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Flow separation in engine inlets and diffuser ducts and over external aerodynamic surfaces such as wings can
significantly compromise performance. In a previous experimental study, we demonstrated the value of microjets for
separation control. In this paper, we significantly broaden the range of conditions and parameters to explore the
effects of microjet control on the efficiency of separation control over a backward-facing ramp. The parameters
explored include the following: the freestream velocity, the ramp angle of attack, and the microjet pressure, location,
and injection angle. Detailed velocity field investigations and unsteady pressure measurements have been conducted
to study the effect of flow control over this parametric space. The results indicate that, by activating the actuator
arrays in the immediate vicinity of the separation location, the control efficiency can be greatly enhanced, reducing
the actuator mass flow needed dramatically. By correlating the unsteady surface pressure measurements with the
measured velocity field, we demonstrate that, at least in the present geometry, the unsteady pressure alone can be
used to 1) detect separation and hence identify which actuator(s) to activate, and 2) estimate the effect of control on a
separated flowfield. Finally, based on the response of the flowfield to actuation, we propose some simple scaling laws

for detecting and implementing separation control.

Nomenclature

Cy = steady momentum coefficient

dy = microjet diameter

H = ramp height

ny, = rate of mass flux supplied through microjets

N = number of microjets

P = rms value for unsteady pressure

U; = microjet velocity

Uy = freestream velocity

w = width of the model

Xy = microjet location

X, = separation location

Xr = unsteady pressure transducer location

8 = boundary-layer height

Poo = freestream density

lIJP = (Prms.baseline - Prms,comrol)/Prms.baseline

W,(L) = scaling factor for the effect of microjet location
on P

W,(P) = scaling factor for the effect of microjet pressure
on P

w, = streamwise vorticity

1. Introduction

LOW separation and its control are of considerable interest both
from fundamental fluid dynamics and practical perspectives.
Flow separation occurs when fluid already decelerated by frictional
forces is unable to overcome the increasing pressure forces when
exposed to an adverse pressure gradient. It can lead to significant
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reductions in performance for both internal and external flows, such
as lift loss, increase in drag, buffeting, and pressure recovery losses
(in engine inlet and transmission ducts), among others. As an
example, inlet ducts [1] used in a blended wing body [2] (BWB)
configuration are located on the aft end to reduce the size of aircraft
and to diminish radar signatures from the engines. In commercial
aircraft, the use of these inlets makes the BWB aircraft significantly
lighter with the additional advantage of a higher lift-to-drag ratio [3].
The placement of serpentine inlet ducts, however, requires ingestion
of a thick boundary layer developed over the aircraft surface. This
thick boundary layer is much more susceptible to separation when it
encounters adverse pressure gradients in the inlet/diffuser ducts.
The pressure loss due to this separation reduces the overall system
efficiency. Moreover, flow distortion and unsteadiness created due to
this separation can result in aerodynamic stall and surge of the
compressor and the fan blades [4,5]. Therefore, it is highly desirable
to avoid boundary-layer separation as it can significantly compro-
mise the performance of aircraft propulsion systems.

Numerous techniques [6—-20] have been explored to control flow
separation. These range from the use of passive devices such as
vortex generators in the form of vanes and bumps [11,12], etc., to the
use of flexible walls [13], synthetic jets [7,14], and acoustic excita-
tion [8,9] as active control devices. However, to date, the perfor-
mance of most of these techniques has been somewhat limited,
although work continues to further increase the efficiency of the more
promising approaches [17,21-23]. For example, passive devices
such as vortex generators have been found to be effective in con-
trolling separation. However, they need to be optimized for their
location, size, and other parameters for a wider range of operating
conditions and may induce parasitic drag when not needed. As a
result, active flow control devices have been suggested as an alter-
native control technique. Some of these active control devices, such
as synthetic jets, have been explored by Amitay et al. [7] and Smith
and Swift [14] for separation control. A comprehensive review of
synthetic jets can be found in Glezer and Amitay [24].

Similar control devices (piezoelectric synthetic jets) were also
employed by Jenkins et al. [25] over a Stratford ramp. Based on
their results, Jenkins et al. concluded that synthetic jets did not have
sufficient velocity/momentum to provide effective control. The use
of flexible walls [13] has also been attempted for separation control;
however, it adds mechanical complexity to the system. In addition,
the system is dependent on the combination of the membrane tension
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and strip spacing on the substrate, and control efficacy goes down if
the natural frequency of the membrane coincides with the more
energetic flexural modes, thereby limiting its application to a specific
range of conditions. Historically, acoustic excitation devices used by
Ahujaetal. [9] and Zaman et al. [§] showed some benefits. However,
these studies were facility dependent [10] and, as such, are limited
from a practical perspective. More recently, plasma actuators [15—
17] have been employed for separation control. The cost and com-
plexity involved in such mechanisms are, at present, relatively
higher, and their application to date is mainly limited to low Reynolds
numbers. As we will discuss in this paper, the use of high-speed
microjets is a relatively simple and robust technique for controlling
separation over a broad range of conditions. We will also examine
ways to optimize the microjet parameters to achieve separation
control, which may minimize cost.

The investigation, examining the nature of separation and the
means to control it, was initiated several years ago at the Advanced
Aero-Propulsion Laboratory located at the Florida State University.
In this study, initially sponsored by NASA under the Ultra-Efficient
Engine Technology program, strategically located microjets were
used to control flow separation generated by adverse pressure
gradients. Based on their success in other applications [26,27], their
ability to produce high-momentum, high streamwise vorticity, and
their relative simplicity and ease of implementation, we anticipated
these microjet-based actuators to be effective in separation control.
Initial results from this research have been discussed in Kumar and
Alvi [28], in which we explored the effectiveness of microjets as an
active flow control device for the control of the boundary-layer
separation. As the results discussed in our previous paper indicate,
microjets were very successful in controlling flow separation.
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This paper presents more comprehensive results from this ongoing
study, for which we have greatly expanded the parametric range
over which microjet flow control has been examined. As subsequent
results will show, through this study, we have significantly optimized
the use of microjets, achieving separation control with mass flow
rates that are substantially lower, by almost an order of magnitude
in some cases, than those reported in Kumar and Alvi [28]. More
detailed measurements, including the velocity field data, have also
been obtained, with which we hope to obtain a better fundamental
understanding of the effect of flow control on the flowfield
dynamics. Furthermore, we investigate the unsteady surface pressure
as a means of sensing the flow state and implementing appropriate
microjet control accordingly. These results, including our approach
to optimize the use of microjet actuators and the guidelines and
scaling laws for their implementation in separation control appli-
cations, are described in this article.

