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ABSTRACT
High-momentum steady microjet arrays are used to generate single and/or multiple
oblique shocks in a supersonic crossflow. The properties of these microjet-generated
shocks can be tailored to be parallel or coalescing, depending on the application, by
adjusting the pressure ratio. Building upon the results of prior studies, flow field
measurements using Particle Image Velocimetry were obtained. The velocity field clearly
shows the effect of the microjet-generated oblique shocks on the flow field. Changes in
the velocity field across the oblique shock and the expansion fan are also clearly seen
from these results. The strength of the microjet-generated shocks was found to be
constant along the length of the shock. Properties of microjet-generated shocks are
compared with oblique shocks using a ramp and differences and similarities between the
two are found. Flow properties due to multiple parallel and coalescing shocks were also
investigated to better understand the behavior of such flow features introduced using
fluidic micro-actuators.

1. INTRODUCTION
Jet injection in supersonic crossflow has been a problem of interest for researchers over the last few
decades, due to its complex fundamental flow physics and wide range of applications. Studies on the
evolution and interaction of a jet in supersonic crossflow have been well documented in the literature
[1–2]. Subsequent studies have helped in further understanding of this complex flow field (Ben-
Yakar et al. [3]) and in developing flow control devices based on these fundamental principles.
Mahesh [4] provides a recent, comprehensive review of single jets in crossflow. Some applications
of jet injection include fuel injectors in scramjets [5–6], active flow control of cavities in supersonic
flow using micro-orifice jets [7–8], suppression of jet noise in high-speed flows among others (Alvi
et al. [9]). Interaction of the injectant with the supersonic crossflow creates a shock wave, where a
sufficiently strong shock wave (due to high injection pressures or momentum flux) is capable of
separating the incoming boundary layer. Associated with the shock wave produced due to jet
injection are regions of fluid recirculation both upstream and downstream of the shock wave. As the
injectant penetrates into the boundary layer, both small and large-scale structures evolve into the
boundary layer, changing its characteristics. The formation of a shock wave is ubiquitously followed
by an expansion fan to turn the flow back to its original direction as dictated by the boundary
condition. The formation of the shock wave and its interaction with the surface boundary layer is
commonly known as a shock wave − boundary layer interaction (SBLI). The problem of SBLI,
although well documented is still an active area of research [10–15] due to its complexity and vast
applications. A fundamental understanding of the jets injected into the supersonic crossflow has
helped in simplifying these highly complex flow phenomena with some success, and if appropriately
developed may also be instrumental in designing novel flow control devices and techniques to
mitigate some of the adverse effects typically associated with SBLI such as flow unsteadiness, inlet
buzz/unstart, and sonic boom mitigation among others. Some of these problems and prior approaches
to their solution are briefly discussed next.

The concept of body shaping dates back to 1950’s when NACA research engineers worked on
designing aircraft with a smooth cross-sectional area distribution, which led to a reduction of the peak



drag near Mach 1. Recent studies focus on tailoring shock waves to achieve desired compression of the
incoming flow. Gulfstream’s quiet spike program (Howe et al. [16]) uses a long telescopic fuselage
extension to alter the N-wave pressure signature by breaking down the strong bow shock in front of the
canopy into a series of weaker shock waves upstream of the fuselage such that the terminal bow shock
becomes weaker. The fuselage extension employed also ensures that these weaker shocks remain
parallel in the farfield, hence not coalesce to avoid the possibility of a sonic boom. Another problem
that continues to pose a technological challenge is that of the supersonic air inlets. Although the
geometry of some of the supersonic inlets can be simple, the flow field in and around the inlet is highly
complex. Incoming flow interacts with the inlet surfaces producing multiple shock systems that further
interact with the inlet boundary layer. The interaction of the shock system with the boundary layer
causes: flow unsteadiness, loss of total pressure recovery, flow distortion at the inlet-engine interface,
local or, in severe cases global separation etc., thereby severely degrading inlet performance. Thus,
control of SBLI can prove instrumental in improving the efficiency of supersonic inlets for the next
generation of aircraft and possibly developing a viable solution for a future commercial supersonic
transport.

Recently, studies have also focused on employing passive devices such as vortex generators and
active devices capable of steady and unsteady forcing of the SBLI using vortex generators jets.
Valdivia et al. [17] have experimented with Wheeler Doublets (WDs) vortex generators, vortex
generator jets (VGJs) and their combination on supersonic inlet unstart at Mach 5. The results
showed that the combination of WDs and VGJs proved effective in delaying unstart of the inlet.
Anderson et al. [18] developed a hybrid technique combining micro-vanes, micro-ramps and
micro-jets for flow control over the vehicle forebody and serpentine inlet systems. There study
showed that injecting small amount of high-pressure air using the micro-jets into the vortex
generated by the micro-vanes and micro-ramps provides substantial augmentation and active flow
control on the flow field. Another novel technique employing high-momentum microjet arrays
capable of generating single and/or multiple oblique shocks of varying strengths that can be either
parallel or coalescing depending on the application has been the subject of study at the Florida
Center of Advanced Aero-Propulsion (FCAAP) at Florida State University. Previous studies
(Kumar et al. [19]) employing flow visualization and density field measurements using Background
Oriented Schlieren (BOS) have shown that the microjet-generated shocks are capable of
decelerating and turning the flow through oblique shocks, and thus show promise of augmenting
conventional ramps for flow compression.

