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(ABSTRACT) 
 

 

 

The experiments on this project proceeded on the premise that adding an array of 

auxiliary jets behind a main jet injector would alleviate the large region of low pressure 

typically found downstream of a normal, sonic injector in supersonic flow and also 

possibly increase in intensity of the upstream high-pressure region.  The secondary jet 

would, in theory, “push” the primary jet further into the flow, increasing the size of the 

obstacle as seen by the flow.  The resulting increased high pressure upstream of the flow 

would increase the force on the body.  Also, the presence of secondary jets would reduce 

the intensity of the primary jet’s low-pressure region.  These results would be beneficial 

to increase the force and decrease the nose-down moment associated with sonic, normal 

injection into a supersonic crossflow.  Therefore, in application to hypersonic, high-

altitude missile maneuvering, the firing of a thruster with such an array would result in 

both added force and a reduction of the moment usually associated with the pressure field 

on the missile.  Such an array could allow the missile to perform purely translational 

maneuvers with less fuel, all the while keeping the target in view.  To accomplish this 

task, some modern missiles use a second injector far downstream from the primary 

injector.  This second injector’s primary function is to negate the nose-down moment, 

and it adds little to the overall jet effectiveness.   
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To this end, two sets of experiments were conducted: one with low jet pressure ratio, 

Poj/P1 = 13.65, and low Mach number of 2.4 with Po,∞ = 3.74 atm and To,∞ = 293K for 

proof of concept and one at primary conditions Poj/P1 = 620, M1 = 4, Po,∞ = 10.21 atm, 

To,∞ = 293K. Spark Shadowgraphs were taken at both of these cases to study the 

structures present in the flow field and to qualitatively assess the effects of the secondary 

jet injectors.  Placed under the Mach disk of the main jet, the secondary jets are 

hypothesized to push the plume of the main jet further up into the flow, increasing the 

force on the plate, and Shadowgraphs were used to test this hypothesis.  Schlieren 

pictures were taken at the high M1, high-pressure ratio test case to further study the 

interaction of the secondary jets with the main jet.  Pressure Sensitive Paint, PSP, was 

used in both cases to gain a greater understanding of the surface pressure near the 

injectors for different jet configurations.  It was discovered that the addition of secondary 

jets could indeed both increase the force generated by the main jet and reduce the 

undesirable nose-down moment created by the main jet.    

 

In the low M1, low pressure ratio conditions, the addition of one pair of jets manipulated 

the surface pressure such that the force on the plate increased by 17% and the nose-down 

moment was increased by 9% over the main jet only case.  The further addition of one 

more pair of injectors increased the surface pressure force on the plate by 34% and 

increased the nose-down moment on the plate by 3% when compared to the Main Jet 

Only case.  It is important to note that, these increases are due solely to the manipulation 

of the surface pressure force field and not the thrust of the secondary jets.  The added 

thrust would increase the force on the plate and their position would insure an increase of 

a nose-up moment.  One pair of secondary jets increases the injectant mass flow by about 

2.3%.  Therefore, the effects reported above are seen to be disproportionate to the amount 

of added injectant.   
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For the primary test conditions (M1 = 4, Poj/P1 = 620, Po = 10.21 atm, To = 293K) the 

addition of two pairs of secondary jets had a force increase of 62% and a nose-down 

moment decrease of 38% over that of the main jet only case.  Three pairs increased the 

force 71% and the decreased the nose-down moment by 26% and four pairs increased the 

force 91% but increased the nose-down moment by 33%.  These values do not account 

for the thrust of the secondary jets.  Accounting for the beneficial effects of the thrust of 

the secondary jets, the force on the plate for two pairs of secondary jets increased the 

force 70% and decreased the moment 42%.  Three pairs increased the force 83% and 

decreased the moment 35%.  The increase of force for four pairs of secondary jets was 

106% and the increase in nose-down moment was only 21%.  A point of diminishing 

returns was reached.  As more pairs of injectors are added further and further from the 

main injector, the beneficial force effects are offset by a growing moment penalty.  By 

considering the locations of the secondary injectors to the main injector for both the low 

