, the
value of xCp remained almost constant along path three. This may be an opportunity for
closed loop control of separation whenever one wants to open up the flight envelop to
include normal post stall conditions while keeping the flow attached using active fluidic
control. One wants to achieve that goal at minimum input of momentum and yet be
assured that separation will not happen inadvertently. These findings are not limited to
periodic forcing just described as they seem to apply to all known methods of fluidic
separation control techniques. In this thesis I shall concentrate on the use of suction in
describing the hysteresis phenomenon at constant incidence.
Any closed-loop control strategy, requires an intimate knowledge of the hysteresis
loops that may only be achieved by extensive measurements under the predetermined
flow conditions. Such measurements were undertaken and they are described below.
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3.6.2 Current Results

Consider the CL-α plots shown in Figure 3.6 2, where it becomes obvious that the
elliptical cylinder behaves very much like a thick symmetrical airfoil (strut). Separation
progresses from the trailing edge upstream and that progression starts already at α=7o at
the Reynolds number shown (Re=3.3*105).. Maximum lift, CLmax=0.9, is obtained at

α=16o

Applying steady suction from a slot pointing upstream (in counter clockwise

direction) at Cµ =1.5% delays the stall angle by more than 9o but increase CLmax to only
1.25. Rotating the slot to point in the direction of streaming (clockwise direction) would
have increased CLmax substantially to attain a value of 2.1 (See Fig. 3.3 26) but this factor
is not relevant to the present discussion that focuses on the effects of hysteresis.

Figure 3.6 2 The effect of suction emanating from a slot pointing upstream from φ=90o
at CQ=0.32% applied near the LE on CL
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Figure 3.6 3 Effects of suction- intensity emanating from a slot located near the LE & pointing
upstream at φ=90o and post stall incidence on CL & CD

A combination of the bluff trailing edge and the low Re resulted in extremely poor
performance of the baseline “ellipse” at α=19o, generating an (L/D) < 2. At very low
suction levels (Figure 3.6 3), the flow does not reattach and the drag increases slightly
with increasing the suction rate CQ, since the removal of fluid possessing low axial
momentum although small might not be insignificant, resulting in sink drag.
Concomitantly the lift stays at almost a constant level decreasing further the ratio of L/D
to 1.3 before the occurrence of reattachment. When the sucked flow coefficient reached
0.3%, the flow reattached to the upper surface resulting in a remarkable decrease in drag
(from CD=0.33 to CD=0.09) and more than four-fold increase in lift reaching L/D=14.7.
One may then reduce the suction level from the previous CQ=0.3% to approximately
0.15% before any noticeable change in the lift or the drag would occur. The implication
is that it takes a much higher mass flow coefficient, CQ, to attach separated flow than to
maintain attached flow under otherwise identical conditions. One hopes that by
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continuously monitoring the flow and controlling the suction parameters one could
maintain attached flow conditions at the lowest possible level of intervention and do so
safely.

Figure 3.6 4 Effects of post stall incidence on suction- intensity required to attach the flow at φ=90o

Repeating the same experiment at different post stall angles of incidence revealed the
sensitivity of reattachment to incidence. It requires CQ>0.3 to have the flow reattach at
(α-αstall) =3o, it requires half of this value to achieve reattachment at (α-αstall) =1o. After
reattachment had occurred one may reduce the CQ four-fold and maintain the flow
attached. Increasing CQ beyond the value required for reattachment seems futile as the lift
no longer increases (Figure 3.6 4).
The effect of Re is assessed by repeating the experiment at (α-αstall) =1o at lower Re
(Figure 3.6 5). It is clear that the effect is not major and it depends more on the changes
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occurring in the flow due to stall at the different Reynolds numbers than on the
mechanism of reattachment itself. The difference in the value of CQ required to reattach
the flow decreased from 0.3% at Re=3.3*105 to 0.14% at the lower Re and the jump in
ΔCL dropped from 1 at Re=3.3*105 to mere 0.65 at Re=2.5*105 (Figure 3.6 5a). The same
experiment repeated at (α-αstall) =3o was much less sensitive to the same differences in
Re (Figure 3.6 5b).

