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Use of High-Speed Microjets
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Inlets to aircraft propulsion systems must supply flow to the compressor with minimal pressure loss, flow
distortion, or unsteadiness. Flow separation in internal flows such as inlets and ducts in aircraft propulsion systems
and external flows such as over aircraft wings is undesirable because it reduces the overall system performance. An
experimental investigation is described that was carried out to study the feasibility of using high-speed microjets,
supersonic for most cases, to control boundary-layer separation in an adverse pressure gradient. The geometry
used is a simple diverging Stratford ramp equipped with arrays of 400-μm-diam microjets. Measurements include
detailed surface flow visualizations, mean surface pressure distributions, and velocity field measurements using
particle image velocimetry. The results clearly indicate that by activating these microjets the separated flow regions
were eliminated. This led to a significant increase in the momentum of the flow near the surface where the gain
in momentum was at least an order of magnitude higher than the momentum injected by the microjets. Given
the simplicity of the system and its low mass flow requirements, combined with the benefits achieved by this
approach, microjets appear to be promising actuators for efficient separation control for internal and external flow
applications.

I. Introduction

B OUNDARY-LAYER separation entails significant energy loss,
increases the flow unsteadiness, and limits the performance of

many flow devices. The design of engine inlets is one area where the
prevention of flow separation may be significant in improving the
overall efficiency of the vehicle. Flow separation can be prevented
in these engine inlets by increasing the inlet length, which generates
a more gradual pressure gradient. However, the increase in the inlet
length required to avoid separation and its associated losses may
increase the size of the overall vehicle1 (such as uninhabited air
vehicles). In addition, for certain military applications, the inlet
design is also constrained by low observability requirements. More
commonly, a serpentine inlet is used to block the line of sight2,3

to the compressor face, thereby reducing the radar signature from
the compressor face. Similar “buried” propulsion systems have also
been considered for the blended wing–body (BWB) design.4

In the case of a BWB, the engines are located at the aft end of
the aircraft and, hence, require the ingestion of a thick boundary
layer developed over the aircraft surface. The degraded condition of
this boundary layer makes it much more susceptible to separation
when it encounters the pressure gradients of a diffusing inlet duct.
The pressure loss due to this separation reduces the overall system
efficiency. Moreover, flow distortion and unsteadiness created due to
this separation can also result in aerodynamic stall and a surge in the
compressor and fan blades.5,6 Consequently, it is highly desirable to
avoid boundary-layer separation in inlets because it can significantly
diminish the engine performance.

Not surprisingly, a substantial amount of research aimed at con-
trolling boundary-layer separation7,8 has been conducted. Conven-
tionally, the following approaches have been applied for separa-
tion control: 1) tangential blowing to energize directly the low-
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momentum region near the wall,9−11 2) wall suction12,13 to remove
the low-momentum region, 3) vortex generators (VGs and micro
VGs) in the form of vanes and bumps,14,15 and 4) forced excitation
devices, for example, acoustic excitation16,17 and synthetic jets.18,19

Tangential blowing and suction are very effective in controlling
separation. However, they have the parasitic cost involving high-
pressure (mass flux) sources and are infrequently used. VGs are
among the most widely examined flow control methods, where VGs
of various shapes and sizes have been used to control boundary-layer
separation.15 Although the mechanism is still not well understood,
it has been suggested that the VGs produce strong vortices, which
enhance the mixing between the high-momentum core flow and the
low-momentum boundary-layer flow, thus energizing the boundary-
layer fluid.1 However, the performance of these VGs, which are pas-
sive in nature, has been somewhat limited; usually there is a need to
optimize their location, size, and other parameters to achieve opti-
mal performance for specific operating conditions. In addition, they
have an associated parasitic drag when they are not in use.

An excellent review of active flow control techniques has been
published by Greenblatt and Wygnanski.20 As discussed in their re-
view of the use of acoustic excitation methods for separation control
(over airfoils) (Sec. 3.2 in Ref. 20), they note that certain methods,
such as those used by Ahuja et al.17 and Zaman et al.16 have shown
some benefits. However, these acoustic excitation studies were in
most cases facility dependant and, therefore, perhaps of limited use
from a practical perspective. To quote Greenblatt and Wygnanski
“The drawbacks, however, outweigh these positive aspects.” Other
active flow control devices, such as synthetic jets,18 have also been
examined for separation control applications. Amitay et al.18 demon-
strate that their synthetic jet-based actuators provided some control
of flow separation in a duct. The measurements by Amitay et al.
consisted of pitot surveys that showed that flow attachment was
generally obtained for a limited region of the flowfield and that
complete reattachment was limited to a few cases. Similar flow
control devices have been employed by Jenkins et al.,19 who em-
ployed piezoelectric-synthetic jets to control flow separation over
an adverse pressure gradient ramp essentially identical to the one
used in the present study. Based on their results, Jenkins et al. con-
cluded that their synthetic jets did not work, primarily due to the
“insufficient velocity/momentum output” that is needed to achieve
effective control.

