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Flow separation control on an adverse-pressure-gradient ramp model was investigated
using various flow-control methods in the NASA Langley 15-Inch Wind Tunnel. The
primary flow-control method studied used a sweeping jet actuator system to compare with
mor e classic flow-control techniques such as micro-vortex generators, steady blowing, and
steady- and unsteady-vortex generating jets. Surface pressure measurements and a new oil-
flow visualization technique were used to characterize the effects of these flow-control
actuators. The sweeping jet actuators were run in three different modes to produce steady-
straight, steady-angled, and unsteady-oscillating jets. It was observed that all of these flow-
control methods are effective in controlling the separated flows on the ramp model. The
steady-straight jet energizesthe boundary layer by momentum addition and was found to be
the least effective method for a fixed momentum coefficient. The steady-angled jets achieved
better performance than the steady-straight jets because they generate streamwise vortices
that energize the boundary layer by mixing high-momentum fluid with near wall low-
momentum fluid. The unsteady-oscillating jets achieved the best performance by increasing
the pressure recovery and reducing the downstream flow separation. Surface flow
visualizations indicated that two out-of-phase counter-rotating vortices are generated per
sweeping jet actuator, while one vortex is generated per vortex-generating jets. The extra
vortex resulted in increased coverage, more pressure recovery, and reduced flow separation.

Nomenclature

AR = actuator orifice aspect ratio
A = area of total jet orifices
Asep = area of the separated region
Cm = momentum coefficient

Cp = pressure coefficient

CRJ = circular round jet

ACplAx = pressure gradient parameter
FR = reduced frequency of pulsed jet
MVG = micro-vortex generator

Q = volumetric flow rate

SWI = sweeping jet

ST = steady straight jet

Ui« = jet velocity out of actuators
VGJ = vortex-generating jet

VR = jet-to-tunnel velocity ratio
Vot = onset flow velocity

\V/ e tunnel flow velocity

inch

l. Introduction

Boundary-layer flow control has the potential to improve the performance (through lift enhancement, drag
reduction, transition delay, separation delay, mixing enhancement, heat-transfer enhancement, and noise
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suppression) of many engineering systems (wings, fan blades, ducts, etc.). Typically, a boundary layer separates
when the fluid in the boundary layer does not have enough momentum to overcome the kinetic energy losses
associated with the adverse-pressure gradient and the viscous dissipation of the particular application. Due to the
large energy losses associated with the boundary-layer separation, the performance of a system may be greatly
reduced in the form of increased drag, reduced lift, or reduced total pressure recovery. Separation control methods
are usually designed to energize the decelerated near-wall fluid within the boundary layer. The primary methods of
energizing the boundary layer, and hence controlling the flow separation are the addition of momentum and vorticity
to the boundary layer. Adding linear momentum to the decelerated fluid directly increases near-wall fluid
momentum and thus delays or completely eliminates the flow separation. Near-wall momentum addition in the form
of blowing has been a preferred and straightforward separation-control technique. It has been extensively studied in
the literature! Adding streamwise vorticity increases the boundary layer mixing and therefore enhances the
convective transport of the free stream momentum towards the near wall. Vorticity addition can be either passive or
active. Passive micro-vortex generators (MVGs) have been successfully utilized® in both low-speed®* and high-
speed® applications to control the boundary-layer flow. Lin performed a detailed review of vortex generator studies
to control the boundary-layer separation.® Active vortex-generating methods such as vortex-generating jets (VGJs)’
provide the benefit of the vortex-generators without having the detrimental parasitic drag as well as the opportunity
to adjust the flow control parameters to maintain effectiveness with changing flow conditions. In addition to VGJs,
other unsteady actuation methods such as oscillatory-blowing valves?® pulsed VGJIs**' plasma actuators,®™*
synthetic jets, and fluidic oscillators™ introduce vortices and/or linear momentum to the boundary layer to achieve
enhanced system performance by controlling the boundary layer with potentially lower mass-flow requirements than
the steady blowing methods.

Fluidic oscillators, or sweeping-jet (SWJ) actuators, were primarily developed as a fluid amplifier, but are found
in many diverse applications such as windshield-washer fluid nozzles,*” flow-metering devices,®° shower heads,
and hot tubs. Although they have no moving parts, output from these actuators is an unsteady oscillating flow field.
The SWJ actuators are becoming more popular in the active flow-control field due to their inherent design features
including a simple structure, maintenance free, dimensional scalability, high frequency, and amplitude bandwidths.
Recent numerical and experimental studies? showed interesting features of this actuator. Performance
improvements of about 60% have resulted from successful flow-control applications of the SWJ actuators as
demonstrated on a single-element high-lift airfoil,* on a V-22 wing-nacelle combination,® and on wind turbine
blades?® They have been successfully used to reduce drag by 20% on trucks?” and by 16% on a bluff body.?® The
SWJ actuators were applied on a vertical tail model (NACA 0012 airfoil section) of atypical twin-engine aircraft at
Reynolds number up to 1.5 million and a 50-70% increase in the side force was reported.*

The purpose of the present study is to investigate how well the SWJ actuator functions as a flow-separation
control device. In addition, the effectiveness of the SWJ actuators will be evaluated and compared with other flow-
control devices (MVGs, steady blowing, steady and unsteady VGJs) applied to an adverse-pressure-gradient ramp
flow.

I1.  Experimental Setup and Methods

The experimental data in this study consists of two different data sets acquired at two different time periods. The
first data set was conducted by the second author in support of the NASA Ultra-Efficient Engine Technology
(UEET) program in 2002. The first data set includes studies of flow-separation control using MVGs, steady and
unsteady blowing. The second data set was conducted by the first author in support of the NASA Fixed-Wing
Project in 2013. The second data set includes studies of flow-separation control using the SWJ actuators in steady
and unsteady modes of operation. The same tunnel configurations (ramp, splitter plates, flap angle, tunnel speed,
etc.) were used in both experimental studies. The baseline (no flow-control) configurations have been tested many
times to ensure that the uncontrolled pressure distributions match with each other.

A. Facility and M odel

Both experiments (2002 and 2013) were conducted in the NASA Langley 15-Inch Low-Speed Tunnel. As described
in Ref. 4, this tunnel is a closed-return, atmospheric facility used primarily for fundamental flow physics research.
The tunnel flow speed (Vwna) entering the test section is approximately 100 feet/second. The ramp model was
placed between x=58" to 75" stations (see Fig. 1) and designed to have adverse pressure gradient with separated
flow. The upstream splitter plate was raised 3.5" to accommodate the ramp model. The upstream boundary layer on
the splitter plate develops before being subjected to the adverse pressure gradient. The flow above the splitter plate
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accelerated to provide an onset flow velocity (Vonst) Of 140 feet/second just ahead of the ramp. The pressure
distribution over the upper splitter plate was adjusted to be uniform between x=20" to 50" stations by using supports
in the upper tunnel wall to dightly modify the ceiling geometry.

B. Diagnostic Tools

Static pressure ports (0.020" ID) were instrumented on the ramp model to provide pressure data. These pressure
ports were located along the centerline of the ramp. There were four additional pressure ports laterally across the
ramp at selected stations that were equally spaced at 0.5" intervals around the centerline. The pressure ports were
connected to a electronically-scanned-pressure (ESP) module that communicates with a computer via Ethernet. The
pressure transducer in the acquisition module can record a maximum of 1 psid with an accuracy of +0.06 psi.
Surface pressure data presented in this study was obtained by ensemble averaging of 6400 pressure signals from
each pressure port to provide excellent accuracy and filtering.