The present study explores the flow characteristics of microjet-generated shocks using flow
visualization and detailed velocity field measurements using PIV. Active control of the shock wave
strength by varying the supply pressure to the microjet arrays, and its impact on the overall flow is
investigated. Flow properties in the presence of dual and triple shocks, generated through multiple
arrays, resulting in parallel and coalescing configuration are characterized in some detail. The
microjet-generated oblique shocks are reminiscent of the shocks generated by physical ramps (Fig. 1).
A brief comparison of the microjet-shock with a physical ramp shock is also presented in the current
study. Furthermore, such ‘tailored shocks’ generated using microjet arrays can possibly be
implemented to decelerate the incoming flow in conjunction with a physical ramp and achieve better
performance for inlets.
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Figure 1. Schematic of the corrugated shock pattern with a microjet array.



2. EXPERIMENTAL DETAILS
2.1. Facility Description
The experiments are conducted in the supersonic wind tunnel facility at the Florida Center of Advanced
Aero-Propulsion (FCAAP) at Florida State University (Fig. 2). The tunnel is supplied with dry,
pressurized air from a 10 m3 air tank at 11 MPa (1600 psi) Control of air flow to the test section is
maintained through the use of two inline valves, a tescom dome regulator, and a Fisher control valve.
The dome- loading regulator is used for the larger drop in pressure from the air tanks. An output
pressure of 2.06 MPa (300 psi) from the dome regulator is maintained. The Fisher control valve is used
for the fine control of the tunnel stagnation pressure and is operated via a PC-based LabVIEW data
acquisition program. Two inline heaters with a combined power of 300 kW, capable of heating the air
to 700 K (800 °F), are installed to raise the stagnation temperature of the incoming air and to prevent
condensation in the test section. The test section Mach number can be varied with the use of interchangeable
nozzle blocks. Current experiments were performed at a test section Mach number of 1.5. The run time
of the tunnel at these conditions is 10 minutes. The test section is 305 mm (12 in) long, 66 mm (2.6 in)
wide and 44 mm (1.73 in) high with optical access from the sides and bottom. The stagnation pressure
and temperature were typically maintained at 193 kPa (28 psi) and 330 K (135 °F), respectively. 
A LabVIEW based data acquisition program was used to measure and record the run conditions, as well
as control the wind tunnel.

2.2. Model Details and Test Conditions
The model used for the current experiments is a flat plate with microjet arrays located at four different
locations along the length of the model. The model spanned the length and width of the test section. The
location of the first microjet array A1 is 50 mm (1.1H) from the leading edge of the model. Subsequent
microjet arrays A2, A3, and A4 are spaced evenly at 15 mm (x/H = 0.34, where H = 44 mm is the test
section height) downstream of preceding array. A schematic of the flat plate model showing the flow
direction, microjet array locations, axes origin, and the spacing between the arrays is shown in Fig. 3(a).
The microjet arrays spanned the width of the model having an orifice diameter of 400 mm and are spaced
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Figure 2. Layout of the supersonic wind tunnel (i) Air supply, (ii) Settling Chamber, (iii) Test
Section, (iv) Diffuser, (v) Nitrogen supply for microjets.

Figure 3. (a) Left: Schematic of the flat plate model showing the four microjet arrays A1–A4
and (b) Right: Schematic of the model with a 6.5° compression ramp.



evenly at 2 mm with a total of 31 microjets in one array. Each microjet array had their own stagnation
chamber and supply line so that the momentum of the jets exiting is uniform. Pressurized gas from a
nitrogen cylinder is routed to the microjet arrays via a manifold. Needle valves are used for fine control
of the pressure supplied to the microjet arrays, and a resolution of ±1 psi was realized and maintained.
The stagnation pressure of the microjet arrays is measured using Omega PX303-200G5V transducers.
The stagnation pressure of the microjets is controlled to generate oblique shocks of desired strength. The
flat plate is modified and a 2-D ramp that is 2.54 mm (0.1 in) high and spans the width of the model 
(66 mm) with a ramp angle of 6.5° is mounted on the model. The length of the compression surface of
the ramp is one-half the height of the test section. A schematic of the ramp mounted on the flat plate is
shown in Fig. 3(b). The origin of the coordinate system is at the microjet array A2 for the flat plate model
and at the ramp corner for the compression ramp model as shown in Fig. 3.

The tunnel static and stagnation pressures were monitored using an Omega PX303-015A5V and
PX205-100GI pressure transducers respectively. The ratio of the tunnel static and stagnation conditions
is used to establish the desired Mach number. The microjet supply pressure was measured using an
Omega PX303-200G5V, and is used in the calculations of MPR, where MPR is defined as the ratio of
total microjet supply pressure and the tunnel stagnation pressure.

                                                                                                                                   (1)

2.3. Experimental Techniques
A conventional Z-type toepler schlieren arrangement with two parabolic mirrors and two flat mirrors is
used for shadowgraph flow visualization. The white-light source used is a pulsed, Xenon flash lamp
with a frequency up to 1000 Hz, and pulse duration of 5–10 ms.

Velocity field measurements along the centerline of the model are carried out using Particle Image
Velocimetry (PIV). A dual cavity Spectra Physics PIV 400 Nd-YAG laser with a maximum power
output of 300 mJ/pulse and a repetition rate of 15 Hz is used to illuminate the seed particles in the flow
field. The flow is seeded with submicron size particles generated by a modified Wright nebulizer
(details are given in Alkislar (2001)) that uses a water base and glycol solution (Rosco fog fluid). The
particles are introduced into the flow upstream of the settling chamber to facilitate mixing of the seed
with the flow.