A different approach, one that employs microjets to control flow
separation, is presented in this paper. In this study, we plan to
investigate the efficacy of using high-speed microjets (supersonic
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for most applications) to control flow separation. Based on their suc-
cess in other applications21 and that supersonic microjets provide a
unique combination of high-momentum and low-mass flow rates,
we anticipated that these active flow control devices may also be ef-
fective in separation control. It is well known that jets in crossflow,
which is in essence the flow generated by the actuation of microjets,
can generate longitudinal streamwise vortices22 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 solid VGs (but per-
haps more efficiently), high-speed microjets would, thus, energize
the boundary-layer fluid by creating strong streamwise vorticity,23

thereby enhancing mixing with the more energetic flow. Further-
more, due to their small size, relative simplicity, and ease of imple-
mentation, if successful, engine inlets or other flow surfaces, such
as airfoils, can be relatively easily populated with these microjets.

II. Experimental Details
A. Facility and Model

The experiments were conducted in a subsonic, closed-return
wind tunnel with a maximum freestream velocity of 60 m/s in the
48 × 24 in. test section. The diffusing duct flow is powered by a
radial blower that passes through a settling chamber before entering
the test section. Honeycomb screens in the settling chamber ensure
flow uniformity. The contraction then accelerates the flow from the
settling chamber into the test section, further reducing flow pertur-
bations. A pitot static probe was used to measure the flow speed in
the test section.

The geometry used for the test model is a simple adverse pres-
sure gradient ramp, similar to the model used at the NASA Langley
Research Center for examining the effectiveness of various control
techniques.19 In theory, the ramp profile produces a Stratford-like
pressure gradient24 in the test section. This model, mounted in the
wind tunnel, is shown in Fig. 1. Note that a Stratford pressure profile
is theoretically expected to lead to an incipiently separated flowfield
where the separated flow region, if any, would be very small. How-
ever, as our results will indicate, the size of the separated flowfield
that was actually obtained and subsequently controlled using mi-
crojets was significantly larger. The Stratford criterion is an approx-
imate one, and, in many experiments, the flow separation occurs
much earlier than predicted using this approach.25 Suffice it to say
that the flow regimes where microjet efficacy is evaluated is not in-
cipiently separated, and, as noted near the end of this paper, in recent
ongoing experiments we have been able to eliminate separated flow
regions that are significantly larger than those discussed here.

The ramp is equipped with approximately 50 surface static pres-
sure ports to obtain the mean surface pressure distributions. These
pressure ports were placed along the model centerline, as well as in
transverse rows at selected locations. The pressure coefficient Cp is
then determined using the conventional definition

Cp = (Ps − P∞)

0.5ρU 2∞

where Ps is surface static pressure and P∞ is the freestream pressure.

Fig. 1 Ramp model, mounted in wind tunnel.

a)

b)

Fig. 2 Schematics: a) test section and b) ramp model.

A schematic of the test section is also shown in Fig. 2a. As seen
in Figs. 2a and 1, the ramp is mounted on the top of the test section,
and the flow is from left to right. A detailed schematic of the ramp
model is also shown in Fig. 2b. As shown in Fig. 2b, the ramp,
that is, the surface divergence, begins at X = 0 in. and is preceded
by a flat section of 21.5 in. in length. Figure 2b also indicates the
region where the particle image velocimetry (PIV) measurements,
discussed later in this paper, were obtained. PIV data were obtained
at three streamwise planes, along the centerline, 0.1W and 0.2W
away from the centerline, where W is the width of the ramp. Only
the centerline and the 0.1W plane are shown in Fig. 2a to give an
idea of its location. This off-centerline plane is referred to as the
0.4W location. PIV results from the centerline plane and the 0.4W
are discussed in this paper, the reasons for which are discussed
later.

Also shown in the Fig. 2a are the locations of microjet arrays,
where each array consists of about 60 microjets, 400 μm in diameter.
These microjets were oriented vertically, that is, 90 deg with respect
to the freestream. The spacing between these microjets was 5.6 mm.
The diameter of these microjets was chosen to be 400 μm because
this represented a good compromise between small size and minimal
viscous losses that increase significantly as one employs smaller jets.
The microjet flow becomes supersonic when the stagnation pressure
exceeds ∼13 psig. Because most of the test cases presented here are
for a stagnation pressure of 25 psig, they are often referred to as
supersonic microjets. Flow through nozzles of this diameter has
been previously examined,26 and similar actuators have been used
in other applications, such as impinging jets.21 This was another
reason for using microjets of this specific size.

