
Control of Boundary Layer Separation
in Supersonic Flow Using Injection
Through Microramps

S. Vaisakh and T.M. Muruganandam

Introduction

The separation of boundary layer is one of the most

unwanted phenomena in high-speed aerodynamics [1].

This causes unwanted waves and pressure losses along

with blockage of intake decreasing the intake efficiency. A

common active control method to suppress separation is to

remove the low momentum fluid near the wall, by bleed

holes, which requires great amount of energy [2]. Passive

flow control methods include cavity, vortex generators,

microporous plate, mesoflaps, micro-vortex generators

(MVGs), etc. [3–5]. Among these, MVGs are more popular

in recent years. MVGs introduce streamwise vortices into

the flow that energizes some parts of the low momentum

fluid close to the wall, while having very low stagnation

pressure losses. Detailed reviews on MVGs and their effect

on performance enhancement by Lin [6] and Lu et al. [7]

suggest that existence of low momentum region downstream

of the MVGs makes them inefficient in separation control.

Quantitative measurements [8–10] showed the ability of

microramps to control shock-induced separation and flow

features. Others [11–13] conducted a detailed analysis of the

wake downstream of the microramps. Giepman et al. [14]

concluded that the conventional MVGs are not adequate to

eliminate the shock-induced separation, and they just caused

a spanwise modulation of separation bubble.

There are other MVGs like “r vane” [15], ramped vane

[16], tandem method [17], and slotted ramp [18] used in the

literature that are partially effective, or they are applicable in

narrow regions. Another variant is the use of air-jet vortex

generators [19], where the counter-rotating vortices

generated by injection strengthened the boundary layer, yet

the separation bubble is not fully suppressed. Even after

50 years of research toward eliminating separation by

using various less intrusive methods, none of these are able

to replace the conventional bleed system. There have also

been studies combining MVG and air-jet vortex generator

[20, 21]. This paper demonstrates experimentally a new flow

control device consisting of an array of MVGs with air

injection (along the wall) through them. These MVGs

were placed ahead of a normal shock which interacts with

the boundary layer. Results obtained were compared with

the results of a “baseline case” (no control device) and a

conventional MVG case.

Experimental Facility

A blowdown-type wind tunnel is used in this study. A

schematic of the wind tunnel test section is shown in

Fig. 1. Stagnation temperature of the wind tunnel is at

302 K (�3 K). Mach number upstream of the normal

shock is 1.48, and Reynolds number is 2.24 � 107 m�1.

After the nozzle, a constant area portion is provided to

increase the boundary layer thickness so that the vortex

generator height is less than the boundary layer thickness.

Three different cases were studied as described below.

Case A, which is the “baseline case,” had no MVGs. In

case B, conventional [22] MVGs are present in the upstream

of normal shock. Three forward-facing microramps with a

ramp height of 1 mm are installed on the tunnel floor. The

ratio of ramp height to the boundary layer thickness is 0.3.

Case C is a modified version of case B in which air is

injected through the trailing edge of the microramp. The

bottom block is replaced to change cases. Figure 1 also

shows the MVG arrangement in the bottom block for case

C. In both cases, the ramps are placed 70 mm from the

leading edge of the bottom block.

MVG with injection had a tapering groove at the trailing

edge of the ramp and a 2 mm diameter hole as shown.

A chamber in the bottom block below the MVGs as shown
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in the figure supplies air for injection. When case C is

operational, air from the atmosphere enters the chamber

and is injected through the trailing edge of the ramp in the

downstream direction. The pressure difference between

chamber and trailing edge of ramp can cause choked

injection.

Results and Discussions

Experiments were carried out for each of the cases described

earlier, by maintaining the shock location at 112 mm from

the start of the bottom block (35 h from trailing edge of

MVGs, where h is the height of the microramp at trailing

edge). This was achieved by adjusting the stagnation pres-

sure. The normal shock is strong enough to separate the flow.