The influence of the microjet and ramp generated shocks on the global flow field is investigated
using a field of view of 58 mm (1.2H) × 44 mm (H). The images are recorded using an Imager pro X2M
camera having a resolution of 1600(h) × 1200(v) and processed using DaVis 7.2 software. A typical
dataset of 1200 instantaneous PIV image pairs are used to compute the velocity field statistics. For the
acquiring the global flow field, a pulse separation of 1.5 ms is used which corresponds to a displacement
of 11 pixels in the freestream. The zoomed in data presented in §3.2.1 (12 mm × 9 mm) for the microjet-
generated shock is acquired with a pulse separation of 0.7 ms which corresponds to a dynamic range of
35 pixels in the freestream. An interrogation window of 32 × 32 pixels with a 50% overlap is used for
all the cases. The obtained velocities are normalized by the isentropic velocity (Uo = 450 m/s), and the
typical scale used for normalizing the length is the test section height H = 44 mm.

2.4. Measurement Uncertainties
The pressure data for the tunnel static, stagnation and microjet supply is sampled at a 1000 Hz using a
National Instruments PCI-MIO-16E, 12 bit data acquisition card. The uncertainties in the measurement
of the tunnel static and stagnation pressure are ± 0.2 kPa (0.04 psi) and ± 1.7 kPa (0.25 psi) respectively.
The ratio of the tunnel static and stagnation pressure is used to calculate the Mach number with an
uncertainty of 1%. The microjet supply pressure is estimated to have an error of ± 3.4 kPa (0.5 psi).

For the PIV measurements it is estimated that 90% of the particles introduced into the incoming flow
were less than 0.5 mm with a nominal diameter of 0.3 mm (Alkislar [20]). The microjets in the present
study were not seeded. The size of the particles determines the ability of the particles to track the flow
gradients. The particle relaxation time tp, is calculated using the modified Stokes law based on the
method suggested by Melling [21]. For a particle diameter dp of 0.5 mm and density rp of 1.2 × 103 kg/m3,
the particle relaxation time is found to be 1.04 ms. The choice of characteristic length scale for the
current study is based on the maximum gradient that the flow undergoes. Since microjet arrays are used
to generate oblique shocks, the maximum gradient of interest that the flow underwent is the drop in
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velocity across the strongest microjet-generated oblique shock (MPR = 4.1) tested here. The distance
between the points where the flow velocity drops from the freestream to a minimum value behind the
microjet-generated oblique shock, is used as the characteristic length scale and is found to be x/H = 0.1
(4.4 mm). The characteristic flow time scale tf was then calculated as 9.7 ms based on the freestream
velocity of 450 m/s. The Stokes number (the ratio particle relaxation time to the characteristic flow time
scale) and is found to be 0.11 approximately, therefore the particles are expected to track the velocity
to within 2% of the flow velocity (Samimy and Lele [22]).

3. RESULTS AND DISCUSSION
The microjet array is operated at various supply pressures. For the present study the metric of choice
was the microjet pressure ratio (MPR) defined by equation 1. Some of the other metrics often used in
the literature on jets in crossflow include the momentum flux ratio (J) and the momentum coefficient
(Cm). Table 1 summarizes the run conditions of the microjet array. The amount of the mass utilized by
the microjet array (mMJ) is also presented as the ratio of the microjet array mass to the tunnel (mtunnel)
and boundary layer mass (mBL).

                                                                                                                                     

(2)

                         

(3)

3.1. Baseline Flow
A shadowgraph image showing the baseline conditions for the incoming flow is presented in Fig. 4(a).
The image shows the location of microjet array A2 and the Mach waves emanating from the surface
joints. The incoming velocity shown in Fig. 4(b) has a top hat profile measured at the location of
microjet array A2. The difference between the top and bottom of the profile is due to the change in the
surface geometry due to the presence of microjet arrays on the top wall of the test section (y/H = 0).
The incoming boundary layer thickness is estimated from the velocity profile to be 4 mm (0.1H),
approximately. In the following, the results of the single microjet-generated shock at MPR = 4.1 and a
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Table 1. Operating conditions of the microjet array

Po,MJ (psia)         MPR       mMJ (kg/s)        J          Cμ                    mMJ/mtunnel (%)           mMJ /mBL (%)
29.7                       1.1             0.002           0.9       0.03                       0.2                                2.1
39.7                       1.4             0.003           1.2       0.04                       0.3                                2.8
64.7                       2.3             0.004           2.0       0.06                       0.4                                4.6
89.7                       3.2             0.006           2.8       0.08                       0.6                                6.4
114.7                     4.1             0.008           3.5       0.10                       0.8                                8.2

Figure 4. Baseline flow conditions (a) Left: Shadowgraph image (b) Right: 
Incoming velocity profile.



6.5° ramp shock will first be presented in the form of flow visualization using shadowgraph. Velocity
field data and quantitative comparison of the microjet-generated shock and ramp shock on the flow
field will then be discussed. This will be followed by a comparison of shadowgraph, Background
Oriented Schlieren (BOS) and PIV results for a single microjet shock. A subsequent discussion of the
parallel and coalescing shocks flow field is presented following the single array results.

3.2. Flow Visualization of Microjet-generated Shock at MPR = 4.1
The shadowgraph image in Fig. 5(a) shows the basic features of the shock generated by a single
microjet array. The acronyms in Fig. 5 are used in our discussion. The reader is reminded that the
actuator arrays are on the test section ceiling for this study. As the jet issues into the supersonic
crossflow, it is rapidly turned in the downstream direction forming an incident oblique (IS) shock,
which is a typical phenomenon in such flow fields (Kumar et al. [19]). Since the microjets issuing
are highly underexpanded, the expanding jet core is seen as dark region near the jet exit (marked by
arrow A2). The angle of the incident oblique shock is calculated to be 51.6°. The microjet-generated
oblique shock was followed by an expansion fan (EF) that is immediately downstream of the
injection location. The incident shock (IS) reflects from the lower tunnel wall and the reflected shock
(RS) is inclined at 47.7°. The expansion fan that originates downstream of the injection location
interacts with the reflected shock. The incident oblique shock undergoes an irregular Mach reflection
(IR) forming the well-known normal shock or Mach stem at the bottom wall of the test section. The
interaction of the incident shock with the boundary layer causes a pressure rise, that tends to
propagate upstream in the subsonic region of the boundary layer causing the boundary layer to
thicken both upstream and downstream of the interaction, as seen in the lower boundary layer in 
Fig. 5(a). The equivalent flow deflection angle termed as virtual deflection angle is calculated based
on the incoming Mach number (1.5) and the microjet-generated incident oblique shock angle (51.6°)
and is found to be approximately 6.5°.