Note that the results discussed in this paper correspond to the
use of first and third microjet arrays for separation control. The
placement of these microjets with respect to separation location is
expected to be a critical parameter for the control scheme. It was
also anticipated that the actuators should be placed upstream of the
separation zone for optimal effect. Because the exact location of the
separation was not known, the microjets were placed upstream of
the region where separation was observed in the study by Jenkins
et al.19 Gas for these microjets was supplied from high-pressure
nitrogen tanks, where exhaust pressure was being controlled by a
regulator. Nitrogen was used because it is easily available in pure
form and has gasdynamic properties that are very similar to air.
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B. Measurement Techniques
Both qualitative and quantitative measurements were obtained to

gain a better understanding of the overall flowfield behavior. Mean
surface static pressure measurements were first obtained by sequen-
tially scanning surface pressure taps, suitably distributed over the
ramp surface. The pressures were scanned using a 48-channel scani-
valve unit, which in turn was connected to a pressure transducer.
All pressure transducers were frequently calibrated and checked for
drift. The data were sampled and recorded using personal-computer-
based National Instruments Data acquisition hardware and software.
An average of 4000 samples was acquired to obtain a reliable esti-
mate of the mean surface pressures.

The topographic nature of the surface flowfield was also examined
using a surface flow visualization technique. This was achieved by
applying water-based paint on the surface of the ramp. The painted
model was then exposed to the flow to obtain the surface flow pat-
tern. The flowfield above the surface was also quantitatively stud-
ied using the two-dimensional PIV technique. The test section was
seeded with smoke particles, approximately 5 μm in diameter, using
a Rosco fog generator. A New WaveTM Nd-YAG pulsed laser with
a repetition rate of 15 Hz was used to illuminate the particles in-
troduced into the flowfield. Each PIV image pair was then acquired
using a Kodak ES 1.0 high-resolution charge-coupled device camera
capable of recording 10-bit digital image pairs in separate frames
at a rate of 15 image pairs/s. Further details of this PIV technique
can be found in Ref. 27. One of the main advantages of this PIV
technique is a novel processing scheme with high spatial resolution
that uses image matching to extract the particle displacements and,
hence, the velocities, from particle image pairs.28

C. Test Conditions
The experiments were conducted over a range of freestream ve-

locities from 10 to 50 m/s. For all of these freestream velocities,
various combinations of microjet locations and pressures were in-
vestigated. Separation was completely eliminated for the highest
freestream velocity tested in the facility by the proper combination
of microjet pressure and location. However, for the sake of brevity,
results discussed here are mainly limited to the 40-m/s case because
it illustrates the principal flow features and its response to microjet
control. Also, the effect of microjet control presented here will pri-
marily be limited to the actuation of the third microjet array (MJ3),
with selected results shown for the first microjet array (MJ1). While
conducting these experiments, we were cognizant that any active
flow control technique in a practical system should not require more
than 1% of the inlet mass flow.29 This actuator mass flow limit is
expected to minimize the adverse impact of an active flow control
system on the overall vehicle. With these restrictions in mind, the
microjets were pressurized up to a stagnation pressure of 25 psig.
Under the assumption that the boundary layer in the present exper-
iments occurs in a 30% boundary-layer ingesting duct, the nominal
value used for a BWB inlet,29 the 25-psig microjet pressure roughly
corresponds to 0.5% of the inlet mass flow in such a duct. This is
well below the 1% threshold. Although the effect of microjet on the
flow was evaluated over a range of pressures (Table 1), the microjet
stagnation pressure of 25 psig has been used in this paper as the
primary test case at which to demonstrate and discuss the effect of

Table 1 Momentum injected vs momentum
gain achieved for various microjet pressures

Microjet Microjet
activated Pressure Cμ, % MGR

MJ1 10 11.76 13.22
MJ1 15 19.58 9.53
MJ1 20 29.06 4.71
MJ1 25 39.71 7.44
MJ3 10 11.76 49.61
MJ3 15 19.58 40.38
MJ3 20 29.06 33.56
MJ3 25 39.71 28.78

microjet control. This is in part due to this also being the pressure
where separation was eliminated with minimal mass flux for the
worst-case scenarios, for example, maximum freestream velocity
and actuators farthest away from the separation location.

The Reynolds number at the ramp leading edge at 40 m/s is
1.3 × 106. At this velocity, the boundary-layer thickness δ was
measured at the leading edge of the ramp at the centerline (us-
ing a boundary-layer pitot probe) and was found to be 0.75 in. The
boundary-layer profile was in close agreement with a seventh power
law profile indicating that the incoming boundary layer is nominally
turbulent. Under these conditions, the corresponding displacement
thickness δ∗ and the momentum thickness θ at the ramp leading
edge were estimated to be 0.12 and 0.08 in., respectively.