A new surface oil-flow visualization technique was developed and used in the 2013 study. The surface oil-flow
visualization was obtained using a mixture of aviation oil, kerosene, and nano-sized fumed silica particles. The
aviation ail serves as the primary agent similar to a typical fluorescent oil-film technique. It has fluorescent pigment
that glows under the ultra-violet (UV) light and acts as a tracing media. Kerosene is used as a carrier fluid. It mixes
very well with aviation oil (miscible) and modifies the ail viscosity. When the kerosene is evaporated, it leaves oil
traces behind. Here the nano-silica particles should not be confused with the titanium dioxide (TiO,) particlesin a
well-known kerosene+TiO, flow visualization technique. While TiO, particles serve as powdered pigment, the silica
particles in this method serve as an anti-sagging agent, which is commonly used in household paints and coatings.
As an anti-sagging agent, the silica particles keep the oil on the ramp surface after the tunnel is turned off. Therefore
the il does not flow under the influence of gravity and hence eliminates in-situ photographing requirements. The
mixture can be applied on contact paper and be photographed later to eliminate any camera parallax, accessibility,
and focusing problems. Since the tracing mediais oil, similar to the fluorescent oil-film technique, the mixture does
not dry out quickly and the flow visualization does not have the hysteresis effect as we usually see in the
kerosene+TiO, visualization technique. Using this mixture, the flow patterns are visible under both white and UV
lights. When illuminated with the UV light, it provides brilliant surface flow patterns, whereas the model and
background remain invisible. It has the advantages of kerosene+TiO, and fluorescent oil-film techniques.

The new mixture was applied on contact paper using a foam brush and the tunnel onset velocity was set to 140
feet/second. The mixture flows under the influence of shear stress and makes patterns on the surface, which indicate
the flow topology. The kerosene in the mixture eventually evaporates due to its high volatility and leaves oil traces
on the ramp surface. The silica particles thicken the oil so that it does not flow under the effects of gravity when the
tunnel flow is off. Then the contact paper was removed from the ramp surface and carefully placed on aflat surface.
The visualization images were photographed with a standard digital camera using either UV or white light.

C. Flow Control Methods

Steady and unsteady blowing techniques were considered for active flow-control devices in the 2002 study. In
addition to the active flow-control techniques, MV Gs were used as a passive flow-control device similar to the study
in Ref. 4. The MVGs were placed lateraly on the ramp shoulder with the trailing edges at the x = 61.75"
longitudinal station. For steady and unsteady blowing techniques, 0.1175" diameter circular orifices were used.
Sixteen flush-mounted orifices with 0.5" lateral spacing were fabricated at approximately the same longitudinal
station (x=61.75") into the ramp shoulder (Fig. 2a). The circular round jets (CRJ) have a 30°-pitch angle (angle
between jet axis and local surface tangent in the vertical plane). Left-hand-side orifices blow toward the left sidewall
and right-hand-side orifices blow toward the right sidewall. These jets have £90° azimuthal angle (angle between jet
axis and incoming flow in the horizontal plane) to allow symmetric blowing toward the tunnel sidewalls. Due to the
azimuthal angle, this type of blowing generates vortices that are similar to the MV G vortices and is referred to as
vortex-generating jets in the literature. These vortices deflect the low-momentum flow out toward the tunnel
sidewalls and create mixing between upper/lower portions of the boundary layer. The CRJs shared the same plenum
and the mass-flow rate to the plenum was kept constant through the use of a flow meter/controller. By opening every
other or every third jet orifice, the effect of jet spacing was also studied. The unsteady (pulsed) CRJs were generated
by using commercially available high-speed solenoid valves that were placed in the pressure tubing lines between
the jet orifice and the plenum. Solenoid valves were connected to a function generator to provide on-demand pulsed
jets.

As an active flow-control device, the SWJ actuator was considered the main focus of the 2013 study. The SWJ
actuator array was fabricated from acrylic material with a CNC machine and located at x = 62.325" longitudinal
station (Fig. 2b). The orifice cross section of the SWJ actuator was square (Aspect Ratio = Width/Depth, AR = 1)
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having 0.25"x 0.25" dimensions. It should be noted that the actuator orifice is not the same as the actuator exit as
shown in Fig. 3a. The actuator orifice is the throat that is slightly upstream of the actuator exit. Different aspect ratio
(AR = 2 and AR = 4) actuators were obtained by reducing the depth of the actuators to 0.125" and 0.0625"
respectively, while maintaining the actuator planform geometry. The SWJ actuator array consisted of five actuators
arranged in alateral line pattern in which the center of the middle actuator coincided with the tunnel centerline (Fig.
2b). Each actuator in the array shared the same plenum. The flow rate to the actuator array was controlled by a flow
meter and held constant during the experiment. The SWJ actuator array was placed underneath the ramp and had a
jet axis that pointed downstream at an angle of approximately 25° to the free-stream flow. However since the
actuators were placed on the curved surface, the pitch angle between the jet axis and the local flow is 42°. The
azimuthal angles of the jets out of SWJ actuator were obtained as 24° and 34° by checking the velocity profiles at
different downstream locations for angled and oscillatory jets, respectively. The distance between two adjacent SWJ
actuators was 2.5". Figure 3a shows the planar view of the SWJ actuator geometry. This figure also explains the
working principle of the SWJ actuators. As explained in Refs. 21 and 30, when the fluid passes through the actuator
main channel, it attaches to either Coanda surface due to the Coanda effect (Fig. 3a). A backflow develops in the
feedback loop and forces the jet flow to detach from that surface and attach to the opposite surface. When the jet
flow attaches to the opposite surface, a backflow develops in the other feedback loop, which forces the jet flow to
switch back to itsinitial state. The process then repeats itself, thus producing self-sustained oscillations.

Three different actuation methods were considered in the 2013 study. All three actuation methods used the same
SWJ actuators. This allowed direct comparison of the different actuation methods by eliminating many possible
disparities in the geometric and actuation parameters, such as location, orientation, spacing, exit area, pressure
variations, etc., that may lead to biased conclusions in the comparisons. In the first actuation method, the SWJ
actuators were run in a steady (nonoscillating) straight mode. The steady-straight jet (STJ) was generated by using
the same actuator with a dight modification as described in Ref. 21. In this modification, the two feedback loops
that initiate and maintain the self-sustained oscillations were blocked. In the absence of any backflow from these
feedback |oops, no oscillation takes place and the jet flow is attached to one of the surfaces inside the actuator due to
Coanda effect. In this state, the jet coming out of the actuator exit is steady but has an azimuthal angle between the
jet axis and the actuator centerline. In order to eliminate the Coanda effect and hence to generate a nonoscillating
straight jet, steady mass flow was provided through the ports to the main jet flow (Fig. 3b). These ports were
connected to the inlet nozzle (as shown in Fig. 3b as flow line) therefore the total flow rate does not change. The
steady mass flow eliminates the jet attachment to the Coanda surfaces and hence produces a nonoscillating straight
jet. In this mode, the jet flow out of the SWJ actuator was similar to an axisymmetric turbulent free jet. Since the
azimuthal angle was zero, this actuation method produced a straight blowing that energized the boundary layer by
momentum addition. In the second actuation method, the SWJ actuators were run in a steady-angled mode. The
steady-angled jet was generated by blocking one of the feedback loops as shown in Fig. 3c. A steady backflow
develops only in the unblocked feedback loop and this backflow forces the main jet flow aways to be attached on
the opposite Coanda surface. As aresult, the jet flow at the exit was a steady-angled jet. Because of the azimuthal
angle, this type of blowing acted as a VGJ that generates streamwise vortices. Note that blocking both feedback
loops aso generates steady-angled jet. However there is an uncertainty in the sign of the resulting azimuthal angle
(either positive or negative) depending on which Coanda surface the main jet flow attaches to inside the actuator.
The sign of the azimuthal angle determines whether the generated vortices are clockwise or counter-clockwise
rotating vortices. In addition, if the signs of the azimuthal angle of each actuator are the same, then the generated
vortices are co-rotating vortices, but if they are mixed then the generated vortices are counter-rotating vortices.
Keeping one of the feedback |oops open removes this uncertainty and ensures that the jet flow generates the desired
type of vortex structures such as, clockwise or counter-clockwise rotating, co-rotating or counter-rotating. In the
third actuation method, the SWJ actuators were run in normal operating mode without any modification. This type
of blowing generates an oscillating jet at the exit that sweeps back and forth between the two jet-exit sidewalls with
a specific frequency. In this current actuator setup the jet out of each actuator oscillates randomly therefore they are
not synchronized.