The principal features of the interaction of the microjet-generated shock with the incoming
crossflow as observed from the shadowgraph images are summarized in the flow field schematic
shown in Fig. 5(b). The schematic helps in analysis of the shadowgraph images as well as correlating
the flow visualization data with the velocity field data (discussed later). Typical features such as the
λ−shock structure near the jet exit, expanding jet core, incident shock (IS), reflected shock (RS),
expansion fan (EF) are shown the in the schematic. The interaction of the expansion fan with the
reflected shock is also depicted in the schematic, which becomes clearer in the discussion of the
velocity field results in the subsequent sections.

3.3. Velocity Field Microjet-generated Shock at MPR = 4.1
The mean streamwise (U/Uo) and cross-stream (V/Uo) velocity contours for the shock generated by the
microjet array A2 (see Fig. 3(a)) operating at MPR = 4.1 are shown in Fig. 7(a–b). The axes are defined
such that the location of the microjet array A2 is at the origin x/H = 0, where H is the test section height
(44 mm). The location of the microjet arrays has been marked in each contour plot for clarity. Velocity
data very close to the wall (near the microjet array) is corrupted due to unavoidable reflections of the
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Figure 5. (a) Left: Microjet-generated shock by array A2 at MPR = 4.1 (b) Right: 
Schematic showing the typical features of microjet-generated shock

(IS: Incident Shock, IR: Irregular Reflection, EF: Expansion Fan, RS: Reflected Shock).



laser sheet from the flat plate model, and is not shown here. The microjet-generated shock is relatively
weak which leads to a rather small gradient in the streamwise velocity across the shock. Thus, the levels
in streamwise velocity contours in Fig. 7(a) have been adjusted to clearly show the drop in the velocity
across the microjet-generated incident oblique shock and other relevant features such as the expansion
fan and the reflected shock.

The global features observed in the velocity field measurements are similar to those in the
shadowgraph image (Fig. 5) as expected, however significantly more detail, and quantitative
information can be extracted from the velocity field. Near the exit of the micro-orifices the U/Uo

contours have values of 0.8 (shown by black line) that shows the jet penetration into the freestream. 
As the jet penetrates further into the freestream, typical values of 0.91 for U/Uo are observed. The
regions of low velocity are in part due to turning of the freestream due to the formation of the oblique
shock upstream of the jet, and not entirely due to the penetration of the jet into the freestream. 
The presence of the incident oblique shock is marked by the U/Uo contour line of 0.99 (solid grey line
in Fig. 6(a)), which is the first indication of flow turning. Since the microjet-generated shock forms a
λ-shock structure that is unsteady in nature, an exact value of the upstream influence is difficult to find
due to the smearing effect of the shock as a result of ensemble averaging. The increased width of the
shock is also partly attributed to the particle lag associated with the PIV measurements. Using a contour
value of U/Uo = 0.99, the upstream influence of microjet-generated shock is estimated to be x/H = –0.11,
approximately.
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Figure 6. Velocity field for microjet-generated shock (a) U/Uo contours, (b) V/Uo contours, 
(c) Dilatation contours, and (d) Zoomed-in vorticity contour (refer to inset in (a)) 

(Flow: left to right).



Immediately downstream of the microjet-generated shock, region of flow acceleration resulting in
streamwise velocities higher than the freestream is present, corresponding to an expansion fan. 
The expansion fan turns the flow parallel to the wall after the deflection through the incident oblique
shock. The negative V/Uo values seen in Fig. 6(b) signify downward deflection of the flow through
the incident shock wave, and positive values in the expansion fan and the reflected shock signify an
upward deflection. An average cross-stream velocity of about V/Uo = –0.07, corresponding to
yellow-red contours, is present near the center of the shock. The cross-stream velocity (V/Uo)
contours show significant negative velocities with a magnitude of –0.09 near jet exit, and close to
the edge of the boundary layer (0.1H), which is an indication of the strong penetration of the micro-
jets into the crossflow. The significant penetration of the injectant into the freestream results in
generating streamwise vorticity (see Alvi et al. [9]; Mahesh [4]; Fernandez et al. [23]) and leads to
higher mixing with the freestream flow. This feature was exploited in another study where microjet
arrays are used as mixing enhancement actuators upstream of a backward facing step in a supersonic
flow (Ahmed et al. [24]).

Near the bottom wall, the incident oblique shock interacts with the incoming boundary layer, leading
to regions of low velocity at the bottom wall where the magnitude of U/Uo reaches values as low as 0.5.
This region can be clearly seen by the upward deflection of the contours near x/H = 0.7 in Fig. 6(a–b).
The incident shock then reflects of the bottom wall through an irregular reflection where the reflected
shock is weaker than the incident shock. The streamwise velocity level U/Uo = 0.7 (corresponding to
M = 1) is used to approximately identify the triple point near the bottom wall. The triple point is found
to be at x/H = 0.7 and y/H = –0.91, approximately. The streamwise velocity within the reflected shock
ranges from 0.8 near the bottom wall to 0.96 in the center of the reflected shock, as seen in Fig. 6(a).
The reflected shock interacts with the expansion fan emanating downstream of the injection location.
The velocity levels(U/Uo) of the reflected shock increase to 0.98 in the vicinity of the interaction of the
expansion fan with the reflected shock. Following the interaction, the velocity levels (U/Uo) of the
reflected shock relax roughly to its original value of 0.96. These flow features are clearly depicted in
the schematic shown in Fig. 5(b), and they have also been indicated in the dilatation contours in 
Fig. 6(c), discussed next. Here dilatation is defined as:

                                                                                                       (4)

The dilatation contours help enhance certain features that are difficult to observe from the mean
streamwise and cross-stream velocity data. For example, due to the smearing of the unsteady shock
in the averaging process, the location of the shock is difficult to estimate from the mean velocity
field. However, dilatation clearly shows the high velocity gradients present due to the shock in the
flow field. The negative values of dilatation (red regions) denote compression by the shock wave,
followed by positive values (blue regions) in the expansion fan of the flow field. The incident
shock, reflected shock and the interaction of the reflected shock with the expansion fan are clearly
observed in Fig. 6(c). As seen here and as expected, the compression of the flow by the shock wave
occurs over a narrower region and the extent of compression is nearly constant along the extent of
the shock.

To gain further insight into the interaction of the microjet-generated shock, a zoomed in PIV
interrogation window (10 mm × 12 mm, see inset in Fig. 6(a)) is used. The vorticity contours superimposed
with selected line contours of streamwise velocity are presented in Fig. 6(d). The zoomed-in contours
show features seen in the global flow field contours, albeit in greater detail. The effect of injection is
clearly seen by the downward deflection of the U/Uo contour lines. The occurrence of low velocity fluid
(U/Uo = 0.3) in the immediate downstream vicinity of the microjet injection location in the crossflow
is a flow feature that is observed when a single jet (typically much larger in diameter than the microjets)
is injected in a crossflow (Papamoschou and Hubbard [2]). The occurrence of low velocity fluid
region behind a jet in crossflow is a consequence of the formation of the barrel shock around the
expanding jet core at the jet-crossflow boundary. The vorticity generated is primarily due to dilatation
effects associated with the shock generated by the microjets. The high vorticity regions (red contours)
lie below the sonic line (U/Uo = 0.7) as shown in the figure. Due to jet injection the exact extent of the
perturbed boundary layer is difficult to identify. Thus, the U/Uo = 0.95 line is defined as the edge of the
shear layer. The bulk of the vorticity generated lies within the shear layer as seen from Fig. 6(d). 
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The vorticity generation proves the enhanced mixing capability of the microjet based actuators that
has been experimentally investigated in supersonic cavity (Zhuang et al. [8]) and backward facing step
(Ahmed et al. [24]) flow.

The shock angles are computed from the mean streamwise velocity contours. The velocity gradient
across the shock wave is used to identify the location of the approximate shock center. The slope from
the linear fit of the shock center locations is used to calculate the oblique shock angles. The incident
oblique shock angle is calculated to be 51.4°. The reflected shock angle is calculated and found to be
47.9°. The angles calculated from velocity field data are found to be in very good agreement with the
angles from the shadowgraph images, providing further confidence in both measurements and the
conclusions drawn from therein.

3.4. Effect of Microjet-generated Shock on the Flow Field
The velocity profile at the test section centerline (y/H = −0.5) = showing the incident shock, expansion
fan, and the reflected shock at MPR = 4.1 is shown in Fig. 7(a). The profile is obtained by extracting
data at y/H = –0.5 from the streamwise velocity contour shown in Fig. 7(a). The velocity drop across
the incident shock is calculated as U/Uo = 0.9, which is larger than the velocity drop across the reflected
shock. The result is expected as the reflected shock angle (47.9°) is less than the incident shock angle
(51.4°), and the flow upstream of the reflected shock has been decelerated. The plot highlights the
typical features in the flow field. The incoming free stream flow is compressed by the incident oblique
shock. The flow then recovers through an expansion fan that originates immediately downstream of the
incident oblique shock as seen in the shadowgraph images (Fig. 5), velocity, and dilatation contours.
The flow undergoes a second compression that is milder than the initial compression by the reflected
shock wave before straightening out. These features, their approximate locations and regions of
influence are indicated in Fig. 7(a).

The extent of influence of the microjet-generated shock and expansion fan on the flow field is shown
in Fig. 7(b). The profile representing the incident shock (square symbols) represents the location of the
maximum gradient of U/Uo across the shock. The expansion fan curve (diamond symbols) is obtained by
finding the location where the cross-stream velocity (V/Uo) is zero, which corresponds to straightening of
the flow by the expansion fan following the initial turning due to the incident shock wave. The plot helps
in highlighting shock and expansion fan inclination along the test section height. Similar discussion about
the expansion fan was presented earlier using the dilatation contours in Fig. 6(c). The above plot shows
that the expansion fan after the first microjet shock can affect the shock generated by a second microjet
array, if the second microjet array lies within x/H = 0.45 (x = 19 mm). This result is significant when using
multiple microjet arrays along the surface (see Fig. 3(a)), to generate multiple parallel, and/or coalescing
shocks, as discussed in sections to follow.