III. Results and Discussion
A. Baseline Case: No Control
1. Surface Properties

Figure 3 shows a comparison between the measured Cp distri-
butions for the baseline, uncontrolled flow at 40 m/s and the flow
with microjet control, where MJ1 has been activated at 25 psig. As
shown in Fig. 3, Cp values have been plotted on a reverse scale on
the y axis. For reference, the ramp geometry is also included, where
the ramp height is indicated on the y axis on the right and the loca-
tion of MJ1 and the last array of microjets is shown in dashed lines.
The repeatability of these experiments was checked over a period
of 4 months, and the results were found to be repeatable within 1%.
It is observed that, upstream of the microjet location, the baseline
and the microjet control cases show a similar pressure distribution.
Downstream of the microjet location, however, the pressure distri-
butions differ, the pressure recovery being higher for the control
case. Similar observations for Cp distributions were made by Lin15

in his study of separation control using passive control devices.
Although the pressure recovery is improved with microjet control,
the improvement does not seem to be substantial. As the following
results will show, this may partially be because for this case the
size of the separation is somewhat limited. Hence, the pressure loss
will be correspondingly small resulting in a corresponding small
recovery when separation is eliminated. Pressure distribution along
the centerline, however, provides only limited insight into the flow
behavior, and, based on Cp distribution alone, it is difficult to deter-
mine conclusively whether the effect of microjets is beneficial and
to what extent.

The surface flowfield was then shown to further characterize the
nature of the separation region on the model. In general, the surface
flow streamlines are skin-friction lines because they are formed un-
der the influence of wall shear stresses rather than pressure gradients.
However, this is not true for reverse flow regions where the surface
shear stress is very small and where the motion is a result of both
shear stress and pressure gradient. As such, the lines of separation
indicated by the flow pattern are normally ahead of the actual sep-
aration location.30 The surface streamline pattern for flow without

Fig. 3 Cp distribution along centerline at 40 m/s, with and without
microjets.
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Fig. 4 Surface flow traces at 40 m/s: a) no control, x/L = 0 and b) MJ3 at 25 psig, x/L = 1.

control is shown in Fig. 4a. Also in Fig. 4a are the streamlines indi-
cating the flow direction. These streamlines have been drawn based
on the visual observations during the experiment. The flow pattern
obtained is very similar to the “Owl Face” pattern of the first kind.31

The horizontal streamlines in the upstream, left half of Fig. 4a
indicate that the flowfield is fairly uniform and relatively two-
dimensional in this region. However, three-dimensional effects can
be observed immediately downstream of the ramp leading edge.
The secondary flow near the ramp edges (Fig. 4a) also appears just
downstream of the location where the ramp begins. This secondary
flow may in part be due to corner vortices generated at the edges of
the model; however, its exact nature and its effect, if any, on flow
separation is not clear at this point.

The reverse or separated flow region is also indicated in Fig. 4a.
The surface streamlines emanating from the front stagnation point
(S1, Fig. 4a). Form a separation bubble, which ultimately spirals
around two focal points F1 and F2 (Fig. 4a). These focal points
are also the points of local pressure minima. The streamlines then
reattach at S2 (Fig. 4a). In essence, the surface flow pattern shows
a trapped separation bubble, generated due to the ramp curvature,
and this separation bubble appears to be “kidney” shaped.31 Con-
sequently, to verify the shape of the separation bubble above the
surface, PIV measurements were subsequently obtained along the
centerline plane and at two planes away from the centerline, as de-
scribed in Sec. II.A. Only velocity-field data for the centerline plane
(Fig. 2b) have been presented here for the sake of brevity. The effect
of flow control on the surface flow pattern, shown in Fig. 4b, will
be discussed in a subsequent section.

2. Velocity Field Measurements
A typical processed instantaneous velocity vector field for the no-

control case, obtained using the PIV technique, is shown in Fig. 5a.
Smoke was introduced from the surface ports in the upstream section
of the model, and the entrained particles were shown using a thin
laser sheet generated using an Nd-YAG laser. A significant reverse
flow region is clearly evident. A discussion of the flowfield with
microjets activated at 25 psig, shown in Fig. 5b, will be delayed
until the effect of control is discussed later in the paper. For a better
understanding of the separation region and the effect of microjet
control, mean flow properties are presented next.