Qualitative techniques such as schlieren and surface oil flow

visualization are used to capture the shock wave/boundary

layer interaction, along with wall pressure measurements.

The following subsections present results from these indi-

vidual techniques.

Figure 2 shows instantaneous (exposure 30 μs) schlieren
images taken for all cases (A, B, and C) with horizontal knife

edge coming from the bottom, so that the boundary layer

appears as a bright layer at the bottom wall. There is a very

weak oblique shock (WOS) coming from the tunnel floor

whose effect is neglected. Case A shows the shock causing

boundary layer separation in both the walls, having λ-foot.
Case B shows that the MVG induces leading edge shock

(LES) and trailing edge shock (TES) and an expansion

region in between them. The wake behind the MVG rises

higher than the MVG itself. Case C shows that when

injection takes place through the trailing edge, TES is

replaced with weak compression waves, and the MVG

wake is thinner compared to that without injection. These

indicate that, due to injection, there exists a higher momen-

tum region downstream of the trailing edge. Therefore, a

much fuller boundary layer exists downstream of this flow

control configuration.

There exist low and high momentum regions in the wake

of microramps [8, 14, 23]. The trailing edge shock is due to

thickened boundary layer just downstream of the MVG [9]

as seen from Fig. 2b. This thickened boundary layer

containing low momentum regions are not capable of

overcoming the adverse pressure gradients existing down-

stream of MVGs due to a shock [10, 11, 14]. This interme-

diate low momentum region makes the conventional

microramps inadequate for complete separation control.

From this, we can infer that the low momentum region

present in the MVG wake is eliminated and this makes the

injection through ramps more suitable for separation control.

Shock locations were captured from the sequence of

images to track the shock movement in time. A sample of

600 frames (duration of 0.3 s) captured at the rate of 2000 fps

is used for each case. The standard deviations obtained for

cases A, B, and C are 1.50, 1.58, and 1.34 mm, respectively.

The increased value of standard deviation for case B may be

due to asymmetric separation. The lower value of standard

deviation in case C implies that the shock is more stable.

Later in this work, it can be correlated with lesser separation

size. This stability in shock location is a welcome attribute in

high speed intakes.

Bottom block

Diverging wall Micro ramp

Normal shock

40

32 Width = 50mm

Bottom web

Top Web

Chamber Opening to atm.

35 
70 

400

nozzle

PLAN

75

40Ø2

24°

Chamber

6,6

7,
5

17
,5

50

(b)

5,
95

Injection port

(a)

Fig. 1 Schematic of test setup. All dimensions in mm
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Oil flow visualization images are shown for the three

cases in Fig. 3. The flow is from left to right. The shock

location is marked by a vertical dotted line and the

reattaching point is marked as “R” in the images. The

shadow of the oil and tracer particle present in the corner

region is falling on the tunnel floor for the illumination used.

This shadow portion is pointed by letter “S” in Fig. 3. All the
images are taken through the side wall glass window while

the shock is at the required position, causing the images to be

skewed. A sketch of the separation zones are also shown in

the right side column of the figure for better perception. This

is drawn based on manual observations of the slow-moving

blobs of oil in the oil flow movies.

Figure 3a shows the surface flow visualization of the

baseline case. There exists a large separation at the center-

line region of the tunnel floor (dotted line region). There is a

marginal upstream influence resulting from the corner sepa-

ration indicated by a continuous white line. A small region

of attached flow exists between centerline separation and

corner separation. The centerline separation reattaches in

the downstream of the flow while corner separation is grow-

ing continuously without any reattachment. In case B, the

centerline separation length (Lsep) gets reduced. Moreover,

the centerline separation becomes highly asymmetrical.