The strength of the microjet-generated shock as it propagates across the test section is investigated
by examining the velocity change across the shock. Streamwise velocity distribution at various
locations (y/H) across the test section height is analyzed. The schematic shown in Figure 8(a) shows
some of the extraction locations. The origin of the coordinate system is xo, which is also the location of
the microjet array (A2), as marked in the figure. For ease of interpretation, and to provide a more

Mohd Y. Ali, Farrukh S. Alvi, Rajan Kumar and Kareem A. Ahmed 101

Volume 6 · Number 3 · 2014

Figure 7. Effect of microjet-generated shock (a) Streamwise velocity profile at the test
section centerline (y/H = –0.5) and (b) Influence of the shock and expansion fan.



physical perspective, a simple coordinate transformation was carried out such that the velocity profiles
collapse on top of one another. The distance of the center of the shock from the origin xo is defined as
xshock/H where,

                                                                                                                           (5)

The location at any height xi is then calculated as, 

                                                                                                                                 (6)

and θ is the oblique shock angle found to be 51.4° for the microjet-generated shock from the PIV data.
The velocity distributions at y/H = –0.25, –0.50, and –0.70 are shown in Fig. 8(b). Additional profiles

along the test section height were also examined but are not shown to avoid clutter. The profiles near the
top and bottom wall of the test section are not used to exclude the effect of the wall boundary layer on the
inviscid portion of the shock. The values of U/Uo range from 0.90 ± 0.02 at y/H = –0.25 to 0.93 ± 0.02 at
y/H = –0.70. In the middle/inviscid part of the shock, typical values of U/Uo ∼ 0.90 are seen from the
profile. The velocity distributions in Fig. 8(b) show that the strength of the shock in terms of the velocity
drop varies being stronger near the microjet injection location, and weaker as one moves away from the
point of injection location, and approaches the bottom wall. This observation confirms that, in the limit of
increasing y/H, the shock wave will eventually relax to a Mach wave. The influence of the microjet shock
on the velocity field spreads across xshock = 0.3H (13 mm) approximately in the downstream streamwise
direction, with an average change in velocity being U/Uo = 0.91. At xshock /H = 0.3, a second drop in the
velocity profile is also observed due to the presence of the reflected shock.

3.5. Effect of MPR on Single Microjet-generated Shock
The effect of MPR on the shock strength is discussed in terms of velocity change (U/Uo). The velocity
distributions along the streamwise direction are presented in Fig. 9(a–c) for varying MPR. The figure

x y = ( / H) /tani θ

x x x/H ( )/Hshock i o= −
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Figure 8. (a) Left: Schematic showing the streamwise velocity profile extraction locations
and (b) Right: Velocity profiles.

Figure 9. Shock strength in terms of mean streamwise velocity at various y/H locations 
(a) = MPR 1.4, (b) MPR = 2.3, and (c) MPR = 3.2.



shows the velocity profiles at three different test section locations, y/H = −0.25, –0.50, and –0.75. The
error bars showing the uncertainty in velocity are also shown. The streamwise coordinate has been
scaled to xshock/H to collapse the profiles on top of one another and to aid the comparison. The shock
strength increases with increasing MPR and is reflected in the velocity drop across the shock. For low
values of MPR = 1.4, the shock generated is weak causing a very small change in the velocity across
it. For slightly higher values of MPR = 2.3, the velocity change across the shock increases as seen in
Fig. 9(b). At MPR = 3.2, the shock becomes stronger with a velocity change of U/Uo = 0.94.

3.6 Multiple Microjet-generated Shocks
3.6.1. Parallel Shocks
The capability of generating nearly parallel oblique shocks by using two or three microjet arrays
operating simultaneously at the same MPR has been demonstrated previously (Kumar et al. [19]). In
the earlier study, two parallel shocks were generated using microjet arrays A2 and A3 operating at the
same MPR = 1.1. The oblique shock angles for the two parallel shocks were found to be 45.2° and 44.8°
for arrays A2 and A3, respectively. In this study, the approach is extended to three parallel shocks using
microjet arrays A2, A3, and A4 operating at MPR = 1.1. We note that, only relatively low MPR values
could be tested as higher microjet pressure result in stronger shocks and strong multiple shocks led to
tunnel unstart. The shadowgraph image in Fig. 10(a) shows three parallel shock and expansion fan
system generated by using microjet arrays A2, A3, and A4. The angles measured from the shadowgraph
image for shocks generated by arrays A2, A3, and A4 are 44.1°, 44.1°, and 44.5°, respectively.
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Figure 10. Velocity field of parallel shocks at MPR = 1.1 (a) shadowgraph image, 
(b) mean cross-stream velocity, (c) dilatation, and (d) U/Uo distribution along the 

streamwise direction at the test section centerline (y/H = −0.5).



The effect of multiple shocks on the flow field is investigated by analyzing the velocity field.
The origin (x/H = 0) of the coordinate system is set at the location of microjet array A2. Subsequent
arrays A3 and A4 are referenced relative to array A2 and are evenly spaced at Δx/H = 0.34. Two PIV
imaging windows are used to capture the entire flow field with the three parallel shocks. 
The overlap between the two windows can be seen in Fig. 10(b–d) as a discontinuity in the
contours. It is shown in the previous sections that the strength of the shock increases with increasing
MPR. Thus, the shocks generated at MPR = 1.1 are weaker than the single shock case discussed
earlier, making the effect of these shocks on the mean streamwise velocity (U/Uo) rather difficult to
analyze. However, the cross-stream velocity contours are more sensitive and are therefore more
effective in showing the effect of multiple shocks on the flow field; these are shown in Fig. 10(b).
The solid black lines represent the V/Uo = 0, that serves to identify the three shocks. Typical flow
deflection in terms of the cross- stream velocity is V/Uo = −0.01 (orange regions in Fig. 10(b)). The
expansion fans follow the microjet-generated shocks and are shown by the green regions between
the three oblique shocks. The angle of the three shocks are computed from the velocity data, and
are found to be 44.7°, 44.3°, and 44.9° for shocks generated by A2, A3, and A4 respectively. The
angles from the shadowgraph and the velocity data complement each other. The dilatation contours
in Fig. 10(c) further highlight the compression (yellow-orange regions) and expansion (blue
regions) of the flow by the shock and expansion fan. The dilatation contour levels also show
relatively weak gradients across the shock and expansion fan. Typical values of −0.8 and 0.8 are
found in the compression and expansion regions, respectively. For the case presented here, it is
observed that the effect of the expansion fan after the first shock does not influence the behavior of
the second shock; similar behavior is seen by the expansion following the second shock and the
interaction with the third shock. However, as the shock strength increases, the associated expansion
fan will become stronger (as noted in the discussion of Fig. 9) and affect the second and third
shocks. This behavior is discussed further by analyzing two shocks in sections to follow.