Figure 6a show the streamwise component U of the mean ve-
locity field in the centerline plane, corresponding to a freestream
velocity of 40 m/s. Note that in these and all subsequent PIV data
included in this paper, the ramp model is at the top of figures, the
freestream flow is from left to right, and the microjets issue from
the top. The inset in Fig. 6a shows the ramp geometry and the re-
gion where the PIV data were obtained. In all of the plots shown
in this paper, all distances have been normalized with respect to the

a)

b)

Fig. 5 Processed velocity vectors: a) no control at 40m/s and b) MJ3
at 25 psig at 40 m/s.

ramp height. The y axis represents the vertical distance from the
base of the ramp, and the x axis is the streamwise distance from the
ramp leading edge. (Refer to Fig. 2a for the origin of the coordinate
frame.)

A closer look at Fig. 6a shows that as one proceeds downstream in
the vicinity of the surface, there is a rapid deceleration in the fluid ve-
locity, which eventually leads to a region of reverse flow. This reverse
flow zone corresponds to the dark blue velocity contours (Fig. 6a)
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Fig. 6 Velocity field for 40m/s, no control: a) streamwise velocity com-
ponent U and b) velocity vector for region indicated in Fig. 6a.

and starts at approximately x/H = 1.6 and ends at approximately
x/H = 2.2 (corresponding to a physical length of approximately
2 in.). A small subregion of this flowfield, roughly indicated by the
box in Fig. 6a, has been magnified in Fig. 6b, which shows the
velocity vectors. The presence of reverse flow, close to the ramp
surface, is clearly visible in Fig. 6b, indicating that the flow has
separated locally resulting in a separation bubble with recirculating
flow. Although not included in this paper for the sake of brevity, the
presence of reverse flow was further confirmed by examining the
vertical component of the velocity (perpendicular to freestream).
Contour plots of this velocity component clearly reveal the pres-
ence of low-magnitude velocity fluid moving away from the bound-
ary in the same region where the reverse flowfield is seen in the
streamwise velocity components. As noted by other researchers
(see Ref. 15), it was also observed that increasing the freestream
velocity causes the flow to separate further upstream, whereas the
flow attachment location does not change appreciably, leading to a
larger separation region. Though these results are not included here,
freestream velocities up to 65 m/s were examined, resulting in much
larger separation zones than the 40-m/s case discussed in this paper.
These larger separated flows were subsequently controlled using
microjets.

As noted earlier in the discussion of the surface flow traces
(Sec. III.A.1) this separation appears to be three-dimensional in
nature. Hence, ideally, one would like to obtain velocity measure-
ments in planes perpendicular to the freestream flow, that is, in the
Y –Z plane (Fig. 2b); such measurements are planned in future ex-
periments. At present, PIV measurements were obtained at three
off-centerline axial planes to provide some insight into the three-
dimensional effects. Although not shown here, a comparison to the
centerline velocity field (Fig. 6a) reveals that as one moves away
from the centerline plane, the size of the bubble grows appreciably
larger (at the 0.4W plane) and then reduces as one approach the
sides of the ramp. This result is consistent with our earlier observa-
tion based on the surface flow pattern, that the separation bubble is
kidney shaped and is, therefore, expected to be smaller in the central
plane.

To summarize, the surface flow and flowfield measurements
clearly reveal that the adverse pressure gradient along the ramp
leads to a significant local separation of the incoming boundary

layer where this separation region is three-dimensional in nature.
In the following subsection, we examine effect of applying flow
control using supersonic microjets on this separated flowfield.

B. Effect of Microjet Control
Qualitative visualizations of the flowfield indicated that when the

microjets were turned on at the appropriate pressure, the reverse flow
or the separated flow region is eliminated. These observations were
confirmed with the PIV results, to be discussed later. Significantly,
this effect of microjet control was observed for all of the conditions
where separated flow was present for the baseline case.

1. Surface Properties
We begin with the discussion of the surface flow visualization,

shown in Fig. 4b, which reveals the effect of microjets on the surface
flow pattern. As seen in this surface flow trace, no regions of reverse
velocity are visible. The flow pattern, however, is not completely
two-dimensional, and three-dimensional features, such as diverging
streamlines, can be seen. As discussed later, it is anticipated that
one of the mechanisms at work in the present control technique is
the introduction of streamwise vorticity by the microjets. As such,
one may argue that some of the features in Fig. 4b are similar to
footprints of streamwise vortices. However, at present, the exact
nature of these features is not clear. What is clear is that the microjets
eliminate the large separation bubble seen in Fig. 4a. In the following
sections, we examine the flowfield in further detail using the velocity
field measurements to better quantify the effect of microjets on the
separated flows.

2. Velocity Field Measurements
The visual effect of the microjets can be seen from the instanta-

neous velocity vector field in Fig. 5b, obtained using PIV. The image
was obtained with MJ3, operating at 25 psig. A comparison with
Fig. 5a clearly shows that not only has the reverse velocity zone
been eliminated, but there has also been a significant momentum
addition along the surface. To study this effect of microjets, the in-
fluence of various parameters on separation control was examined,
as described next.