II. Experimental Details
A. Test Model

The experiments were performed in a subsonic, closed-return
wind tunnel with a maximum freestream velocity of about 70 m/s (in
its present configuration) in a 0.6 x 0.6 m? test section [29]. A pitot-
static probe was used to measure the inlet flow speed of the wind
tunnel.

The geometry used for the test model is a simple diverging
Stratford ramp; a picture of this model and its schematic are shown in
Fig. 1. The diverging section of the ramp begins at X =0 and is
preceded by a flat section 0.55 m (21.5 in.) in length. In theory, the
ramp profile produces a Stratford-like pressure gradient [30] when at

Fig. 1 Shown are the following: a) test model mounted in the test section, b) schematic of the angular ramp, and c) schematic of the test model.
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a zero angle of attack (see Fig. 1b). At a zero angle of attack, the
model profile is similar to a model used at NASA Langley Research
Center, with which other separation control devices have been
evaluated [25]. The model is designed to be highly adaptable,
allowing us to change the base flow as well as the control parameters.
For example, the ramp can be rotated about a pivot point providing
the ability (see Fig. 1b) to change the adverse pressure gradient
experienced by the flow, thereby controlling the nature (i.e., size and
location) of the separated flow. Additionally, because the ramp is
curvilinear in nature, it produces severe adverse pressure gradients at
various locations reaching to a maximum slope of 34 deg (with
respect to the freestream flow) for a 10 deg angle of attack. Figure la
also indicates the region in which particle image velocity (PIV)
measurements were conducted, discussed later in Sec. III.

The ramp is also equipped with seven linear arrays of microjets
incorporated on a modular insert. The locations of these microjets,
referred to as Mj1-Mj7, and the modular “microjet insert” are shown
in Figs. la and lc. This actuator insert contains seven slots for
microjet modules in which different microjet modules, capable of
supplying momentum at various angles with respect to the local flow,
can be interchangeably deployed. In each array, the microjets are
400 pm in diameter with spacing of approximately 5 mm between
microjets. The ramp is instrumented with more than 60 pressure taps
along the centerline and in transverse arrays across the ramp at
selected locations. In addition, the model is instrumented with four
high-frequency-response pressure transducers for unsteady pressure
measurement at selected locations. The placement of these pressure
transducers (TR1-TR4 in Figs. la and lc) was chosen to study
the regions both upstream of and within the separation region; the
location of the microjets and transducers is summarized in Table 1.

The microjets were supplied with “air” from compressed nitrogen
tanks. Nitrogen was used because it is easily and cheaply available in
pure form and has essentially the same gas dynamic properties as air.

B. Instrumentation, Hardware, and Measurement Uncertainties

Detailed PIV and unsteady pressure measurements were con-
ducted to examine the flowfield and explore the possibility of using
unsteady surface pressures as means of detecting separation. Mean
pressure profiles were also obtained but are not discussed here as they
are not pertinent to the focus of the present paper. Interested readers
are referred to in Kumar [29].

To obtain whole-field velocity data in this flow, quantitative
measurements were obtained using the two-component PIV, often
referred to as 2-D PIV technique. Flow was seeded with smoke
particles (1-10 pm) produced by a Rosco fluid fog generator. A New
Wave Nd-YAG pulsed laser with an energy output of 200 mJ and
a repetition rate of 15 Hz was used to illuminate the particles
introduced into the flowfield. Each PIV image pair was then acquired
using a Kodak ES1.0 high-resolution charge-coupled device camera
capable of recording 10-bit digital image pairs in separate frames at a
rate of 15 image pairs/second. Further details of this PIV technique
can be found in Lourenco and Krothapalli [31]. One of the main
advantages of this PIV technique is a processing scheme with high
spatial resolution that uses image matching to extract the particle
displacements and, hence, the velocities from particle image pairs

Table 1 Ramp configuration with a ramp height (H)
of 57.2 mm (2.25 in.)

Approximate locations (X/H)

Transducers TR1 1.1
TR2 1.6
TR3 2.2
TR4 2.7
Microjets M;j2 0.7
M;j3 0.9
Mj4 1.0
Mj5 1.3
Mj6 1.5

Mj7 1.9

[32]. An average of 1000 such images was used to obtain the
ensemble-averaged velocity field. The boundary layer approaching
the ramp was also measured using a boundary-layer pitot probe and
was evaluated to be turbulent with a shape factor of 1.3.

Unsteady pressure measurements were made using high-fre-
quency pressure Endevco® transducers with a resonant frequency
at 55 kHz and a range of 0-1 psi. The pressure transducers were
calibrated before each data acquisition. The signals through these
transducers were filtered and amplified and a PC-based data acquisi-
tion system, using National Instruments software and hardware, was
used to record the data.

The uncertainties associated with the unsteady pressure measure-
ments, after taking into account the effects of linearity, hysteresis,
repeatability, and the analog-to-digital converter resolution of the
acquisition card, was estimated to be 0.03 psi. The freestream
velocity measured using PIV was within 99% of that estimated using
the pitot-static surveys. The uncertainty in the velocity field measure-
ments after consideration of the error in particle displacement and the
number of samples results in an error of 0.9 and 3.5% in the mean and
the rms velocity, respectively, corresponding to a 95% confidence
interval.

C. Test Conditions

The experiments were conducted up to a maximum freestream
velocity of 65 m/s. However, due to restrictions imposed by the
cooling capacity of the heat exchanger in the wind tunnel, tests at
65 m/s were limited to shorter durations, limiting the parametric
range of experiments at this velocity. As such, the most extensive
studies of velocity and pressure field were conducted at a freestream
velocity of 40 m/s (at which the tunnel can be operated in a
continuous mode) at an angle of attack of 5 deg, which will be
referred to as the primary test case (PTC) from hereon. This was
chosen as the primary case as this flowfield contains the principal
flow features and their response to microjet control. The conclusions
drawn based on the PTC are generally applicable to the entire range
of conditions.

The test conditions including the parameters for the baseline flow
and the microjet control are provided in Table 2. Also included in the
table are the boundary-layer integral parameters at the ramp leading
edge for the PTC of 40 m/s. The Reynolds number at the leading
edge of the ramp [corresponding to an upstream flat plate section of
0.55 m (21.5 in.)] for this case is 1.3 x 10°. The boundary-layer
profile obtained using a boundary-layer probe was in close agree-
ment with the seventh power law profile (shape factor 1.3), indicating
that the incoming boundary layer is nominally turbulent.