The influence of the multiple shocks on the flow field is seen from the streamwise velocity
distribution at the test section centerline (y/H = −0 5) presented in Fig. 10(d). The presence of the three
shocks is marked in the figure. The incoming flow is compressed by the first shock, the effect of which
is seen between x/H = 0.24−0.45. The flow then recovers through the first expansion fan which spans
over x/H = 0.45−0.61. The effect of the second shock ranges between x/H = 0.61−0.78, followed by an
expansion that extends until x/H = 0.97. The effect of the third shock starts at x/H = 0.97 and lasts till
about x/H = 1.13. The velocity change across the three shocks is U/Uo = 0.95, 0.96, and 0.95,
respectively, which is within the uncertainty in the velocity measured by PIV. The reflected shock is
also seen clearly from the velocity distribution, the strength of which is lower than the incident shocks.

3.6.2. Coalescing Shocks
The supply pressure (MPR) to the microjet arrays can be tailored to vary the oblique shock angles. Using
two microjet arrays A2 and A3, parallel and/or coalescing shocks can be generated. By adjusting the
pressure ratios, these two shocks can be systematically tailored to coalesce at the bottom wall of the test
section and reflect as a single shock, thereby simulating the shock on lip conditions. By fixing the supply
of the array A2 at MPR = 1.1, and gradually increasing the MPR of array A3, the shock generated by
array A3 coalesced with the array A2 shock at the bottom wall of the test section. Figure 11 shows
shadowgraph images of the intermediate asymmetric and coalescing cases. In the intermediate
asymmetric case, the MPR of array A2 is 1.1, and A3 is 4.8. The image in Fig. 11(a) shows the two
shocks from arrays A2 and A3 close to each other at the bottom wall (marked by the ellipse) and
reflecting as two independent shocks. As the MPR of array A3 is increased to 5.8 (keeping A2 at 1.1),
the two shocks coalesce at the bottom wall and reflect as a single shock as shown in Fig. 11(b). The
coalescing point (shown by the circle) and the reflected shock are clearly marked in the figure.

Quantitative measurements were carried out for two cases, the intermediate asymmetric case and
the coalescing case. The velocity field of the coalescing case is presented in Fig. 12(a–b) in the form
of mean cross-stream velocity and dilatation contours. The streamwise velocity contour is not
shown here due to large difference between the strengths of shocks at MPR = 1.1 and 5.8, which
makes it difficult to identify the weaker shock. The contour plots for the approaching case are not
shown, as they are similar in features to the coalescing case. The cross-stream velocity (V/Uo)
contour in Fig. 12(a) shows the milder compression of the flow across the first shock (green-yellow
regions); followed by a very small region where the expansion fan occurs following the first shock.
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The second shock is much stronger (MPR = 5.8) as seen by the red regions in the contour plot with
typical values of V/Uo = −0.05. The V/Uo = 0 is shown by a solid black contour line outlining 
the two shocks where the deflection of the flow occurs. The reflected shock is identified by the blue
regions (V/Uo = 0.05) between x/H = 0.9 and 1.2. The two incident shocks and formation of one
reflected shock is observed more clearly from the dilatation contours in Fig. 12b). The dashed 
line on the contour plot encompasses the location of the maximum gradients across the two shocks.
This makes it easier to locate the shocks as compared to the cross-stream velocity contours. Typical
dilatation values of −0.5 and −1.75 were found in the first and second shocks. The dilatation contour
shows the presence of the expansion fan between the first and second shock wave. The contour also
highlights the single reflected shock near x/H = 0.9.

The oblique shock angles for the intermediate asymmetric and coalescing cases are calculated for
the two incident shocks and are tabulated in table 2. The strength of the shock is also quantified in terms
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Figure 11. Shadowgraph images of two shocks generated by microjet arrays A2 and A3 
(a) Intermediate asymmetric case and (b) Coalescing case.

Figure 12. Contours of coalescing shocks generated by microjet arrays A2 and A3 operating
at MPR = 1.1, and 5.8 respectively, (a) cross-stream velocity and (b) dilatation.

Table 2. Operating conditions for intermediate asymmetric and coalescing cases

                                                                     Array A2                                Array 3
                                                            MPR               Angle              MPR             Angle
Intermediate asymmetric case               1.1                  44.6°                        4.8                49.1°
Coalescing case                                     1.1                  45.2°                        5.8                54.9°



of the velocity drop across the shocks. The streamwise velocity distribution along the test section
centerline (y/H= −0.5) for the intermediate asymmetric and coalescing cases is shown in Fig. 13. For
the intermediate asymmetric case the incoming flow is decelerated to U/Uo = 0.96.

The width of the expansion region ranges between x/H = 0.43 ∼ 0.53. This is followed by the
compression of the flow by the second shock to a value of U/Uo = 0.92 following which, the flow
recovers to freestream conditions. For the coalescing case, the velocity drop across the first shock is the
same as in the intermediate asymmetric case as in both cases microjet array A2 is operating at an 
MPR = 1.1. However, the expansion fan region is reduced and ranges between x/H = 0.43 and 0.49.
This can also be seen from the shadowgraph images in Fig. 11(b) and the flow field contours in 
Fig. 12. The second shock further compresses the flow to a value of U/Uo = 0.90, before the flow
recovers to freestream conditions. The results indicate that, within certain limits, a desired flow turning
can be achieved by using a combination of multiple shocks (analogous to multiple ramps) to reduce
some of the losses associated with the compression of flow through a single strong shock a desirable
feature for supersonic inlet design.