The first parameter considered was the freestream velocity.
Figure 7a shows the streamwise velocity data for the centerline

Fig. 7 Velocity field for 40m/s, MJ3 at 25 psig: a) streamwise velocity
component U and b) velocity vector for region indicated in Fig. 7a.
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plane at 40 m/s, where MJ3 is operating at 25 psig. A comparison
of Fig. 7a with Fig. 6a shows that the activation of microjets com-
pletely eliminates the reverse flow region; very similar effects were
also observed for the 50-m/s case, where the separated flowfield was
15–20% larger. Also note that, at 40 m/s, the velocity measured with
control near the surface was somewhat higher than for the 50-m/s
case. This suggests that the ratio of the microjet momentum relative
to the freestream momentum may be an important parameter. This
effect of the momentum flux ratio is, of course, well known and has
been discussed by numerous other investigators.20

To quantify the efficacy of microjet control in terms of the mass
and momentum flux supplied by the microjets, the mass flux coeffi-
cient M∗ and the steady momentum coefficient Cμ were defined as
follows: M∗ is the mass flux of the microjets divided by the mass
deficit based on δ, where δ is the boundary-layer thickness at the
ramp leading edge.

The mass flow rate m in through the supersonic microjets can be
conservatively estimated by assuming choked flow through the mi-
cronozzles. The mass coefficient is then given as

M∗ = m in/ρ∞U∞ yδ

where ρ∞ is the freestream density, U∞ is the freestream velocity,
and y is the span of the ramp.

The momentum flux ratio is given by the conventional definition
of the steady momentum coefficient20 and is given as

Cμ = Nm inU j

1
2
ρ∞U 2∞ yδ

where N is the number of microjets and U j is the jet velocity.
Thus, Cμ is the ratio of the magnitude of the total momentum

injected into the flow relative to the freestream dynamic pressure
multiplied by an appropriate area, chosen as δy in the present case.
These values of Cμ and M∗ for various microjet operating pressures
are shown in Fig. 8. As expected, Cμ and M∗ are related such that
small increments in M∗ yield progressively larger Cμ, thus account-
ing for the effectiveness of microjets with relatively little mass flow
injection. Measurements show that increasing the microjet opera-
tion pressures, that is, increasing the Cμ, results in higher velocities
closer to the ramp surface, indicating the presence of higher momen-
tum in the near-wall region. The reason behind this behavior may
be due to one or more of the following as Cμ increases: 1) More
momentum is directly injected into the boundary layer. 2) Strong
streamwise vortices22 are generated that enhance mixing with the
outer, high-momentum fluid. 3) The microjet jet momentum and
penetration depth32 increases, enhancing the transfer of momentum
from the freestream fluid to the boundary-layer fluid (E. R. Norster,
“Jet Penetration and Mixing Studies,” unpublished work, College
of Aeronautics, Cranfield University, Cranfield, England, United
Kingdom; see Ref. 32).

A magnified view of a selected region for the 40-m/s case (Fig. 7a)
is shown in Fig. 7b, in the form of a velocity vector plot. A compari-
son with Fig. 6b shows that with the activation of microjets, velocity

Fig. 8 Steady momentum coefficient Cμ vs. mass flux coefficient M∗.

vectors in the zone previously corresponding to reverse flow now
possess significant momentum in the forward direction. At 25 psig,
the mass flux supplied by the microjets is approximately 1.7% of the
mass flux across the ramp, based on the boundary-layer thickness,
that is, M∗ = 0.017. This pressure corresponds to a Cμ of 0.397, or
39.7%, which amounts to a Cμ of 6.3e-03/jet, which is much higher
than the 2e-03/jet value quoted by Amitay et al.18

In general, any separation control input must be applied at or close
to the separation point. To investigate the effect of the actuator loca-
tion, experiments were conducted with microjets at different axial
locations along the ramp. The microjets were successful in elimi-
nating the reverse flow region regardless of their location. However,
on comparison of the effect of MJ1 with the results shown in Fig. 7a
for MJ3, it appears that, although both microjet arrays were able
to eliminate separation, higher velocities closer to the surface were
obtained with the activation of MJ3. In addition, the reverse flow
region was eliminated with a lower momentum flux input using MJ3
compared to MJ1, indicating that, as expected, choosing an appro-
priate location to apply flow control is an important parameter for
optimal flow control.