I1l.  Test Conditions

A. SWJ Actuators

First, the SWJ actuator output was characterized by performing bench-top experiments outside the wind tunnel with
hot-wire measurements. While the jet flow goes back-and-forth between the two Coanda surfaces inside the SWJ
actuator, the resulting jet flow at the SWJ actuator exit is highly oscillatory. In Fig. 4, atypical frequency spectrum
of such oscillating flow is given for this type of actuator. The corresponding peak frequency is 160 Hz; however
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higher harmonics are also visible in the spectrum. The dominant frequency is very clear and its amplitude is more
than any of the other fluctuations. This peak frequency corresponds to the case where the volumetric flow rate was
fixed to 13.4 SCFM (standard cubic feet per minute). The hot-wire probe was located downstream of the actuator
exit at an arbitrary point (6 mm away from the orifice and 10 mm off the centerline). Although the amplitude of the
spectrum varies depending on the location of the hot-wire probe, the spectrum profile and its peak frequency does
not change. The frequency variation of the SWJ actuator with respect to the flow rate was tested by gradualy
increasing the flow rate and recording the peak frequency (Fig. 5). Consistent with the data available in the
literature,**® the frequency of the actuator varies almost linearly with the flow rate. The oscillation frequency in this
study is much lower than the reported frequencies in the literature that are in the kHz range. This is because the
current actuator is much larger than a typical lab-scale actuator of this type reported in the literature. The actuator
frequency depends not only on the flow rate but also on the geometry of the actuator. As shown by the other plotsin
this figure, changing the aspect ratio by reducing the depth of the actuator produced higher frequency responses;
however the frequency variations till have linear trends. For the same flow rate (for example, 10 SCFM), the
frequencies are 61 Hz, 121 Hz and 252 Hz for AR = 1, AR = 2, and AR = 4 actuators, respectively. Since the
actuators shared the same plenum, uniformity of each actuator output was also checked for a fixed flow rate. A +5
Hz deviation was observed in the frequency response from one actuator to the other. Thisis mostly due to the flow
rate variations during the experiments (maximum variation in the flow rate was measured as 1.5%). In addition, any
geometric mismatch in the fabrication and unequal distribution of the flow to the actuators from the shared plenum
can also contribute to the variations in the frequency.

The mean velocity profiles for the three different blowing methods using the SWJ with AR = 2 actuators are
shown in Fig. 6. The velocity profiles were nondimensionalized with the average-jet velocity estimated from the
flow rate (i.e., Uje = Q/Aja), Where At is the total area of jet orifices and Q is the volumetric flow rate. These
velocity profiles were measured 20 mm downstream of the orifice. Since the flow direction and the hot-wire probe
axis were not parallel for the oscillating and angled jets, the pitch corrections were applied to the hot-wire
measurements to obtain the true velocity as described in Ref. 21. As mentioned before, the straight blowing
produces a jet that is similar to an axisymmetric turbulent jet. The peak velocity is at the centerline and the jet half
width (spanwise location where the velocity is half the peak velocity) is about 8 mm. the angled blowing produces a
VGJ and the velocity profile is similar to the straight jet except that the peak velocity is now shifted (about 9 mm)
off the centerline. The VGJ velocity profile shows an asymmetric profile where the right tail of the VGJ is longer
than the other side. This is because the hot-wire measurements were obtained perpendicular to the actuator
centerline rather than the jet axis. Thejet half width is very close to that of the straight jet. The oscillatory blowing
produces a SWJ in which the jet sweeps back-and-forth between two jet exit sidewalls. As mentioned in Ref. 21, this
type of jet produces double peaks and wider spreading. Spanwise locations of the peak velocities of the SWJ and
VGJ are very close, which indicates that as the SWJ oscillates, the jet goes from one VGJ state (positive azimuthal
angle) to the opposite VGJ state (negative azimuthal angle). The jet half width of the SWJ at the same downstream
location is 28 mm, which is more than 3 times larger than that of the nonoscillating jets. As presented in this figure,
the increased jet half width is due to the wider spreading, which results in more spanwise coverage. However,
continuity of mass implies that the wider spreading results in reduced peak velocities. Even though a reduced peak
velocity was observed in the mean velocity profiles, instantaneously the same high-momentum jet affects the outer
flow field.

B. Basdline Flow Field
All of the tests in this study were performed at an onset velocity (Vonse) Of approximately 140 feet/second. This
corresponded to an approximate onset Mach number of 0.12. A boundary-layer trip (grit strip) was applied near the
leading edge of the splitter-plate model and at the corresponding streamwise location on the tunnel walls to produce
turbulent boundary layers for the onset flow (Fig. 1). Boundary-layer thickness at x = 57" station was measured
approximately as 0.87", which is in good agreement with previously reported data.* Boundary-layer measurements
were obtained by custom-made boundary-layer rakes that enabled boundary-layer measurements from 0.007" above
the surface. At the same location, the momentum thickness was obtained as 0.097". The Reynolds number based on
the momentum thickness was approximately 6600. The spanwise uniformity of the tunnel flow was checked by
comparing the boundary-layer momentum thickness at several spanwise locations between +4.5" from the tunnel
centerline. The maximum variation of the momentum thickness in the spanwise direction was found to be less than
5% so the free-stream flow upstream of the ramp was assumed to be reasonably uniform.

Typica centerline static-pressure data for the baseline (no flow-control) cases are presented in Fig. 7. As shown
in this figure, the baseline cases for the 2002 and 2013 studies match very well, which demonstrates good
repeatability over a long time period. For both baseline cases, the Cp measurements were obtained by taping the
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actuator exit holes. The baseline cases have been tested many times to check data repeatability. The maximum
standard deviations from the mean Cp were observed mostly at the upstream stations near the suction peaks and
measured as 1% and 0.5% for the 2002 and 2013 studies, respectively. The centerline Cp distributions show a
suction peak at x = 60" station followed by a decrease due to the adverse pressure gradient. The Cp distribution also
indicates a flow separation near x = 64" station where a sudden change (plateauing) in the pressure distribution is
observed. The centerline suction pressure continues to drop as the separated flow re-attaches to the ramp surface
downstream of x = 70" station. The third Cp distribution shown in this plot gives the effect of the jet exits for the
2013 study. Without having any noticeable differences upstream of the separation, there is a dight offset in the Cp
distribution, especialy in the separated region. As shown in Fig. 2b, the exit shape of the SWJ actuator is
trapezoidal. In the absence of tape, the exit holes act as cavities. The two side corners may potentially generate weak
counter-rotating vortices. These complex fluid-cavity-vortex interactions may cause an offset in the Cp distribution.
The Cp distribution without tape at the exit was used as the baseline (no flow-control) data. The effect of open-jet
exits was aso checked in 2002 study; however since the exit area of a CRJ is 8 times smaller than the area of the
SWJ actuator trapezoidal exit, the effect is very small and within the range of experimental error.