Appropriate measurements have been obtained at judiciously
selected points within the aforementioned test envelope to examine
the parametric effects of microjet control on the separated flow over
the entire range of conditions.

Table 2 Test conditions and boundary layer parameters

Inlet flow conditions

Freestream velocity 40-65 m/s
Ramp angle of attack 0-10 deg
Microjet control parameters
Diameter 400 pum
Location M;j2-Mj7
Angle w.r.t. surface 68-105 deg
Pressure 0-25 psig

Separated flowfield parameters for PTC
(5 deg, 40 m/s, Re = 1.3¢6)
Separation begins X/H =1.7%+0.02
Reattachment X/H=29%0.02

Boundary- layer parameters at leading edge
(Uy, =40 m/s, Re = 1.3e6)

] 18 mm
8* 3 mm
0 2 mm
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III. Results and Discussion

A. Velocity Field
1. Baseline Case: No Control

Velocity field data were obtained using 2-D PIV along the
centerline plane. A representative of the ensemble averaged velocity
field for the PTC is shown in Fig. 2, in which the ramp is at an angle of
5 deg (see Fig. 1b) and flow is from left to right. In these plots, the
length scales are nondimensionalized by the ramp height, H. (Note
that increasing the ramp angle of attack corresponds to increasing
the adverse pressure gradient on the ramp surface). A closer look at
Fig. 2areveals that, as one proceeds downstream in the vicinity of the
surface, there is a rapid deceleration in the fluid velocity, which
eventually leads to a region of reverse flow. This reverse flow zone,
which corresponds to dark blue velocity contours, starts at around
X/H = 1.7 and extends to 2.9 (H = 57.2 mm), indicating that flow
has separated locally, and a separation bubble with recirculating flow
is clearly present. Velocity vectors for a small subsection confirming
the presence of this reverse flow zone are shown as an inset in Fig. 2a.
The contour corresponding to the reverse velocities is also shown as
dotted lines in Fig. 2 to more clearly illustrate the size of the
separation zone. In physical dimensions, the separation region for
this case is ~68.6 mm (2.7 in.), which is considerably larger than
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cases in which the ramp is at lower angles; for example, for the 0 deg
case, the recirculation bubble is only ~48.3 mm (1.9 in.) [28]. This
of course is expected, because higher ramp angles result in more
pronounced adverse pressure gradients and, hence, larger separation
regions.

Similarly, increasing the freestream velocity increases the strength
of the separation, that is, the magnitude of the reverse velocity in
the flow, while the extent of separation region, which is due to the
adverse pressure gradient, remains the same. To illustrate this, in
Fig. 2c we show similar streamwise velocity field measurements for a
freestream velocity of 65 m/s at an angle of attack of 5 deg. The
maximum reverse velocity is increased by ~75% for the 65 m/s case
as compared with the 40 m/s PTC case. Similar trends are observed
in the vertical component of the velocity where low-velocity fluid is
seen moving away from the boundary in the same region where
reverse flowfield is seen in the streamwise velocity plots.

To summarize, the adverse pressure gradient generated due to the
ramp geometry leads to local separation of the incoming boundary
layer. The severity of separation in terms of the size of the separation
region and the reverse velocity increases with the ramp angle due
to an increasing adverse pressure gradient. An increase in the free-
stream velocity, on the other hand, increases the severity of
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Fig. 2 Streamwise velocity data at a 5 deg ramp angle: a) 40 m/s: no control; b) 40 m/s: Mj4, 90 deg, 10 psig; ¢) 65 m/s: no control; d) 65 m/s: Mj5,
90 deg, 25 psig. The solid white line indicates the location of TR4, whereas the dashed white line indicates the location where velocity profile was extracted
for Figs. 3b, 4, 8, and 11a.
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separation by increasing the magnitude of reverse velocities. The
presence of this separated flow is clearly evident in the measured
velocity field. Hence, by varying either parameter, we can examine
the effect of control on separation of varying sizes and strengths. In
Sec. IIILA.2, we examine the effect of microjet control on this
separated flow.

2. Effect of Microjet Control

When microjets were activated at suitable locations, it was
observed that the reverse or separated flow region was completely
eliminated, with very low mass flux. This may be verified by the
velocity contour plot shown in Fig. 2b, in which the microjet array,
Mj4, which is at an angle of 90 deg relative to the local surface, has
been activated at a stagnation pressure of 10 psig. This effect of
microjets was observed for all the conditions examined, that is,
wherever separated flow was present for the baseline case, microjets
completely eliminated separation when activated at appropriate
conditions. This is evident in Fig. 2d, in which the much stronger
separated flowfield corresponding to a freestream velocity of 65 m/s
is eliminated by activating Mj5 at 25 psig. A comparison of the
control cases with the corresponding baseline cases (Figs. 2a and 2c¢)
indicates that the activation of microjets not only eliminates the
reverse flow but also increases the momentum near the surface
significantly. This effect of microjet control and the optimization
procedure, that is, identifying parameters to formulate a control
strategy that has a maximal impact with minimal effort, is discussed
later in Sec. LL.C.

In addition to simply characterizing the effect of separation and its
control on the unsteady surface flow, another aim of this study was to
identify surface properties that are sensitive to the state of the flow
away from the surface. These can in turn be used as “sensors’ or
inputs for a control strategy. A comparison of the fluctuating velocity
field components, such as V., and U, (not shown here), clearly
shows that separation is characterized by a significant increase in the
flow unsteadiness. In addition, microjet control, which reattaches the
flow, leads to dramatic reductions in these fluctuating velocities.
Hence, it is reasonable to hypothesize that the unsteady surface
pressure field and its response to actuation will display similar trends.
Although P, cannot provide us with the detailed knowledge of the
state of the flow; it might be possible to obtain an approximate
representation of certain flow characteristics such as location and
severity of separation. Consequently, as discussed next in Sec. III.B,
we examined the unsteady surface pressures as a means of
identifying the state of the separated flowfield.

KUMAR AND ALVI

B. Unsteady Pressures

High-frequency-response Endevco® (Model 8510B-1) pressure
transducers with a range of 0-1 psi were used to measure the
unsteady pressures at selected locations. These sensors were placed
so that they were located both upstream of and within the separated
region. The location of these transducers was discussed in Sec. ILA
and is shown in Fig. 1 as TR1-TR4. Representative dynamic
pressure spectra from one of the transducers (TR4) located inside the
separation bubble (X/H = 2.7) are presented in Fig. 3. The location
of this transducer with respect to the flowfield has also been indicated
in Figs. 2a and 2c as a solid white vertical line. Measurements shown
in Fig. 3 include the spectra for flow with and without control for the 0
and 5 deg angle of attack cases.