Whether the microjets eliminate the entire three-dimensional sep-
aration region was also examined using the PIV results acquired at
the off-centerline locations. Although separation was completely
eliminated, it was noticed that the effect of control was not as pro-
nounced as in the centerline plane. For example, the magnitude of the
U component of the velocity near the ramp surface was somewhat
less than the velocities measured along the centerline. The reasons
for this are attributed to the three-dimensional nature of the separa-
tion bubble and perhaps also due to the presence of secondary corner
flow as discussed in Sec. III.A.1. Although the details of the effect of
microjets at off-centerline locations are not completely understood
at present, there is no doubt that, overall, they have a beneficial ef-
fect in that the microjets eliminate or significantly reduce the size
of the separation region. An examination of the three-dimensional
effects is the main focus of ongoing research at our laboratory.

3. Closer Look at Control Effects and Mechanisms
To determine whether the significant increase in the momentum

near the ramp surface is simply due to the direct injection of mo-
mentum by the microjets, we define a parameter referred to as the
momentum gain ratio (MGR). It is the ratio of the increase in mo-
mentum due to microjet control relative to the momentum injected
by the microjets. Hence, the MGR is given as

MGR = momentumwith control − momentumno control

momentummicrojets

=
∫

(ρU dA)with control − ∫
(ρU dA)no control

Nṁ inU j

The momentum flux with and without control was calculated at
axial locations by numerically integrating the velocity field data. A
comparison of the momentum gain achieved with the application of
different microjets at various operating pressures is listed in Table 1
and shown in Fig. 9. Both the tabulated results and Fig. 9 clearly
show that, for the same Cμ values, the momentum gain achieved
with MJ3 is significantly more than that achieved with MJ1. In par-
ticular, at 25 psig, the momentum gain with MJ1 is 7.8, whereas the
momentum gain achieved with MJ3 is 30. This reaffirms the notion
that the location of the actuators relative to the separation location
plays a very important role in the efficacy of control. Furthermore,
it suggests that the closer one is to the separation location, the more
effective control can be achieved.

This high MGR clearly indicates that some other mechanism(s),
distinct from direct injection of momentum, plays an important role
in this control approach. As mentioned earlier, one of the phys-
ical mechanisms we expect to be of significance is the genera-
tion of streamwise vorticity by the supersonic microjets.22,33 This
streamwise vorticity is expected to enhance the entrainment of the
freestream fluid into the boundary layer. In addition, it may also pro-
mote mixing between the low-momentum portions of the boundary
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Fig. 9 Effect of microjet location on MGR.

layer, very close to the surface, with the higher-momentum fluid
away from the wall, thus, preventing or delaying separation.

To further explore and understand the effect of the microjets, we
sought to delineate the effects of flow control on the MGR into
two regions, as follows. We first identify a region where the near-
wall fluid directly encounters the microjets and define its extent as
the maximum penetration depth of the microjets. Hence, this de-
fines the zone in which the microjets may influence the local flow
directly. The second zone is the remainder of the boundary-layer
flow outside the area of direct influence. In this second zone, the
gain in momentum due to flow control may be more strongly influ-
enced by other mechanisms, such as the generation of streamwise
vorticity, physical mechanisms that we collectively refer to as the
secondary effects of the microjets. As documented by others,22,34

the penetration depth of jets in a crossflow is mainly a function
of the momentum ratio. Although there are a number of primarily
empirical correlations available in the literature for estimating the
penetration of jets in crossflow, for the present analysis, the maxi-
mum jet penetration Ymax of a single jet into a duct with a crossflow
was evaluated using Norster’s equation (E. R. Norster, unpublished
work; see Ref. 32):

Ymax/d j = 1.15 × (
ρ j U

2
j

/
ρ∞U 2

∞
)0.5 × sin(δ j )

where ρ j is the jet density, d j is the jet diameter, and δ j is the microjet
blowing angle at the vena contracta.

By the use of the preceding correlation, the penetration of the
microjets was determined to be approximately 0.2 in., almost one-
quarter of the boundary-layer thickness. This leads to the defini-
tion of the region of direct influence as that below this one-quarter
boundary-layer plane, δ0.25. Outside δ0.25, one would expect the gain
in momentum to be due to the secondary effects, as discussed ear-
lier. With these definitions, the MGR for MJ3 operating at 25 psig
is evaluated at various axial locations for both the direct and sec-
ondary effects, and the results are shown in Fig. 10. Figure 10 shows
that downstream of the microjet injection location, the direct effect
initially starts to grow rapidly. This initial rapid growth of the direct
effect zone occurs in the vicinity of the microjet injection loca-
tion, a region generally identified as that where the initial evolution,
penetration into and turning due to the freestream flow, occurs.35,36

Further downstream, the momentum gain due to the direct effects
appears to saturate and even decline. However, the contribution of
the secondary effects continues to grow downstream of the injection
location and plays a proportionally larger role as one moves down-
stream. This suggests that the secondary effects, which we suspect
to be due to the generation of streamwise vorticity, continue to en-
ergize the boundary-layer flow by entraining high-momentum fluid
from the freestream.