Surface oil-flow visuaization for the baseline case is presented in Fig. 8a-b for UV light and white light,
respectively. In al oil-flow visualization figures, the flow direction is from top to bottom and the longitudinal x-
stations are labelled on the side. This surface flow visualization is very similar to that presented in the Fig. 7 of Ref.
4; however the new surface oil-flow visualization technique provided more detailed flow structures especialy in the
separated region. In addition, this new visualization technique requires small amounts of mixture (10 ml to cover a
15" x 20" ared); therefore it does not lead to excessive collection of oil material, especialy in those spiral nodes and
tunnel corners. Without having excessive material, the entire surface flow was visualized from one tunnel sidewall
to the other including the corner vortices and the reversed flow at the corners. Two large corner vortices were
observed on the upper portion of the ramp as shown by two spiral nodes. The separated flow field was dightly
biased toward the left-hand side of the figure and this bias was accompanied by a weaker corner vortex at that side.
The flow separation and reattachment are seen in Fig. 8. Approximately at x = 64" station, oil material was observed
to be collected, which indicates the flow separation location. In these flow visualization images, there is another oil
collection site located at x = 67" station. Due to the ramp inclination and the presence of reversed flow, the gravity
and shear stress forces compete with each other. Therefore this second oil accumulation location can be interpreted
as the point where the gravity and the shear stress balance each other. The center of the reattachment node is
approximately at x = 71" station. The reattachment locations near the tunnel sidewalls extend further downstream,
reaching x = 74" station. The separated flow is highly three-dimensional because of the interaction between the
reversed flow, the corner vortices, and the reattachment node.

V. Results and Discussions

A. Active Flow Control with Circular Jet Orifices

The centerline pressure distribution for the passive flow-control method using MVGs is shown in Fig. 9. The
MVG data represents a reference flow-control case for the comparisons. Passive separation control with MVG
energizes the boundary layer with addition of convective vorticity. Strong vortices created by MV Gs bring high-
momentum fluid into the boundary layer and reduces the influence of the corner vortices. The centerline flow
remains attached as the suction pressure smoothly decreases under the influence of the adverse pressure gradient.
The MVG increased the upstream suction pressure slightly and provided substantial pressure recovery by
eliminating the flow separation.

The effect of the steady blowing using the CRJ actuators for different orifice spacing configurations is shown in
Fig. 10. The momentum coefficient is 1.1% as defined by [0 () (000 [0/ [, where Ajet is the total area of
jet orifices. Asep IS the surface area of the separated region of the no flow-control case and defined as the product of
the tunnel width and the length of the centerline recirculation zone. This length was determined as 8.5" by
investigating the oil-flow visualization images (not shown here) in 2002. Although the new oil-flow visualization
technique provided dightly shorter length, the same 8.5" length was used in al cases for consistency. The velocity
ratio (VR) is defined as the ratio of the jet velocity to the tunnel onset velocity. The jet velocity was estimated from
the flow rate (i.e., Ujx = Q/Aj). Three different orifice spacings were studied: 1) 0.5" spacing with 16 jets, 2) 1"
spacing with 8 jets, and 3) 1.5" spacing with 6 jets. These different orifice spacing configurations were obtained by
opening every other, or every third jet orifice. Since the number of orifices and hence Ajet was changed, the VR was
adjusted to match the same momentum coefficient. By examining the centerline Cp distribution, we did not observe
any significant difference due to the orifice spacing as long as the momentum coefficients are the same. This figure
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also indicates that as long as the momentum coefficients are the same, the VR does not have any significant effect
on the pressure distribution for the cases tested. Therefore the 8-jet configuration with 1" spacing will be used in the
rest of the study. The centerline Cp distribution indicates that the momentum coefficient has a significant impact on
the pressure distribution (Fig. 11). Starting from a low flow rate (Cm = 0.03% and VR = 0.5), the blowing rate was
gradually increased by an order of magnitude (Cm = 2.18% and VR = 4). Consistently, we observed a gradually
higher upstream suction peak and more pressure recovery at downstream. The steady blowing with Cm = 0.55%
(VR = 2) resulted in a similar pressure distribution to that of the MV G flow-control case. For the cases tested, Cm =
0.55% with the 8-jet configuration is assumed to be the minimum needed to recover the pressure losses due to the
flow separation on the ramp. Therefore the Cm = 0.55% will be used as the reference Cm value. The excessive
blowing, Cm > 0.55%, resulted in additional pressure variations. These favorable Cp distributions were due to the
excessive blowing rather than the recovery of the pressure losses. The excessive blowing also reduces the effect of
the corner vortices.

Previous investigations have demonstrated that unsteady actuation is more efficient than steady actuation in
producing optimal performance. This is because the unsteady actuation requires less energy (or flow rate) input
while satisfying the output requirements.® To verify this effect of the unsteady blowing in the current flow-control
application, the same 8-jet with Cm = 0.55% configuration was used. The momentum coefficient was calculated the
same way and mean value of the flow rate was used when calculating the unsteady jet velocity. The unsteady jet
actuation was obtained by using high-speed solenoid val ves, which were directly connected between the plenum and
the orifices. The frequency of the pulsation was varied up to 200 Hz. The frequencies were nondimensionalized by
the length of the recirculation zone and the onset velocity to give reduced frequencies (FR) up to 1.00. As shown in
Fig. 12, the pressure distribution did not show any dramatic difference. Another set of experiments were aso
performed (not shown here) to see the effect of unsteady blowing at alower Cm (0.13%), which resulted in a similar
performance. However, the effect of the unsteady blowing can be revealed by looking more closely at a pressure-
gradient parameter (ACp/Ax) that is more sensitive to the flow changes on the ramp model. This parameter is
defined to be the difference between a selected lower ramp Cp (at x = 67.412") and an upper ramp Cp (at x =
60.125") divided by the distance between their locations. This performance index clearly shows the increased
efficiency of the unsteady jet blowing over the steady jet blowing (Fig. 13).