1. Baseline Case: No Control

A comparison of the spectra shown as solid lines in Fig. 3a
shows that, for the baseline flow, the pressure fluctuations increase
dramatically as we increase the ramp angle from O to 5 deg. The shift
in spectra between the 0 and 5 deg cases shown in this plot represents
a significant increase, by almost a factor of 2, in the overall P
levels. This behavior is also reflected in the corresponding velocity
profiles shown in Fig. 3b, obtained at X/H = 2.3, in the middle of
separation bubble indicated as a dashed vertical white line in Fig. 2. It
can be noticed from Fig. 3b that an increase in the angle of attack
increases the magnitude of the mean reverse velocity and the size of
the separation bubble (seen as an increase in the vertical distance
for which the reverse velocity is observed). This is also accompanied
by a substantial increase in the velocity fluctuations, V., in the
separated region as the separation size becomes increasingly large.
The correlation between the velocity field above the surface and the
unsteady pressures suggests that the unsteady pressure distribution
may be used as a measure of the separation location and its strength.
This issue is explored in more detail in Sec. III.C.

2. Effect of Microjet Control

The unsteady pressures and the mean streamwise velocity with the
microjets activated are also presented in Figs. 3a and 3b, respectively,
as dashed lines. For the cases shown here, the microjets are operated
ata stagnation pressure of 10 psig at an angle of 90 deg relative to the
local surface. It is evident that the activation of microjets results in
complete flow attachment (Fig. 3b) and a concomitant, significant
reduction in the magnitude of the pressure fluctuations (Fig. 3a) for
both the 0 and 5 deg cases. For the 5 deg case shown here, the pressure
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Fig. 3 Response with and without control: a) unsteady surface pressure, X/H = 2.7, U, =40 m/s; and b) mean streamwise velocity profile,

X/H=23,U, =40 m/s.
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fluctuations have been reduced by almost a factor of 2. This clearly
illustrates the beneficial effects of the present flow control strategy,
while again pointing to the use of unsteady surface pressures as a
possible sensor for closed-loop/adaptive control strategies.

To summarize, microjets were very effective in controlling
separation and attaching the flowfield globally. This phenomenon is
also reflected in unsteady pressure distribution over the surface. How
sensitive the unsteady pressure (distribution) is to microjet control
and the state of the flowfield is critical to its potential use as a measure
of the flow state. This is explored through a systematic, parametric
study of microjet parameters on the flow properties, specifically the
velocity and the unsteady pressure field, presented in Sec. IIL.C.

C. Efficacy of Microjet Control: Parametric Study
1. Microjet Location

The location of actuation with respect to separation location has
been found to be a critical parameter by numerous investigators
[10,25,33]. It stands to reason and is generally believed that actuation
closer to the separation location would produce the most beneficial
results. Using our velocity field measurements, the separation
location for the given flow conditions was known. Accordingly, the
flowfield was examined for a number of cases in which the micro-
jet actuators were placed at varying distances, both upstream and
downstream, relative to the separation location. As discussed sub-
sequently, the velocity field data reveal that, in general, the microjets
are most effective when activated upstream and close to the separation
location. There appears to be a range of locations upstream of and
close to separation where their effect is near optimal; once outside
this range, that is, too far upstream, the effect of control diminishes.
Similarly, locating the actuators downstream of the separation is also
nonoptimal. However, for all the actuator locations examined to date,
separation control could be achieved when the microjets were
operated at a sufficiently high pressure. The difference is that the
required pressure and, hence, the required mass flow increase if the
actuators are outside the optimal region, that is, too far upstream or
downstream of separation.

To facilitate our discussion, Table 1 provides the approximate
locations for the separation, actuators, and the unsteady pressure
transducers. A representative example of the velocity profiles for the
40 m/s case at a ramp angle of 5 deg is presented in Fig. 4, in which
U/ U, is shown as a function of the vertical distance from the surface
(Y/H) at a streamwise location of X/H = 2.3. As in Fig. 3b, the
location at which these data were extracted from the velocity field
is shown as a dashed vertical white line in Fig. 2 and roughly
corresponds to the maximum reverse velocity in the separated region.
For the controlled cases, the microjet angle relative to the surface is
68 deg and the microjet stagnation pressure is 10 psig. As evident in
Fig. 4a, microjets at different locations have a measurably different
effect on the velocity profile. Keeping in mind that for this case flow
separates roughly at X/H ~ 1.7, the activation of Mj2, which is
significantly upstream (at X/H ~ 0.7), at 10 psig does not lead to
complete attachment and very small reverse velocities can still be
seen in the plot. In contrast, flow is completely attached and the
velocity profiles become much fuller with the activation of M;j5,
which is located at X/H ~ 1.3, that is, much closer to, but still
upstream of, separation. Along the same lines, when Mj7, located
just downstream of the separation location at X/H ~ 1.9, is
activated, the velocity profile deteriorates slightly relative to Mj5,
although the difference is minimal. In addition to a reduction in the
overall fluctuations, that is, the P, levels, changes in the spectral
content can also be observed due to control. For example, in Fig. 5a,
the use of Mj2 shifts the broad peak in the baseline flow to higher
frequencies while also attenuating its amplitude. It is reasonable to
assume that the spectral features are at least in part related to the
length and time (or velocity) scales associated with the flowfield [34].
Hence, a shift to higher frequency may in part reflect the fact that the
overall scale or size of the separation region has been reduced, as is
indeed the case here. These aspects of the unsteady pressure behavior
are being examined in an attempt to gain further insight into the
flowfield’s response to control [29]. In this paper, we are mainly

1 -
: Baseline
i Mj2-68-10psi i
- Mj5-68-10psi
0.8 Mj7-68-10psi

S
L é
-0.2 0 0.2 0.4 0.6 08 !
Umean/U«x
a)
-1 -
: Baseline
[ - - Mj2-68-10psi
Mj2-90-10psi
-0.8 ! !
S
L
-0.2
b)
1 -
: —————— Baseline
------------- Mj2-68-10psi
B —--— - Mj2-68-15psi
0.8 - Mj2-68-20psi
: Mj2-68-25psi
S
L !
-0.2 !

)
Fig. 4 Effect of parametric variation on the mean streamwise velocity
profile, X/H = 2.3, U,, = 40 m/s, ramp angle =5 deg: a) Mj2, Mj5,
and Mj7: 68 deg; 10 psig; b) Mj2: 68 deg, 90 deg; 10 psig; and c) Mj2:
68 deg; 10, 15, 20, and 25 psig.