(a)

(b)

Figure 3.6 5 The effect of Re on the hysteresis loop at (α -α stall) =1o & 3o at Re=2.5*105 & Re=3.3*105

Forced reattachment does not only increase the lift but it also reduces the drag (Figure
3.6 6). Typically the drag is reduced from CD=0.37 to 0.1 when (α-αstall) =3o. The drag
reduction is therefore as substantial as the lift increase in terms of airfoil’s performance
that as a result of reattachment from 0.4 to 1.6. The wake traverse was carried out at
approximately three chord lengths downstream of the TE where the static pressure was
approximately uniform and the large eddies shed from the body had dissipated to a large
extent and were replaced by eddies stemming from the natural instabilities in the wake.
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Upon reattachment at (α-αstall) = 3o the form drag, deduced from the pressure
distribution over the body decreased from CDp= 0.4 to 0.17, that is substantially less than
the total drag. It is interesting to note that CDp>CD both before and after reattachment, in
spite of the fact that the latter is the summation of (CDp+ CDf) where the skin friction
drag, CDf , is generally positive. One could argue that the skin friction on the upper
surface is negative because the flow over a stalled airfoil is reversed, however the flow
over the lower surface is attached and thus the net skin friction drag should still be
positive. This is certainly the case after the flow has reattached to the upper surface that
should increase the skin friction component of the total drag. If vortex shedding were to
contribute to the form drag, the difference between CD & CDp would have been larger for
separated flow than for attached flow but this is not the case since the difference is much
larger in absolute terms for the attached flow. A plausible explanation is wind tunnel
blockage and interference that were not accounted for in these results. At the quoted
incidence the solid blockage of the ellipse exceeds 10% without accounting for the wake
blockage making the static pressure over its surface some 20% lower. The reference
pressure, P∞, remains unchanged as is the dynamic pressure, (Po- P∞), that are measured
by a Pitot tube upstream. The blockage therefore contributes to the increase in form drag
that exceeds the skin friction losses. This is particularly so when the flow is attached and
a low pressure on the upper surface has a substantial component in the direction of
streaming.
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Figure 3.6 6 Effects of post stall incidence and suction- intensity on drag and on form-drag

Reducing CQ after reattachment results in an increase in both CD & CDp, but the
increase in CD is double that of CDp (Figure 3.6 6). One may argue that a reduction of CQ
reduces the sink drag that manifests itself as pressure drag and it is directly proportional
to CQ (Lagras, 1947).
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Figure 3.6 7 The effect of Re on the drag hysteresis loop at (α-αstall) = 3o

The effect of Re on the drag hysteresis loop is shown in Figure 3.6 7. The values of
CD & CDp are virtually unchanged by the difference in Re. Similarly, so is the level of CQ
required for the flow to reattach (Figure 3.6 7), because separated flow is virtually Re
independent. However, when one starts reducing the level of CQ until it induces
separation, the ability of the attached boundary layer to remain attached at low CQ is
highly Re dependent. While the flow separated when CQ <0.09% at Re = 2.5*105 the flow
remained attached at the higher Re down to CQ < 0.03%.
In order to simulate the experiment of Legras (1947), a triangular TE was added to the
ellipse and suction was applied to the TE slot that was pointing backward (clockwise) as
shown in Figure 3.6 8. In the absence of suction, a small increase in α would result in
adverse effect on CL suggesting that the flow separated from the upper surface in the TE
region (Horner, 1965). Pressure measurements made on this strut suggest other possible
mechanism for this deleterious effect on lift (see section 3.1). Notwithstanding the
application of suction at α=0o generating lift, at CQ=0.33% CL=0.15 and the “S” shape of
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the CL-α curve at small values of α was virtually eliminated (Figure 3.6 8b). However the
slope (dCL/dα) is not constant for α>7o, suggesting that a TE separation is creeping up to
the slot with increasing α. Thus at α=16o, CL≈1. A brief study of the hysteresis at this
incidence (α= 16o or α-αstall=1o) was undertaken (Figure 3.6 8a). In contrast to LE
suction that required a CQ=0.15% to attach the flow just one degree beyond the
occurrence of natural stall, TE suction required a five times larger coefficient
(CQ=0.75%). The lift in this case increased from CL=0.22 to CL=1.3 (Figure 3.6 8a). This
value would have been obtained if (dCL/dα) would not have been reduced at α>7o.
Reducing the suction after reattachment lowered the lift, thus for CQ=0.33%, CL≈1 as it
was measured when incidence was changed. This suggests that the flow is separated
between the TE and the slot.