B. Active Flow Control with SWJ Actuators
1. Pressure measurements

The centerline pressure distribution for the three different blowing methods is shown in Fig. 14. The SWJ
actuator with AR = 1 was used to produce steady-straight, steady-angled, and unsteady-oscillatory jets. Using the
same actuator for both steady and unsteady actuations enables a more direct comparison since it eliminates
variations in many actuator parameters (location, orientation, orifice spacing, Aj«, €tc.), which may lead to biased
conclusions. The flow rate was fixed to 18.6 SCFM to produce the same Cm = 0.55%. Since the Aj¢ of the SWJ
actuator is approximately 4 times larger than that of the CRJ orifices, the VR is reduced to 1 (2 for CRJ) for the
same Cm. The SWJ actuator array was installed between x = 61.6" and x = 63" stations, therefore there is no data
points at x = 62.125" and 62.625" stations in the 2013 study. For comparison, the figure also includes Cp
distributions for the no flow-control case and the flow-control case with CRJ from the 2002 study. There is a
substantial difference between the no flow-control and flow-control cases for the first two stations right after the
blowing exits (stations at 63.4" and 63.9"). This is because those locations were very close to the actuator exits and
were exposed to very high-momentum jet flow. All of the flow-control methods produced substantial pressure
recovery by reducing the flow separation. Consistently, slightly higher suction peaks were observed on the upstream
ramp section. The Cp distributions for the VGJ and SWJ methods are very close to each other in the separated as
well as in the upstream ramp regions. Looking more closely at the separated region (Fig. 15) reveals that the SWJ
and VGJ are more effective than the STJ by achieving higher pressure recovery and by reducing the flow separation.
Although all three methods injected similar momentum into the ramp flow, the superiority of the SWJ and VGJ can
be explained by considering the generated streamwise vortices by these (SWJ, VGJ) blowing methods. It should be
noted that the STJ blowing method also generates streamwise vortices. However, as shown in the literature,! the
circulation level of the vortices generated by the STJ type blowing (zero azimuthal angle) is very small compared to
that of an angled jet, i.e. the vorticity generated by the STJ blowing is negligible. The streamwise vortices generated
by the SWJ and VGJ methods further energize the boundary layer by bringing the higher momentum fluid toward
the ramp surface. As shown in this figure, al three actuation methods (i.e., STJ, VGJ and SWJ) were out performed
by the CRJ and the difference between CRJ and the other actuation methods increases gradually for the downstream
locations. According to Ref. 31, the streamwise vortex is embedded deeply in the boundary layer and its strength is
reduced rapidly for a VGJ with a small velocity ratio. Consequently, due to the reduced velocity (SWJ has VR = 1
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and CRJ has VR = 2), the weaker vortex generated by the SWJ actuation methods decays rapidly in the boundary
layer and we observe a gradual deviation in the Cp distributions. Using the CRJ as a point of reference, this
deviation means that all three methods (SWJ, VGJ, STJ) are losing their effectiveness on the downstream flow.
They are unable to energize the boundary layer by mixing high-momentum fluid from the outer boundary layer as
compared to the CRJ case. The weaker vortices do not have enough vorticity at downstream and result in less
boundary-layer mixing. As shown in this figure, the momentum-addition method (STJ) and vortex-generating
methods (VGJ and SWJ) match very well on the downstream ramp. This supports the conclusion that the generated
vortices are weak in the downstream region and only the effect of momentum addition is visible.

Figure 16 shows the effect of actuator aspect ratio on the Cp distribution while focusing only on the separated
region. As mentioned before, the aspect ratio was changed by reducing the actuator depth. Three different aspect
ratios, AR =1, AR = 2, AR = 4 were tested. In all three cases, Cm = 0.55% was fixed by setting the flow ratesto 19,
13.4 and 10 SCFM, respectively. Because of the reduction in the areas, the corresponding velocity ratios were
increasedto VR =1, VR = 1.5, and VR = 2, respectively. As shown in Fig. 5, changing the AR not only changes the
VR but also the jet oscillation frequency. For the same Cm = 0.55%, the SWJ oscillation frequencies are 110 Hz,
163 Hz, and 266 Hz for AR = 1, AR = 2, AR = 4 actuators, respectively. All of the actuation methods produced
substantial pressure recovery by reducing the flow separation. The SWJ-ARL1 actuator is effective in controlling the
flow separation especially in the near exit regions until the x = 67" station. Then the Cp distribution deviates from
the reference flow-control case (CRJ). This behavior was discussed in Fig. 15 where the vorticity produced by the
SWJ-ARL1 actuator was weak and decayed earlier reducing its effectiveness in the downstream region. Although a
substantial pressure recovery was observed when compared to the no flow-control case, the pressure recovery isless
than that of the CRJ actuator. However, it is hard to tell whether it has a separated flow at downstream by simply
looking at the centerline Cp distribution. This detail will be discussed by investigating the surface oil-flow
visualization in the next section. Increasing the aspect ratio to 2, increased the pressure recovery. Cp distributions of
the SWJ-AR2 and CRJ actuators are now matching very well. There is a dlight low-offset in the Cp distribution
between x = 65"-68" stations, which was also observed in SWJ-AR1 case. This dight difference will also be
discussed in the surface oil-flow visualizations. Next, the aspect ratio was increased to 4. This comes with the
increased jet velocity (VR = 2), which is the same as that of the CRJ actuator. Interestingly, the AR4 actuator
produced less pressure recovery. The reason for this reduced performance of AR4 actuator is unknown, but it may
be because the smaller-orifice jet requires a relatively longer distance to penetrate through the boundary layer,
although it generates stronger vortex.* Comparing the Cp distributions of the AR1 and AR4 actuators also supports
this conclusion. The AR4 actuator is less effective than the AR1 actuator up to x = 69" station and more effective
afterwards. In addition, the AR4 and AR2 actuators produce similar Cp value after the flow reattachment. Thus,
there should be an optimum jet orifice for given jet momentum, orientation, and boundary layer structure. Existence
of such optimum orifice was also reported in Ref. 12. We conclude from this figure that the SWJ-AR2 is more
efficient than the SWJ-AR1 and SWJ-ARA4, and achieves higher pressure recovery by reducing or eliminating the
flow separation for the same Cm. Compared to the SWJ-AR1, the SWJ-AR2 requires less flow rate (19 vs. 13.5
SCFM) and provides better performance.

Figure 17 shows the comparison of the steady and unsteady blowing using AR2 actuators. Consistent with the
AR1 cases (Fig. 15), the straight blowing is the least effective, which is only energizing the boundary layer by
momentum addition. The Cp distributions of the straight blowing for AR1 and AR2 are very similar. This indicates
that changing VR = 1 to VR = 1.5 does not provide any noticeable difference in the Cp distributions for the straight
blowing as long as the Cm is the same. As previously discussed in Fig. 15, the VGJ-AR2 actuator further increased
the pressure recovery in the entire separated flow region by distributing the high-momentum fluid in the boundary
layer through mixing. The VGJ-AR2 actuator produces very similar Cp distribution to that of the V GJ-AR1 actuator
in the near exit region until the x = 68" station, and then it provides more pressure recovery at the downstream
stations. This also supports the previous conclusions that the AR1 actuators generate weaker vortices. Since the AR2
actuator has VR = 1.5, the vortex generated by AR2 actuators is stronger than that of AR1 actuators. Therefore the
stronger vortices survive longer and penetrate further into the downstream stations resulting in better performance.
While the VGJ-AR1 and SWJ-AR1 actuators produced very similar Cp distributions (Fig. 15), the SWJ-AR2
actuator produced more pressure recovery than the VGJ-AR2 especially between the x = 65"-70"stations. We do not
see any difference after the station 70" due to the attached flow. Therefore for the cases tested, the oscillatory
blowing with SWJ-AR2 is considered the most effective.