2550 KUMAR AND ALVI

10! ~
N Baseline
- e Mj2-68-10psi
B — - Mj5-68-10psi
[ —————— Mj7-68-10psi
-~
N
L S
3 ——m
10° -~ e -
&2 N, AN g g
£
R
101 L L IR | L L IR |
101 102 103
Frequency (Hz)
a)
10" -
B Baseline
i - -— Mj2-68-10psi
B e Mj2-90-10psi
=
g ‘
100 |- T . .
& 0 B VAN N G
§ B
A =
10-1 ! ! [ R | ! ! [ R |
10? 10°
Frequency (Hz)
b)
101 p—
N Baseline
i mrmimmm Mj2-68-10psi
i — - Mj2-68-15psi
[ —— Mj2-68-20psi
Mj2-68-25psi
N
gL
S 0
& 10 ~ POENN ».
on
101 L L IR | L L !
101 102
Frequency (Hz)
©)

Fig. 5 Effect of parametric variation on the unsteady pressure spectra,
X/H=2.7, U, =40 m/s, ramp angle =5 deg (Figs. 5a-5c corre-
spond to the velocity profile in Figs. 4a—4c): a) Mj2, Mj5, Mj7: 68 deg;
10 psig; b) Mj2: 68 deg, 90 deg; 10 psig; and c¢) Mj2: 68 deg; 10, 15,20, and
25 psig.

using the overall energy levels, P, to examine the effect of control
on the global properties which, as subsequently discussed, are very
useful in developing practical control schemes.

The corresponding unsteady pressure distribution at X/H = 2.7,
shown in Fig. 5a, reveals trends that are very similar to the velocity
field with higher overall P, values for Mj2 where the flow is only
partially reattached. As was the case for the mean velocity profiles
of Fig. 4a, the P, distributions of Mj5 and Mj7 are very similar,
primarily because the flow is completely attached for both cases.
Partial flow attachment for Mj2 at these conditions, however, does
not imply that the flow can not be attached. For example, using Mj2,
separation could be completely eliminated using either a different
microjet angle or a higher pressure. To illustrate this, a representative
result, using Mj2 but with a different microjet angle, is shown in
Fig. 4b. Here the microjet angle relative to the ramp surface is 90 deg.
It is evident that, by using the same microjet pressure (10 psig), the
flow is now completely attached where the Mj2 array is activated.
Although not discussed in this paper, our results show that when
90 deg microjets are used, flow attachment is achieved at all actuator
locations examined, that is, Mj2—-Mj7. Similar effects are observed
in the corresponding unsteady pressure measurements shown in
Fig. 5b, in which the spectra for M2 at two different injection angles
are compared. As seen in the plot, there is a significant reduction in
the overall P,,,,; values at 90 deg relative to 68 deg. Given that the flow
is still partially separated for 68 deg and attached for 90 deg, these
results further substantiate the fact that P, is a good indicator of the
flow state in terms of the degree to which it is attached or separated.

The same effect, although not as dramatic, can also be observed by
increasing the microjet pressure. This is shown in Fig. 4c, in which
the microjet pressure is varied while keeping the microjet angle
(68 deg) and location (M;j2) fixed. The flow is completely attached at
a pressure of 15 psig, and the velocity profile continues to become
fuller as the microjet pressure is further increased. The unsteady
pressure distribution for this case is shown in Fig. 5c. Similar obser-
vations can be made in that, as the microjet stagnation pressure is
increased, the pressure spectra show a reduction in P,,,,. However, it
is important to note that, once flow is attached, Figs. 4c and 5S¢ also
indicate that successive increments in the microjet pressures yield
increasingly lower returns in terms of additional momentum in the
boundary layer, that is, fuller profiles, and lower P, values. This
issue is further addressed in Sec. IL.C.3.

The P, values or range of values that indicate complete attach-
ment has yet to be explored and is addressed later in this paper.
Nevertheless, the results discussed so far suggest that, with proper
scaling, this property may be used to approximately identify the state
of the flow, at least in the context of separation control. This effect on
P, 1s investigated further to quantify the effect of microjet location
on the flowfield and is presented next.

To examine the effect of microjet location with respect to
separation independently, we fixed the microjet angle at 90 deg and
examined the effect of microjet location for various pressures. In
addition, to ensure that the data do not reflect any direct effect of the
microjets on the transducer signal, we fixed the microjet location
(Xyyj) with respect to transducer (X;) and changed the separation
location (X;) by changing the angle of attack of the incoming flow.
Thus, a change in P, should be influenced only by the actuator
placement (Xy;) with respect to separation location (X), that is,
X, — Xy = AXyyj 5. To illustrate this effect, we show the reduction
in unsteady pressures normalized by the baseline unsteady pressure,
from hereon referred to as Wp(=AP s/ Prms baseline )» @S @ function of
AXy;j s- This has been shown in Fig. 6a, in which unsteady pressure
measurements using TR4 have been used for five different separation
locations (adverse pressure gradient) and, hence, five different
AXyj s- The inset in Fig. 6a also illustrates the test case, in which X7
and X; (and, hence, AXy; ) are held constant and only X; is varied.
The separation location for these cases was obtained using 2-D PIV
measurements and has been nondimensionalized with microjet dia-
meter (dy;). As can be seen in Fig. 6a, the reduction in P, values for
various AXy; s shows a distinct trend with increasing C,, [28]. Here,
C,, or the steady momentum coefficient is the nondimensionalization
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Fig. 6 P, reduction: a) effect of microjet location with regard to
separation, and b) nondimensionalized effect of location.

parameter for the microjet pressure and is defined as the ratio of
magnitude of total momentum injected into the flow relative to the
freestream dynamic pressure multiplied with an appropriate area,
chosen as dw in this case, that is,

_ Nm;,U;
Co=1—mr (1

 Ip Uk Sw

where N is the number of microjets, m;, is the mass flow through a
microjet, U is the jet velocity, p,, is the freestream density, U, is
the freestream velocity, w is the width of the model, and § is the
boundary-layer thickness at the ramp leading edge [28]. Boundary-
layer thickness is often used in describing the inlet flow conditions
for inlets/diffusers ingesting thick boundary layers such as BWB
[35]. This is why we use the boundary-layer thickness instead of the
momentum or displacement thickness in this definition. Use of C,,
for varying microjet pressures is discussed further in Sec. IILC.3.
Two distinct trends are seen here. First, the reduction in the
unsteady pressures initially increases rapidly with increasing C,, and
then saturates. This is observed for all five cases in Fig. 6a, further
reinforcing the fact that P, (or a reduction in P,) is a very good
indicator of the control effectiveness. Secondly, as seen in Fig. 6a, as
the microjet is moved further away from the separation location, that
is, increasing AXy; s, the effect in terms of P, reduction (¥p)
decreases. The decrease in gains with increasing AXy; 5 is roughly
exponential and can be nondimensionalized with exp(—(Xs — Xy;;)/

(dyg)). The effect of nondimensionalization is shown in Fig. 6b.
Thus, the scaling factor for microjet location W,(L) has the func-
tional form
1
U,(l) = (@)
r expi[K, (X5 — XMj)]/de}

where K; is an empirical constant (K; = 0.02 for the present case).