(a)

(b)
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(c)

(d)

(e)

(f)

Figure 3.6 8 Effects of CQ on lift, CD & CDp at α = 16o
and the effect of α on all three quantities at CQ=0.33%
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Suction at CQ =0.33% suction had no effect on CDp except at a few post-stall angles of
incidence (Figure 3.6 8f), it reduced the total drag at all α > 0o, suggesting that it reduced
the extent of the separated flow at the rear of the strut or at least it thinned the local
boundary layer (Figure 3.6 8d). It is interesting to note that at α = 0o the total drag
CD>CDp reinforcing the notion that blockage is responsible for the anomaly discussed
earlier. In this case (α = 0o) the solid blockage is approximately 50% of its value at α =
16o. At high incidence (α = 16o) CDp>CD for all values of CQ measured (comparing
Figure 3.6 8c & e), this is particularly true when the flow was separated and the wake
blockage was large.
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3.7 Conclusions

Figure 3.7 1 Velocity contours and streamlines at the TE of the ellipse
when blowing (a & b) or suction (c & d) is applied at a slot located at φ=90o and
oriented in a clockwise direction at Cµ =4.5%, h/R=2.4% & Re=1.6*105

With the aid of Particle Image Velocimetry (PIV), an experiment was carried out
using a narrow slot that favored blowing over suction to determine why it is so. The test
was carried out at high Cµ = 4.5% that was identical for both methods of separation
control, only the direction of the flow changed. In this case the slot was oriented in the
clockwise direction making use of the Coanda effect during blowing while suction
required the flow to turn around in order to enter the slot. For this configuration suction
yielded CLsuction≈0.25 while blowing had a superior performance providing CLblowing≈1.
In the blowing case (Figure 3.7 1), contours of the U component of velocity suggest
that the flow is fully attached almost all the way to the TE and the velocity along the
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extension of the chord at a distance of 0.5*R downstream was already 60% of the free
stream velocity. The normal component of velocity rushing toward the plane of
symmetry was also very high exceeding 0.35U∞ at approximately the same downstream
distance. Due to the large lift generated the streamlines are inclined to the chord line
downstream of the TE. Application of suction was unable to turn the flow toward the
lower loft as indicated by the streamlines shown in Figure 3.7 1c and could be guessed
from the low lift coefficient measured. The drag during the application of suction should
also be substantially larger due to the average presence of the large eddy downstream of
the TE. Since the flow is unsteady and the vortices are being shed the picture of a
stationary eddy is deceiving although it explains the mean observations. It is interesting
to note that the strong suction pulls fluid from the TE region toward the slot thus creating
a reverse-flow region (Figure 3.7 1d).
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Figure 3.7 2 Phase locked Vorticity contours and streamlines at the TE of the ellipse
during 4 phases of the ZMFF forcing at F+=0.37. The slot is located at φ=90o and
oriented in a clockwise direction at Cµ =4.5%, h/R=2.4% & Re=1.6*105
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Figure 3.7 3 Randomly sampled ensemble averaged Velocity and Vorticity contours
at the TE of the ellipse during the application of ZMFF forcing at F+=0.37. The slot is located at
φ=90o and oriented in a clockwise direction at Cµ =4.5%, h/R=2.4% & Re=1.6*105

Periodic forcing at a reduced frequency of F+=0.37 (that is not very effective)
generated a higher CL=0.4 but also a relatively high drag. The average flow pattern
suggests that the wake in this case is shorter than in the suction case but reverse flow
exists near the base of the ellipse. The flow does bend toward the lower loft but the
average vorticity shed into the wake is mostly positive (clockwise) as one would expect
from a boundary layer (Figure 3.7 2). Phase locked vorticity and streamlines reveal some
dynamics of the process. At this low reduced frequency of F+=0.37, the amplification of
the vorticity introduced at the slot is slow and requires a large distance to materialize.
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Thus by the time the oscillations introduced by ZMFF for coherent eddies the fluid
affected was advected beyond the trailing edge of the ellipse. Such an eddy may be
observed at a phase of 270oclose to the TE and its journey downstream may be followed
from the other phase-locked streamline patterns (360o; 90o; 180o). Some negative
vorticity is generated by the forcing but it can not change much the average (Figure 3.7
3). For this reason periodic forcing is not as effective under these conditions.
Additional PIV results would be accumulated in the future in order to provide the
physical background to the mean integral quantities measured.
______
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