Usually the Cm value is the most important parameter in the blowing type active flow-control methods. Thisis
because adding momentum to the boundary layer directly increases near-wall fluid momentum and thus reduces or
completely eliminates the flow separation. In addition, for a fixed geometry, higher Cmresultsin higher VR, which
generates a stronger vortex. The effect of the Cm value was tested by gradually increasing the flow rate. As observed
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with the Cm variation in the CRJ blowing method (Fig. 11), increasing the Cm has a favorable effect on the Cp
distribution by increasing both the downstream pressure recovery and upstream suction peak (Fig. 18). Since the
flow is aready attached for Cm = 0.55%, further increasing the Cm value has more effect on the downstream flow,
that is due to the excessive blowing rather than the pressure recovery. Another set of experiments was performed
with AR1 and AR2 to investigate the effect of vorticity strength by increasing the Cm to 1.2%. The corresponding
VR values are 1.57 and 2.2, (oscillation frequencies are 157 Hz and 210 Hz) for the AR1 and AR2 actuators,
respectively. Since only VGJ and SWJ type blowing generate streamwise vortices, the straight blowing results were
not included in Fig. 19. In addition, the Cm of the reference flow-control case (CRJ, Cm = 0.55%.) was kept the
same. It is observed that increasing the vorticity strength by increasing the VR = 1 to VR = 1.57, improves the
performance of the AR1 actuator. Cp distributions of the AR1 actuators are either matching or better than that of the
CRJ actuators (Fig. 19, compare with Fig 14). This demonstrates that it recovers the pressure losses due to the
adverse pressure gradient, and hence eliminates the flow separation in the entire region. Interestingly, the Cp
distributions of the VGJ-AR1 and SWJ-AR1 match each other similar to the Cm = 0.55% casein Fig. 15. However,
increasing the vorticity strength by increasing the VR = 1.5 to VR = 2.2 for AR2 actuator does not show a
substantial difference. Thisis consistent with the CRJ results presented in Fig. 10, where changing VR does not have
any significant effect on the pressure distribution as long as the momentum coefficients are the same. Increasing Cm
to 1.2% produced very similar Cp distributions with that of Cm = 0.55% for both SWJ-AR2 and VGJAR2
actuators. Therefore we can conclude that at least VR = 1.5 is required for AR1 and AR2 actuators to recover the
pressure losses due to the flow separation. Once the flow separation is eliminated, further increasing the Cm only
generates favorable Cp distribution due to excessive blowing.

Figure 20 shows the comparison of two different vortex-generating jets (generated by CRJ and SWJ actuators) at
two different Cm values. We have observed in the previous figures that the SWJ actuators either provide similar Cp
distributions to that of the CRJ blowing or were out-performed by the CRJ blowing. One of the reasons may be the
dlight difference in the locations of the CRJ and the SWJ exits, where the CRJ exits were placed about 0.5" upstream
of the SWJ actuators location due to the space limitations. This extra distance allows the CRJ-generated vortices
better mixing and deeper penetration into the boundary layer. The other reason may be due to the difference in the
azimuthal angle, which has been found to be an important parameter to achieve the desired separation control.® It
was reported that although a small azimuthal angle is preferred for the rectangular slot jets, a large azimuthal angle
is more effective for the circular orifice jets.® There are mixed results for the optimum azimuthal angle in the
literature and these results are very much dependent on the flow conditions, but the azimuthal angle of 90° was
reported to be well-suited to prevent the flow separation on an adverse-pressure-gradient ramp.® Therefore, the CRJ
actuators have the optimum 90° azimuthal angle, whereas the 24° of azimutha angle may not be the optimum for
the VGJ generated by the SWJ actuator. When we compare the effects of two vortex generator methods, they both
provided substantial downstream pressure recovery by reducing the flow separation. Increasing the Cm has a
favorable effect on the downstream pressure recovery. Interestingly, while increasing Cm did not result in any
significant difference in the upstream suction pressures for the VGJ with SWJ actuator, we see a large increment in
the case of CRJ. This can be explained by considering the actuation of each vortex generator method. The VGJ
with SWJ actuators are mainly acting on the separated flow between two corner vortices. Their interaction increases
the upstream suction pressures by eliminating the flow separation. Once the flow separation is eliminated, increasing
Cm does not increase the upstream suction pressures although there is slightly more downstream pressure recovery
dueto excessive blowing. On the other hand, the CRJ blowing affects the separated flow in a different manner. First
of all, the CRJ orifices were oriented such that four left-hand side orifices blow toward tunnel-left sidewall,
producing co-rotating clockwise vortices (looking upstream). We hypnotized that these co-rotating vortices merge
together to form a single large and stronger clockwise rotating vortex.®* On the opposite side, four right-hand side
orifices blow toward the tunnel-right sidewall, producing counter-clockwise co-rotating vortices. These vortices also
merge together to form a single large and stronger counter-clockwise rotating vortex that is symmetric to the
clockwise-rotating vortex. These two vortices form one large counter-rotating vortex pair covering the tunnel test
section. A relatively narrow tunnel test section also contributes in the formation of the large counter-rotating vortex
pair. The counter-rotating vortex pair isin common flow down configuration with its maximum downwash region is
along the centerline where the pressure ports are located. As demonstrated in Ref. 7, the counter-rotating vortices
generate spanwise variation in the streamwise pressure distributions with its maximum performance along the
maximum downwash region. The side flow induced by the counter-rotating vortex deflects the lower momentum
flow outward from the centerline and produces locally thinned boundary layer. In addition, the large counter-rotating
vortex pair has more influence on the corner vortices. Even after the flow separation is eliminated on the ramp, the
large counter-rotating vortex pair further increases the suction pressure by reducing the effect of corner vortices.
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2. Surface oil flow visualizations

Cp measurements in the previous sections only show the effect of the active flow-control techniques on the
centerline locations and do not show what’s happening on the ramp surface. Even if it is possible to deduce the
separation location by checking the sudden changes (such as plateauing) in the pressure distribution, this is not
practical for every spanwise location. As shown in the previous Cp measurements, the active flow-control
techniques recovered some of the pressure losses by reducing the centerline flow separation, but it is unknown
whether the flow separation is eliminated across the ramp. Surface oil-flow visualization is a valuable tool that
shows the flow topology on the surface of interest. Even though surface oil-flow visualization is a qualitative
technique, it has been extensively used to observe flow separation and reattachment locations. Because the
separated flow field is three-dimensional, the oil-flow visualizations not only indicate the separation and
reattachment locations, but also give information about the surface flow topology around the flow separation. In
addition, since the focus of this study was to investigate different active flow-control techniques, the effects of these
actuation methods and their performance evaluations are also provided. Surface flow visualization will be used to
fully explain the centerline Cp distributions. Surface oil-flow visualization for the no flow-control case was
previoudy given in Fig. 8a-b. Using the newly developed oil-flow visualization technique, we were able to clearly
see the three-dimensional flow separation over the ramp. Two corner vortices together with the reattachment node
were presented. |t was shown that the flow separates at x = 64" station and reattaches to the ramp surface at x = 71"
station. The reversed flow between separation and reattachment locations was clearly demonstrated. Because of the
three-dimensional flow separation and the corner vortices, the reattachment location was a node rather than aline. It
has been shown in the reference flow-control case that Cm = 0.55% is enough to recover the pressure losses,
therefore we only consider the Cm = 0.55% in the flow visualizations. In addition, since the AR2 actuator achieved
the best performance at this specific Cm, the flow visualization results with the AR2 actuators will be presented.
However, for selected cases, we will also present results with different Cm (Cm = 1.2%) and different aspect ratio
(AR1) to compare the effects of the momentum coefficient, the aspect ratio and the velocity ratio on the separation
control using SWJ actuators.