It should be noted here that the microjet may or may not have a
direct effect on the transducer. Our test conditions do not provide us
with a sufficient range of data to explore this effect conclusively.
However, in the aforementioned case, the direct effect of the microjet
on the transducer was kept constant; as such, the expression reflects
the relative behavior of microjet location with respect to the
separation. Figure 6b also indicates that, with increasing microjet
pressure, there is an exponential saturation effect on P, reduction.
This is because, once the flow is attached, additional momentum
produces no benefit. This effect of pressure for an arbitrary location is
further discussed in Sec. IIL.C.3. In summary, placing the microjet
very close and upstream of the separation is ideal.

Having established that the worst control case scenario (farthest
upstream of the separation location) also attaches the flowfield
completely, if sufficient supply pressure/microjet momentum is used,
and that the unsteady pressure reflects these characteristics, we now
move on to other control parameters. The results discussed earlier
naturally suggest two additional parameters of importance, namely,
microjet angle and microjet pressure, which appear to have a
significant impact on the flow properties and the control efficacy.

2. Microjet Angle

The microjet angle here refers to the angle relative to the local
surface through which flow is injected into the main flow stream.
Four different angles ranging from 68 to 105 deg with regard to the
local surface were examined. These angles represent the minimum
and maximum injection angles within the constraints of our present
setup. It should be mentioned here that 68 deg does not mean that the
microjets are blowing opposite to the freestream. For example, for
Mj5, after taking ramp geometry and ramp angle into account, it is
blowing at an angle of 3 deg with respect to and in the direction of the
freestream. For ease of understanding, the microjet injection angles
with respect to the ramp surface and the freestream are shown in
Fig. 7.

The effect of microjet angle control was primarily examined at
two locations, Mj4 and Mj5, mainly to understand whether the
effects of the microjet angle and location are coupled and if there is an
optimal angle for microjet control. Representative velocity profiles at
X/H = 2.3, with microjets activated at Mj4 and Mj5, are shown in
Fig. 8. Similar to those shown in Fig. 4, these profiles were extracted
from whole field velocity (PIV) data and the microjets are operated at
a constant pressure of 10 psig for all the cases shown in Fig. 8.

In Fig. 8a, velocity profiles where the microjet array Mj4 has been
activated are shown. Using the fullness of the profile as a qualitative

su‘s.ace

/goﬂ“v \ Microjet Mj5

Freestream Flow

105 deg

N
3deg 90 deg
75 deg

68 deg

Fig. 7 Microjet angles with respect to the local surface and freestream
for Mj5.
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105 deg; 10 psig.

measure, that is, the presence of high-momentum fluid near the
surface, these velocity profiles suggest that optimal control is
achieved with an injection angle of 75 deg. It is also evident that
the 68 deg injection angle produces a profile that is not as full as the
90 deg case. This suggests that there is an optimum angle to achieve
the best results.

To verify whether this optimum angle is coupled with location,
similar experiments were performed with the array MjS. These
results are shown for X/H = 2.3 in Fig. 8b. It can be seen that the
optimal angle is no longer 75 deg. In fact, there is very little difference
in the profiles in the near-wall region, between the 68, 75, and 90 deg
injection angles. This is indicative of the complex flow behavior and
the strong interdependence between the various control parameters.
This also suggests the need for another metric, or metrics, that
capture the effect of more than one parameter. Nevertheless, even
though we are still working toward understanding the details of the
various parametric effects to further fine tune and optimize the use
of microjets for separation control, what is encouraging is the fact
that this very simple approach is relatively robust, in that it yields
significant benefits over a wide range of conditions with very little
cost.

The unsteady pressure distributions shown in Fig. 9 further
confirm the trends observed in the corresponding velocity profiles
shown in Fig. 8. In the case of Mj4 shown in Fig. 9a, the 75 and
105 deg injection angles seems to be performing better. However, the
difference in the spectra and the overall values for these cases is not
very significant. This is probably because the flow is attached for all
the control cases. Similarly, as seen in Fig. 9b, 68 and 105 deg are
seen to perform better than 75 deg. This further confirms that the
optimal control angle depends on the control location.

The question that naturally arises is “Why is the behavior different
for different angles?” A closer study of Fig. § suggests that, for a
given pressure, increasing the injection angle initially makes the
velocity profile fuller; however, subsequent increments in the
injection angle yield lower gains in terms of added momentum in
the near-wall region. This may be explained as follows. As the angle
is increased, an increasingly larger percentage of the vertical compo-
nent of momentum is being distributed to the horizontal component.
Normally, one would expect that, as the horizontal component of the
microjet fluid is increased, the profile would become increasingly
fuller. However, an examination of the earlier results reveals that this
is not the case. Hence, direct momentum injection is not the principal
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Fig. 9 Effect of parametric variation (angle) on the unsteady pressure
spectra, X/H = 2.7,U,, = 40 m/s,ramp angle =5 deg: a) Mj4: 68,75,
90, and 105 deg; 10 psig; and b) Mj5: 68, 75, 90, and 105 deg; 10 psig.
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mechanism behind separation control in the present approach. If
direct momentum injection was the primary mechanism, as has been
the case with traditional wall tangential blowing [36], the mass flow
rate required would be dramatically higher. In fact the momentum
added once the flow is attached is at least an order of magnitude
greater than the total momentum injected via the microjets (see
Kumar and Alvi [28] for more details).