We recognize that there are many ways in which one can examine
the results obtained in our study to better elucidate the flow physics

Fig. 10 Comparative view of microjet effects, MJ3 at 25 psig.

behind this control technique; the preceding analysis and discussion
is one simple, phenomenological-based attempt to do so. This is an
issue that we are continuing to study further and in more detail and
hope to gain a better understanding of through additional experi-
ments and analysis. However, it is clear at this point that the present
control technique is not effective simply due to the direct injection
of momentum into the boundary layer of fluid.

Finally, we briefly examine the effect of microjets on the flow un-
steadiness. Figure 11a and 11b present the fluctuating component
of the streamwise velocity Urms for the uncontrolled and the con-
trolled cases, respectively. As before, these results correspond to a
freestream velocity of 40 m/s where MJ3 was activated at 25 psig
for the controlled case. In Fig. 11 Urms has been nondimensionalized
with the freestream velocity. A comparison of Fig. 11a with Fig. 11b
shows that the velocity fluctuations associated with the flow have
been dramatically reduced, by as much as 50% or more. In fact, most
of the regions associated with high fluctuations have disappeared.
Not only have the velocity fluctuations been reduced in magnitude,
but also the regions in which these fluctuations occur have become
much smaller. Although not shown here, a comparison of turbulence
kinetic energy associated with uncontrolled cases was also made.37

It was observed that the level of turbulence associated with the flow
was also reduced by almost 50%; similar effects were observed at
higher freestream velocities.

To summarize, although the physical mechanisms behind micro-
jet control still need to be explored further, based on the use of
microjets in other applications21,23,34 and on our present results, it
appears that the streamwise vorticity due to the microjets may play a
primary role in this control approach. The generation of streamwise
vorticity can be due to a number of mechanisms. First, the microjets
may behave as fluidic tabs, much like the micro-VGs used in earlier
work.14,15,19 Second, the vorticity in the microjets is redirected in
the streamwise direction by the mean flow, and, finally, the micro-
jets may also redirect the spanwise vorticity in the base flow in the
streamwise direction by vorticity tilting. These mechanisms may be
similar to those discussed by Alvi et al.33 in the context of impinging
jet control using microjets.

Finally, we note that in more recent, ongoing experiments, we
have been able to increase the freestream velocity to 65 m/s. This,
together with a more aggressive ramp geometry, has allowed us to
generate separated flow regions that are much larger (two to three
times larger) than the cases presented here. With the proper use of
microjets, we have been able to completely control, that is, eliminate,
these more challenging separated flows, providing further evidence
of the potential utility of this control approach. We have also been
able to reduce the mass flow rates required to eliminate this sepa-
ration by 40%. This work is ongoing, and additional, more detailed
measurements are planned to shed more light on the physics behind
this control mechanism. The effect of microjet location, microjet
angle, as well an examination of the flowfield in the cross plane
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Fig. 11 Urms velocity: a) no control and b) MJ3 at 25 psig.

are some areas that require further exploration to better understand
the mechanism for flow control. Future experiments are planned to
address some of these issues.

IV. Conclusions
A study of separation control in an adverse pressure gradient

region over a Stratford ramp24 has been performed. Separation con-
trol was implemented using strategically placed arrays of high-
speed/supersonic microjets. These results, which consist of surface
pressure distributions, surface flow visualizations, and velocity-field
measurements, indicate that the microjets have an appreciable and
desirable effect on flow separation. Over the range of conditions
examined, the reverse or separated flow regions appear to be com-
pletely eliminated when the microjets are activated at the appropriate
conditions. The parameters examined include the freestream veloc-
ity (Reynolds number), the steady momentum coefficient Cμ, and
the microjet location. Representative results presented in this paper
correspond to a Reynolds number of 2.3 × 106/m; for this case the
separation bubble for the uncontrolled flow, more than one-sixth of
the ramp length, was completely eliminated with a mass flux in-
put lower than 1% using the microjets. In more recent experiments
using even less mass flow through the microjets, we were able to con-
trol separation zones that were significantly larger than the results
shown herein. Although the mass flux is very low, the microjets pro-
duce a rather high steady momentum coefficient, where Cμ = 0.29
for this mass flux. Circumstantial evidence suggests that the phys-
ical mechanism behind the control is related to the generation of
strong streamwise vorticity produced by the injection of the high-
momentum microjet fluid; experiments are planned to obtain more
direct evidence. The elimination of separation is accompanied by
significant reductions in the velocity fluctuations and the turbulent
kinetic energy, another highly desirable feature for most applica-
tions. As such, supersonic microjets show considerable promise as
simple, adaptable, and effective actuators for controlling flow sep-
aration and flow distortion.
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