Figure 21 shows the surface oil-flow visualization of the flow separation control using the straight-blowing
method with the STJAR2 actuators. Red arrows (2.5" apart) in this figure represent the spanwise locations of the
five actuators that blow steady-straight jet directly downstream. When compared with the no flow-control case (Fig.
8), a different flow topology was observed. Instead of clear reversed flow patterns, stagnant oil material was
observed on the ramp surface between two corner vortices due to the low shear stress. The stagnant oil material was
observed to start at x = 64" station where the flow separates in the no flow-control case (Fig. 8) and extend to x =
70"-73" downstream stations. In the spanwise direction, the low shear stress region extends +2.5" away from the
centerline. This low shear stress region can be interpreted as the separated flow region. As given in the
corresponding Cp distribution (Fig. 17), there is a substantial recovery of the pressure losses by addition of linear
momentum into the boundary layer, however compared to the reference flow-control case, the STJ blowing did not
completely recover the pressure losses and did not eliminate the flow separation. A clear interaction between the
reversed flow and the corner vortices was shown previously in no flow-control case (Fig. 8). Due to the interactions
observed in Fig. 8, we saw not only a reversed flow, but also lateral flow that pooled oil from the centerline to the
tunnel sidewalls in the separated flow region. However in Fig. 21, the flow separation is reduced and the corner
vortices are restrained toward the sides so that we do not see a clear interaction between the separated flow and the
corner vortices near the surface. Another difference from the no flow-control case is that we no longer see a
reattachment node; instead we see reattachment points that are not uniform in the spanwise direction. For example,
the reattachment location near the centerline (downstream of the middle actuator), is approximately at x = 70"
station; while it extendsto x = 72.5" station between two actuators. Although the strength of the recirculating flow
is reduced and both the location and the structure of the reattachment are changed, the location of the flow
separation is not changed indicating no flow separation delay.

In the next figure (Fig. 22), surface oil-flow visualization of the separation control using angled blowing with
VGJAR2 actuators is shown. The same actuator and flow rate (Cm = 0.55%) were used. Red arrows in this figure
represent the spanwise locations of the actuator exits as well as the blowing direction. Actuators provided a steady-
blowing jet that was angled toward the left-hand side. The interaction of the angled jet with the onset tunnel flow
generated clockwise rotating streamwise vortices. Since all of five actuators blew in the same direction, the
generated vortices were co-rotating. These co-rotating streamwise vortices are depicted as red curved arrows in the
figure. One vortex was generated per actuator so there are five co-rotating vortices in the domain. Only three co-
rotating vortices are shown in Fig. 22 because the two outside vortices are swallowed by the two corner vortices. As
the vortices travel downstream, they expand and lose their strength by exchanging momentum within the boundary
layer. These streamwise vortices help to recover the pressure losses that are caused by the adverse pressure gradient.
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As seen in this oil-flow visualization, the generated vortices further reduced the flow separation region when
compared to the straight blowing case. Because both of these actuation methods used the same actuator and the same
Cm, this extra performance is due to the generated streamwise vortices. Similar stagnant oil material was observed at
X = 64" station, which indicates the flow separation. Similar to the STJ blowing, the separation location does not
seem to be affected. Due to the left-hand side blowing, we see an increased bias of the ramp flow field toward the
left-hand side of the figure that is accompanied by a smaller corner vortex on that side. At the separation line, we
can clearly see lateral flow patterns towards the left-hand side. The generated streamwise vortices effect only a small
region (about 1" wide, see downstream of middle actuator) due to the vortex’s small size at the beginning; however
as it travels downstream, it expands and meets with the nearby vortices at about station 70.5", indicating 2.5" wide
effective area. As seen in this figure, three-streamwise vortices cover the tunnel in the spanwise direction. The VGJ
produced two separated flow regions that were about 1.5" wide instead of one big separated region (5" wide) asin
the straight-blowing case. Reattachment location is at x = 69" station compared to the x = 70"-72.5" stations for the
STJ. The area of the separated region was roughly calculated by applying simple image processing technique. The
comparison of the separated region with that of the STJ blowing reveals more than 50% reduction in the separated
area (32 vs. 14 inch?). This performance increase is also consistent with the corresponding Cp distribution (Fig. 17).

Figure 23 shows the surface oil-flow visualization of the separation control using the oscillatory blowing with
SWJ-AR2 actuators. Since the oscillatory jet is going back-and-forth between two jet-exit sidewalls, the effect of
SWJ actuator can be explained by making a similar analogy with the steady VGJ effect. However, since the oil-flow
visualization (also Cp measurements) shows only the mean effect, this analogy is only true when explaining the
mean effect of the unsteady SWJ actuators. As reported in the literature,® the sweeping motion of the jet from one
side to another produces a gusty flow field. This gusty flow field carries vortices of different sizes and strengths,
which may be very beneficial in the boundary-layer mixing process and for controlling the flow separation.
However, the measurement techniques used in this study (Cp measurements and flow visualizations) only alow us
to draw conclusions about the mean effect of the SWJ actuators. It has been reported that the jet spends more time
on each Coanda surface producing aleft-hand side blowing VGJ in the first half period and right-hand side blowing
VGJ in the second half period. Momentarily, the SWJ produces a clockwise-rotating vortex when the jet is on the
left-hand side and then generates counter-clockwise rotating vortex when the jet is on the right-hand side. Two
counter-rotating vortices are generated per actuator. Since these counter-rotating vortices are generated at two
consecutive half-periods, there is a phase difference between them (half-period) and they do not cancel each other’s
effect. Two counter-rotating vortices generated by the same actuator are in common flow down configuration that
brings the higher-momentum fluid from the outer boundary layer toward the wall. These common-flow-down
vortices generate A-shaped flow patterns along the actuator centerlines. On the other hand, the two counter-rotating
vortices from two adjacent actuators are in common flow up configuration that causes the local ramp flow to lift off
the surface forming longitudinal flow detachment lines between two actuators. When compared with the VGJ
method where only one vortex is generated per actuator and the vortex affects only one side of the actuator
centerline, the SWJ method generates two vortices per actuator that affect both sides of the actuator centerline.
Therefore we see an increased coverage for the oscillatory blowing with SWJ actuator even though all the actuator
parameters are the same. As we see in the oil-flow visualization figure, the separated flow region is now two small
islands between two actuators. The separation location is at x = 64" station and the flow reattachment is about x =
65.5" station. The calculated areas reveal that the SWJ actuators reduce the separated region almost 3 times compare
to the VGJ actuators (areas are 5 vs. 14 inch®) and more than 6 times compare to the STJ actuators (5 vs. 32 inch?).
This is aso consistent with the centerline Cp distribution in Fig. 17. As shown in that figure, the SWJ method
produces better performance between x = 64"-69" stations. When we look at the oil-flow visualization figure of VGJ
(Fig. 22), we noticed a separated flow region between x = 64"-69" stations. However, for the oscillatory-blowing
case, the flow separation is restricted to two small islands between x = 64"-65.5" stations. These oil-flow
visualizations help to explain the different Cp distributions with different actuation methods.