It is well known that jets in crossflow, which is in essence the flow
generated by the actuation of microjets, can generate longitudinal or
streamwise vortices [37-39] in a boundary layer. These vortices in
turn appear to increase cross-stream mixing, thus increasing the
streamwise momentum of the near-wall fluid. It was our expectation
that, in a manner similar to (but perhaps more efficient than) physical
vortex generators and air-jet vortex generators [37], high-speed
microjets would energize the boundary-layer fluid by creating strong
streamwise vorticity [38], thereby enhancing mixing with the more
energetic flow. The strength of these streamwise vortices should be
proportional to the strength of the jet in the crossflow, at least to a first
order. As one increases the injection angle, the vertical momentum of
the jet that characterizes the strength of the jet in crossflow is getting
weaker. As such, the enhanced mixing effect due to the streamwise
vortices is reduced; hence, lower gains are observed. Before further
exploring efficiency as a function of injection angle, it is worth noting
that the generation of streamwise vorticity by air jets or jets in
crossflow is not a new mechanism [37-39]. However, given the very
small size of the present microjets, their penetration depth is limited
to a fraction of the boundary layer [28,29], which makes this
approach somewhat different than the standard air jets used in most
studies. This also makes them akin to sub-d-scale vortex generators,
which are found to be more effective in controlling separation [12].
This, combined with the very low mass flux needed, again due to the
small size, makes them an efficient separation control device.

In essence, the control efficiency due to microjet injection angle is
a tradeoff between the direct addition of momentum and momentum
gain via enhanced mixing due to the generation of the streamwise
vortices. At lower angles of injection with regard to freestream,
mixing is enhanced due to the streamwise vortices. As we increase
the injection angle, directing a larger component of the microjet flow
in the freestream direction, momentum is directly injected into the
flow, but weakens the streamwise vortices. With the higher injection
angle and, as such, a weaker jet in crossflow, the effect created by
these streamwise vortices is reduced. This reduction due to sec-
ondary effects generated by the microjet is probably not com-
pensated for by the redirection of momentum parallel to the surface.
The effect of streamwise vorticity is currently being investigated in
more detail using three-component PIV measurements. However,
our results clearly indicate is that it is not just the direct addition of
momentum; rather, it is the stronger secondary effect, created by the
streamwise vortices, which is dominant in the present flow control
approach. As such, in seeking the optimal injection angle, one may
expect two peaks in the P, reduction or the momentum gain for a
given flowfield and actuator. The magnitude of these peaks should be
dependent on the microjet location with regard to separation.

To investigate this effect of microjet angle on momentum addition,
as a first step, we examined the effect of Mj4, a fixed microjet
location, with varying microjet pressures. The momentum gain ratio
(MGR) is defined as the ratio of the increase in momentum due to
microjets relative to the momentum injected by the microjets [28],
that is,

MGR = momentuMyyji ControlMOMENTUMN, Control

momentummicrojets

— f(pUdA)Wilh Control — f(/oUdA)No Control

3
Nm,U; )

A comparison of MGR for different microjet angles at various C,,
is plotted in Fig. 10a. As clearly seen here, upon increasing the
microjet angle from 68 to 75 deg, we observe an increase in MGR for
all operating pressures. A further increase in microjet angle from 75
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Fig. 10 Effect of microjet angle: a) MGR, X/H = 2.3, U, =40 m/s,

ramp angle =5 deg; and b) optimal angle variation with location,
U,, =40 m/s, ramp angle =5 deg, microjet pressure = 10 psi.

to 90 to 105 deg results in a decrease in MGR. However, this effect of
microjet angle changes as we move closer to the separation location.
This is shown in Fig. 10b, in which MGR for both Mj4 and Mj5 has
been plotted for a constant microjet pressure of 10 psig. Although
these data suggest that the peaks and valleys in the variation with
angle might exist, the presence of two optimal angles cannot be
conclusively demonstrated due to the limited range of available data.
A more comprehensive investigation that includes additional micro-
jetangles and other microjet parameters and has a lower sensitivity to
actuator input needs to be conducted to better understand the effect of
microjet angle.

Nevertheless, it can be safely concluded that the effect of microjet
angle is coupled with microjet location. To determine the optimal
angle, the optimal location needs to be identified first. With this in
mind and recognizing that the effect of microjet angle is negligible on
Mj5 (see Fig. 10b) for the present cases, we next examine the effect of
microjet pressure on the flowfield.

3. Effect of Microjet Pressure

As mentioned earlier and evident from the results presented thus
far, microjet pressure is also a significant control parameter. As seen
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in Figs. 4 and 5, at certain locations, a higher microjet pressure is
required to eliminate separation. To further explore this, we varied
the microjet pressure at the “optimized control location,” that is, the
location that required the least amount of momentum influx for
control. This corresponds to Mj5, where we also fix the injection
angle to 90 deg. Representative velocity profiles of the streamwise
component from this experiment are shown in Fig. 11a for X/H=
2.3. As seen from Fig. 11a, the separation was well controlled at
2 psig and saturation was observed beyond 7 psig. This variation
in the control effect was also seen in the unsteady pressure
measurements shown in Fig. 11b. The spectra shown in Fig. 11b
reveal that overall P, values decrease as the microjet pressure is
increased, but that, after 10 psig, the microjet effect is saturated. In
fact, with increasing microjet pressure, beyond 20 psig, the P,
values begin to slightly increase. This can be seen in Fig. 11b, in
which the spectra for 25 and 30 psig, indicated as gray lines, are
relatively higher than those for 10 psig. This effect is not observed in
the mean velocity profiles. However, if one examines the velocity
fluctuations, shown in Fig. 1lc, it is seen that U, decreases with
increasing microjet pressure up to 10 psig, becomes saturated, and
then increases for 25 and 30 psig. This is expected because, once the
flow is attached, any additional disturbance will lead to higher
fluctuations. This effect of microjet location has already been
discussed earlier in Sec. III.C.1. It also indicates that there exists an
optimal operating pressure range (for a given microjet location and
orientation) and that, outside this, the microjets may increase the
unsteadiness in the flow. However, the increase in noise is much
lower than the reduction due to flow reattachment.

The next question that is raised is “What should be the criterion for
control?” or “When have we achieved separation control for which
further increases in the microjet pressure are not beneficial?”” Should
the criterion just be that the flow is incipiently attached everywhere or
should further increments in momentum in the near-wall region of
the boundary layer, that is, the fullness of the boundary-layer profile,
and the unsteadiness associated in the flow also be considered? The
answer to this question will likely come from a detailed cost function
analysis, which is beyond the scope of this paper.