3.7. Comparison with a Ramp
3.7.1. Flow Visualization
The shadowgraph image of a 6.5° 2-D compression ramp in a Mach 1.5 crossflow is presented in
Fig. 14. Overall features similar to the microjet-generated oblique shocks seen in Fig. 5 are
observed here − with some differences. The figure shows the incident shock (IS), reflected shock
(RS) and expansion fan (EF). The incident oblique shock begins as a λ−shock system just upstream
of the ramp corner. The incident shock undergoes an irregular reflection (IR) at the bottom wall of
the test section. The choice of the ramp angle is dictated by the results obtained from the microjet-
generated oblique shock at MPR = 4.1 discussed earlier. Based on the flow turning angle and the
incoming Mach number, the flow deflection angle is calculated as 6.5°. Thus, the ramp angle is
chosen to be 6.5°. The incident shock from the ramp is measured to be 51.9°. According to the 2-D
oblique shock theory, the Mach number downstream of the incident shock for a flow deflection of
6.5° is 1.27. The required flow turning angle of 6.5° to bring the flow parallel to the bottom wall of
the test section exceeds the maximum turning angle for this downstream Mach number, resulting in
an irregular reflection at the bottom wall as seen in Fig. 14.
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Figure 13. U/Uo distribution along the streamwise direction at the test section centerline 
(y/H = −0.5) for the intermediat e asymmetric and coalescing case.

Figure 14. Flow over a compression ramp.



3.7.2. Velocity Field Around a Compression Ramp
The mean streamwise and cross-stream velocity contours for the flow field around a 6.5° 2-D
compression ramp are presented in Fig. 15(a–b). The axes are defined such that the location of the ramp
corner is at the origin x/H = 0. The incident oblique shock is marked by the U/Uo contour level (grey
line) of 0.99 in Fig. 15(a), which is the first indication of flow deflection. This is followed by the
compression of the flow along the ramp surface where typical values of U/Uo are 0.90. The incident
shock being strong causes an irregular reflection at the bottom surface, which is also seen in the
shadowgraph images. The presence of the Mach stem is also evident from the upward deflection of the
streamwise velocity contours and thickening of the incoming boundary layer. The expansion fan
emanates from the shoulder of the ramp turning the flow parallel to the freestream − this can be seen
in Fig. 15(a) as the triangular region (red contours) originating near the ramp shoulder with velocities
higher than the freestream. The compression of the flow is visualized clearly from contours of the
cross-stream velocity (V/Uo) in Fig. 15(b) shown by the red contoursnegative values, as high as −0.09.
The V/Uo contours also aid in the visualization of the weak compression waves that form the incident
shock foot. These weak compression waves can be seen from the green-yellow contour levels in 
Fig. 15(b) (see Fig. 14, where the shadowgraph also reveals these compression waves at the foot of the
incident shock, IS).

4. CONCLUSIONS
In this paper, both qualitative and quantitative measurements are obtained using flow visualization
through shadowgraphs and velocity field measurements using PIV to study the characteristics of
microjet-generated shocks. The effect on the flow field of the microjet-generated shocks is estimated in
terms of the velocity drop across the shock. It was found that the strength of the shock remains nearly
constant in the inviscid portion of the shock. The shock angle that is a measure of the shock strength
increases with an increase in MPR for the range of tested conditions. The microjet-generated shocks
produce significant amount of vorticity leading to enhanced mixing capability, which is desirable for
certain applications such as fuel injectors in combustors. Multiple microjet-generated shocks were also
examined. The flow field with three microjet-generated shocks at MPR = 1.1 showed that the shocks are
of approximately equal strength and remained parallel to one another – an important design
consideration for sonic boom mitigation problems. The influence of a first shock on the second shock is
demonstrated by the intermediate asymmetric and coalescing cases. The presence of the first shock
reduces the Mach number of the incoming flow before the second shock, thereby producing a higher
shock angle for the same flow deflection. Thus, higher shock angles leading to stronger compression of
the flow are achieved for the second shock in the presence of the first shock. A comparison of the
microjet-generated shock at MPR = 4.1 with a shock generated by a 6.5° ramp showed that the microjet-
generated shocks have some similarity to the ramp shock. It is noted that the microjet-generated shocks
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Figure 15. Velocity field data for a 6.5° 2-D compression ramp (a) U/Uo contours and 
(b) V/Uo contours (Flow: left to right).



are capable of providing an equivalent turning of the flow as compared to a shock from a finite ramp.
However, the spatial extent of the compression of the flow by the microjet-generated shock is smaller
than the ramp shock. Future studies aim at employing the microjet-generated shocks in conjunction with
a ramp to achieve improved compression of the flow: a result that would be useful for supersonic inlet
problems.
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NOMENCLATURE
d                    =     microjet orifice diameter, mm
M                  =     Mach number
Mj                 =     microjets
A1, A2, A3   =     microjet arrays
Po,tunnel               =     tunnel stagnation pressure, kPa
Po,microjet            =     microjet stagnation pressure, kPa
H                   =     test section height, mm
MPR             =     Microjet Pressure Ratio
J                    =     momentum flux ratio
Cμ                         =     momentum coefficient
x/H                =     normalized streamwise coordinate
y/H                =     normalized cross-streamwise/wall-normal coordinate
Uo                         =     freestream velocity, m/s
U/Uo             =     normalized streamwise velocity
V Uo                    =     normalized cross-streamwise velocity
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