Increasing the momentum coefficient to Cm = 1.2% did not provide any substantial difference in the flow
visualization (Fig. 24). This is because the flow is already attached in the majority of the domain, and blowing
harder only adds more momentum to the boundary layer. Without any pressure losses due to the flow separation,
further energizing the boundary layer only results in slightly better Cp distribution as we saw in Fig. 18. Another
flow visualization experiment was performed to see the effect of changing the orifice aspect ratio. For this purpose,
SWJ-ARL1 actuators were installed and run at the same Cm (0.55%). The oil-flow visualization in Fig. 25 does not
reveal any substantial difference. We see attached flow in the mgjority of the ramp flow; there are two small islands
of separated flow region as similar with SWJ-AR2 actuators in Fig. 23. We can clearly see some oil accumulation
between two actuators where the counter-rotating vortices form a lift off flow. As we go back to Fig. 16, the Cp
distribution of the SWJ-ARL actuators was matched very well until x = 67" station and then deviated from that of
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the SWJ-AR2 that resulted in less pressure recovery. Although producing less pressure recovery, this figure
indicates that the SWJ-AR1 actuator at Cm = 0.55% is aso effective in controlling the flow separation. Since the
SWJ-ARL1 actuator requires more flow rate for a fixed Cm than the SWJ-AR2 (19 vs. 13.4 SCFM), the SWJ-AR2
actuators are more efficient than the SWJ-AR1 actuators. In another experiment, the momentum coefficient of the
SWJ-AR1 wasincreased to Cm = 1.2% (Fig. 26). Increasing the Cmresulted in an increase in the vortex strength as
discussed previoudy, which resulted in completely attached flow in the entire domain. The two small islands of flow
separation that were present in both SWJ-AR1 (Cm = 0.55%) and SWJ-AR2 (Cm = 1.2%) actuations were now
completely eliminated. Consistent with the Cp measurements (Fig. 19), the SWJ-AR1 actuation resulted in the best
performance by eliminating those small separated flow regions. However, since the flow is aready attached after x =
66" station, we do not see any noticeable difference after the reattachment. The only difference when compared with
the SWJ-AR1 with Cm = 0.55% is that since the generated vortices are stronger than that of the Cm = 0.55% case,
we now clearly see the longitudinal vortex lift-off lines between two adjacent actuators.

V. Conclusions

Various flow separation control methods were investigated on an adverse-pressure-gradient ramp model.
Methods to characterize and compare different types of flow-control actuation were developed. The results were
presented in the form of centerline Cp measurements and oil-flow visualizations. A new surface oil-flow
visualization technique was developed that enhanced the details of the flows observed in this study. The technique
has the advantages of the kerosene+TiO, and the fluorescent oil-film techniques. Three-dimensional separated flow,
corner vortices, and the reattachment nodes/points were clearly shown with this new technique.

The experimental data in this study consist of two different data sets acquired during two different time periods.
The first data set includes active and passive separation control techniques. Passive separation control with MVG
energizes the boundary layer with addition of convective vorticity. Strong vortices created by MV Gs bring high-
momentum fluid into the boundary layer and reduce the influence of the corner vortices. MV Gs provide substantial
pressure recovery by eliminating the flow separation. The pressure distribution of MV G was used to determine the
required momentum coefficient for the active flow control methods. Active separation control was performed in the
form of both steady and unsteady blowing through circular jet orifices. First, the effect of orifice spacing was
studied. It was found that as long as the momentum coefficients are the same, changing the orifice spacing has
negligible effect. Thisis aso true for the velocity ratio, but only after a certain threshold level. On the other hand,
the momentum coefficient has a significant effect on the flow separation control. Increasing the momentum
coefficient always results in higher suction peaks and more pressure recovery even after the flow is completely
attached. Unsteady actuation was accomplished by using solenoid valves. Even though the Cp distribution did not
reveal the unsteady effects, a pressure gradient term clearly showed that unsteady blowing is more effective than
steady blowing.

The second data set focused on the SWJ actuators and their different forms of blowing configurations. The SWJ
actuators were run in three different modes to produce steady-straight (STJ), steady-angled (VGJ), and unsteady-
oscillating jets (SWJ). Centerline Cp measurements and oil-flow visualizations were provided. Actuation methods,
Cm, AR, and VR are the parameters that were investigated. It was found that the STJ blowing is the least effective
method for a fixed Cm. This is because the STJ blowing energizes the boundary layer primarily by momentum
addition. Although the STJ blowing provides substantial pressure recovery compared to the no flow-control case, the
surface flow visualization reveals that the flow is still separated. The VGJ blowing achieves better performance than
the STJ. This is because the VGJ generates streamwise vortices that energize the boundary layer by bringing high-
momentum fluid into the boundary layer. Surface flow visualization of VGJ shows that one clockwise-rotating
vortex per actuator is generated. These streamwise co-rotating vortices reduce the separated region more than 50%
compared to the STJ blowing. The oscillatory blowing achieves the best performance through increased pressure
recovery and reduced flow separation region. SWJ flow visualizations indicate that two counter-rotating vortices are
generated per actuator. The two counter-rotating vortices are generated by the same actuator at different phases of
the oscillation cycle; therefore they are out of phase and do not cancel each other’s effect. The SWJ influences more
area, because of the two counter-rotating vortices. Increased coverage results in more than 3 and 6 times reduction in
the separated flow area compared to the VGJ and STJ methods, respectively. The SWJ-AR1 actuator has inferior
performance when compared to the SWJ-AR2 actuator. This is caused by the weaker vorticity production due to the
reduced jet velocities (VR = 1 vs. VR = 2). This conclusion is confirmed by reducing the AR to increase the VR at
the same Cm. The AR = 2 actuator provides the best flow-control performance. Interestingly, further increasing the
AR (AR = 4) did not provide any improvements even though the Cm is the same and the VR is higher (stronger
vortex). This reduced performance is attributed to the longer distance requirement of the smaller-orifice jets to
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penetrate through the boundary layer. The effect of vorticity strength was tested by doubling the momentum
coefficient with AR = 1 and AR = 2 actuators. Doubling the Cmincreases the VR to 1.5 from 1 for AR = 1 actuators
and to 2.2 from 1.5 for AR = 2 actuators. Doubling the Cm improved the performance of the AR = 1 actuator by
increasing the pressure recovery as shown in the Cp measurement and eliminating the flow separation as shown in
the surface flow visualizations. However, doubling the momentum coefficient of AR = 2 actuator did not provide
any better results. The Cp distribution and the flow visualization images of both Cm values are very similar. In terms
of velocity ratio, while increasing the VR to 1.5 from 1 results in better performance, increasing the VR to 2.2 from
1.5 does not show any significant difference. Thisis explained by the existence of a threshold limit for VR, found as
1.5 for the current configurations tested, after which the SWJ s effective.

Comparison of the SWJ and CRJ actuators demonstrates that the SWJ actuator provides either similar Cp
distributions to that of the CRJ actuator or is out-performed by the CRJ actuator. It was concluded that the CRJ
actuators have the optimum azimuthal angle. In addition, because of the orientation of the CRJ orifices, the
generated vortices can merge together to form a large counter-rotating vortex pair with its maximum downwash
region is along the centerline where the pressure ports are located. The side flow induced by this vortex pair deflects
the lower momentum flow outward from the centerline and produces a locally thinned boundary layer. Due to this
large vortex pair, the CRJ actuator also has more influence on the corner vortices, which was explained by looking
at the suction pressures before the separation location. While increasing the momentum coefficient does not increase
the upstream suction pressures once the flow is attached for the SWJ actuators, it gradually increases the upstream
suction pressures for the CRJ actuators by reducing the effect of corner vortices. The CRJ actuators are optimized
for the given flow-control application but the SWJ actuators are more adaptive to the changing flow conditions that
make them attractive flow-control actuators. Furthermore, when we remove the advantages that the CRJ actuators
have on the SWJ actuators by making a more direct comparison between the SWJ actuator operated in either steady
or unsteady mode, we find that the unsteady SWJ outperforms the steady VGJ. This would make the unsteady SWJ
the preferred flow-control method.
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Figure 25. Oil flow visualization: Oscillatory blowing Figure 26. Oil flow visualization: Oscillatory blowing
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