However, as an initial step, to gain some insight into the “costs”
and benefits of this control approach, we plot the reduction in P,
values () for various microjet pressures at a 0 deg angle at 40 m/s
and at a 5 deg angle at 65 m/s. The plot corresponding to these two
cases, which represent the limits of our test parameter range, is shown
in Fig. 12a. Two interesting points can be noticed:

1) There is an increase in the P, reduction (Vp) up to 7 psig for
the 0 deg case, and a further increase in microjet pressure leads to a
saturation effect, followed by an increase in P, . This was also
observed and commented on earlier in Sec. III.C.1. This behavior is
expected because, until the flow is fully attached and “stable,” an
increase in microjet pressure would provide additional mixing of
low-momentum boundary-layer fluid with the high-momentum
fluid. Once it reaches saturation, additional momentum acts as a
disturbance in the flow, thus increasing P,,. These two opposing
effects of microjet pressure again indicate the existence of an optimal
pressure range.

2) The microjet pressure at which the P, reduction (Vp)
saturates, that is, no additional benefits are gained, varies with the
angle of attack. This is anticipated, because the strength of separation
varies with the angle of attack or the adverse pressure gradient and,
as such, the pressure required to attach the flow is different. To take
into account the incoming flow conditions, we have used non-
dimensionalized pressure parameter C,, (defined in Sec. ILC.1).
Figure 12b shows the plot for the control of these two extreme cases
with C,,. As anticipated, the two P, reduction curves become
similar and saturation can be observed at a C,, ~ 0.17. This non-
dimensionalization of microjet pressure may allow our results to be
extended to models and flows for other scales and applications. The
resulting saturated curve, shown in Fig. 11b, has the following
functional form:

Up(P) = 1= K (JCy + 1)k @
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where Kp; and Kp,, are constants that depend on the incoming flow
conditions (Kp; = 7.28 and Kp, = —2.9 for the present O deg case).

The resulting curve from Eq. (4) is also shown in Fig. 12b as a solid
line. Equation (4) can be considered to be representative of the two
opposing effects of microjets, mentioned earlier. The pressure is
modeled using C,, to take into consideration its relative effect on the
freestream conditions. The initial positive effect of the microjet on
the separated flow is largely reflected in the positive power of C,, as it
saturates; further increments in the C,, are reflected as a reduction in
the beneficial effect of microjet pressure, indicating an optimal
pressure or C,,. As can be noticed from Fig. 12b, Eq. (4) captures the
characteristics of the Py, reduction with a variation in C,, and can be
used as scaling factor for microjet pressure (C),). The specific values
of the parameters used in Eq. (4), for example, C}/ 2K p1> and Kp,,
were obtained using a best fit to the data over the entire range of
conditions examined. This scaling needs to be further refined to take
into account the incoming conditions to increase its generality.
However, for a given geometry and flow conditions, the saturation
effect can be easily deduced and, as such, it makes the present criteria
for a selection of optimal pressure feasible in nature.

To verify if we have similar saturation effects on the momentum
gain, we examined the incremental variation in MGR as a function of
C,,; this behavior is shown in Fig. 12¢c. When the flow is separated
initially, very low microjet pressures yield high-momentum gains.
Once the flow is attached, subsequent increments in the microjet
pressure lead to relatively low incremental gains until it is almost
saturated at 10 psig or C,, = 0.17. Because we observe the same
behavior in saturation in terms of MGR as we do for P,,,, reduction, it
is reasonable to presume that the C,, saturation value can be used as
an indicator for optimal microjet pressure. It should also be noted
that, unlike the P, reduction, MGR continues to increase, although
minimally, with increasing C,, beyond the “saturation” point. This is
expected, because, by increasing the microjet pressure, we are
increasing the momentum continually, albeit by very small incre-
ments. The most pertinent outcome is that both the P, reduction and
MGR criteria indicate that the minimum cost with maximum effect
added to the flow occurs when the saturation point is reached.

Based on the discussion until now, for a fixed microjet angle of
90 deg, the parameters that affect the reduction in unsteady pressure
are the location of microjets with respect to separation (AXy; )
and the microjet pressure or C,,. In a functional form, this can be
summarized as

AI:)I'ms

P or W= f(AXyys.Cp) =W, (L) x W, (P)  (5)

rms,baseline

Using the results from Eq. (1) (Sec. ) and Eq. (4) (Sec. ), we have a
combined form as
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With known Xy,;, Xs, and C,, the Py, reduction (¥p) can be
calculated and the optimal pressure can be determined based on the
saturation point, which in our case is at C,, = 0.17 (10 psig).

With the use of optimized control parameters, one can signi-
ficantly reduce the mass flow requirements. In our case, we reduced
the required pressure by optimizing the microjet control parameters
to fully control the flow with minimum unsteadiness from the earlier
reported 25 to 10 psig. This reduction in pressure corresponds to a
reduction in required mass flow by more than 40%. From a more
practical perspective, for a pressure of 10 psig, when extrapolated to a
theoretical inlet duct, for example, a 30% boundary-layer ingesting
duct [35], a nominal value used for BWB inlet, this results in a mass
flow requirement that is well below the maximum permissible bleed
flow values as generally quoted by engine manufacturers. This
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suggests that engine bleed flow may be used to supply the gas for the
microjet actuators.

IV. Conclusions

To summarize, the results of this study, mainly based on velocity
field and unsteady surface pressure measurements, clearly show the
effect of microjets in effectively controlling flow separation over the
entire range of conditions examined. More specifically, for the
present geometry and range of flow conditions, the following conclu-
sions can be drawn:

1) The effect of control varies with the amount of momentum
supplied via the microjets (which is proportional to microjet
pressure) and also with their location and the angle at which
momentum is injected. These control parameters are coupled, yet by
changing any variable to appropriate conditions, the separated flow
can be attached.

2) In general, placing the microjets close to and upstream of the
separation line, where control effectiveness decreases as one moves
further away from separation, is optimal.

3) The unsteady pressure distribution is sensitive to the state of the
flow and the effect of control on the flow. Although, the pressure may
not be used to provide a complete description of the flow “state,” it
appears to be sufficient (at least in this geometry) to be used as sensor
for determining the flow condition, that is, whether it is separated, the
location, and an indication of the severity of the separation.

4) The response of the unsteady pressure to the flowfield P, (¥'p)
reflects trends similar to the change in MGR. With appropriate
scaling, correlations have been developed that may be implemented
in closed-loop active control strategy, at least as a first step.

5) A better understanding of the effect of various flow and control
parameters on the effectiveness of separation control can result in the
development and refinement of scaling laws, similar to those
presented here. Their implementation will in turn result in the
development of optimal control strategies that produce the largest
performance gains with minimal input.

We believe that, through the knowledge gained in this study, we
are beginning to make progress toward our ultimate goal of using of
these actuators in a closed-loop mode for optimal control. If pro-
perly used, together with appropriate sensors, these low-mass—high-
momentum microjets show considerable promise for controlling
flow separation.
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