Essentially, conventional MVGs are not strong enough to

remove separation existing downstream of it, but they just

rearrange the separation bubble, as was also observed by

Giepman et al. [14]. The separation is more shifted toward

one side of the tunnel floor. In general, the center separation

widens in spanwise direction, reducing the width of interme-

diate attached flow between centerline and corner separation

regions. The corner separation is also reduced compared to

the baseline case, causing reduced upstream influence.

However, there is a net reduction in separation length com-

pared to baseline case.

In case C, the bulk centerline separation is replaced with a

number of small separation pockets. Lsep decreases drasti-

cally, and there exists intermediate attached flow along the

tunnel centerline. Flow pattern is more symmetrical com-

pared to case B. The corner separation is more compared to

cases A and B, and an increased upstream influence is

witnessed. The coupling between corner effects and center-

line separation is observed in literature already [24, 25] and

is known that any decline in centerline separation can

enhance corner separation and vice versa. In summary, this

demonstrates that the MVGs with injection avoid separation

and energize the flow near wall. While corner separation is

increased slightly compared to the baseline case, this method

is useful to avoid separation in high speed intakes. Addition-

ally, this also decreases shock oscillations in the core flow.

Static wall pressure distribution (normalized by stagna-

tion pressure) across the normal shock is shown in Fig. 4, for

all three cases. The vertical line indicates the shock location.

Case A shows increase in pressure ahead of the shock owing

to the upstream influence. There is a steep increase in pres-

sure near the shock, and the increase tapers off to achieve the

final pressure farther downstream. In case B, the pressure

does not increase until closer to the shock and then it

increases steeply, and later tapers off to final pressure. In

case C, the pressure rises earlier than case B, has similar

pressure rise across shock, and reaches the final pressure the

earliest.

When there is upstream influence, the corner separation

occupies more volume and decreases space available for the

flow, causing the supersonic flow to decelerate, thus increas-

ing pressure. Downstream of the shock, the centerline

Fig. 2 Instantaneous schlieren images for (a) case A, (b) case B, and (c) case C. The shock location is maintained the same in all these cases
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separation causes the subsonic flow to accelerate delaying

the pressure rise to the final value. In case B, the pressure

curve is explained by the lower upstream influence, and a

little decrease in centerline separation. Case C has higher

upstream influence and very minimal centerline separation,

explaining the pressure data. One can also note that case C is

better in increasing the pressure across shock than the base-

line case due to reduced centerline separation.

Conclusions

This study investigated efficacy of injection through MVGs

to reduce separation behind a normal shock in a supersonic

flow. Three cases, (A) baseline case—plain wall, (B) three

numbers of conventional MVGs, and (C) same MVGs with

injection of air through them, were investigated using

Fig. 3 Surface oil flow visualization for (a) case A, (b) case B, and (c) case C. A rough location of MVGs is also shown in the overlaid sketch.

Also shown on the right side column are the schematic representations of the various separation zones in top view
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schlieren images, oil flow images, and wall pressure

distribution.

Oil flow patterns show that, compared to case A, the

conventional MVGs decreased both separation bubble and

upstream influence through corner separation. Case C

decreased the separation bubble to a large extent and also

caused flow all along the tunnel floor in between the separa-

tion bubbles. Distributed wall jet injection through multiple

MVGs causes a uniform increase of energy in the boundary

layer across the span of the test section, suppressing separa-

tion to a large extent across the span. Schlieren images show

that the case B has an oblique shock at the trailing edge and a

growing low momentum region behind the MVGs. Case C,

on the other hand, shows weak compression waves at the

trailing edge of the MVGs and no growing low momentum

regions. Case C had the most stable shock of all the three

cases. Pressure data shows that the upstream influence due to

the corner separation for case C is similar to case A, while

the case B has lesser upstream influence. However, the

pressure rise just downstream of shock is highest for case

C due to the absence of large separation bubbles.

Injection through MVGs is an effective method to sup-

press boundary layer separation behind normal shocks and to

decrease shock oscillations. While corner separation

increases by a small amount, advantage to intake flows due

to very small centerline separation is high.
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