Mach number, low-pressure ratio tests and the main tests conditions, it can be surmised 

that the greatest benefit from the secondary jets can be extracted when the jets are placed 

within the main injector’s downstream low-pressure region. 
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Chapter 1 Introduction 
 
 The recent advances in anti-missile and scramjet technology have revived interest 

in the field of supersonic jet interaction.  In the past as aerospace vehicles began to fly in 

the low dynamic pressure environment of the upper atmosphere, the use of moment 

generators for attitude control became increasingly undesirable. Thus, studies were begun 

into the use of reaction jets for vehicle control.  To better understand the flow fields 

created by such jets, several studies have been undertaken.  However, as mankind pushes 

the envelope of space for commercial means and the political climate calls for a National 

Missile Defense, novel means of high speed maneuvering of greater effectiveness will be 

required.  

 

The mechanisms at work in the flow field produced by an underexpanded jet 

injecting normal to a supersonic crossflow can be described as follows (see Figure 1).  

The injected gas plume acts as an obstruction to the flow and thus produces a strong 

interaction shock upstream of the injection location.  The shock interacts with the 

boundary layer on the wall to induce separation.  Unlike Figure 1b only turbulent 

boundary layers will be considered.  The separated flow, along with the presence of the 

shock, induces a high-pressure region upstream of the injection location.  The jet itself 

expands into a structure commonly known as a Mach disk.  The primary flow expands 

through the interaction shock and then flows around the jet plume.  These factors act 

together to create a low-pressure region downstream.   
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The flow field dependence on fundamental values such as freestream Mach 

number, injector hole size, injectant gas composition, stagnation pressure ratio was 

studied extensively by Spaid, Zukoski and Rosen2 and others in the 1960’s.  In their 

experiments, the freestream Mach number was varied between 1.38 and 4.54.  The 

studied injectant gases included nitrogen, argon, and helium, and gas was injected 

sonically through a circular orifice in a flat plate.  The surface pressure on the plate in the 

vicinity of the injector was studied via pressure taps drilled in the plate.  This method 

produced a general quantification of pressures over the surface but did not produce a 

complete picture of the pressure field.  Finally, Spaid’s report2 was one of the first to 

produce results from injectors with more than one hole.  In these cases, a second circular 

hole of the same diameter was drilled directly spanwise of the first hole.  Several of these 

tests were carried out at M = 4.54 with varying hole diameter.  The surface pressure 

distributions for the plate showed many of the same trends seen in the experiments of this 

project.   

 
Another paper closely studied during the course of the present work was by 

Cubbison, Anderson, and Ward3 because of its direct relevance to our studies.  This paper 

proved crucial in the design of the plate, specifically in the placement of the secondary 

injectors. Cubbison3 studied the surface pressure distributions created by a sonic jet 

normal to a flat surface.  Two kinds of surfaces were studied in this paper, a flat plate and 

an arrow-wing reentry-type vehicle.  Only the surface pressure distributions over the flat 

plate will be discussed here.  The surface pressure distribution was studied for various jet 

pressure ratios: 677, 1247, 2645.  In Figure 2 a typical surface pressure coefficient, Cp, 

graph is shown for M = 3 and Poj/P1 = 1247.  The flow is traveling from bottom to top 

and the main injector is located at (X, Y) = (0, 0).  The upstream high-pressure region 

caused by the shock interaction with the main flow boundary layer is labeled, as is the 

downstream low-pressure region.  This graph was produced with data from pressure taps 

and extrapolated for the entire surface.  Also, in Figure 2 are the lines of maximum Cp 

and zero Cp.  The orientation of these lines could be important to understanding the effect 

that secondary jets have on the flow field.   
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Figure 2: Typical Cp Pattern from Cubbison3: M1 = 2.92, Mj = 1.0, PR = 1247 
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 Careful study of these and other papers leads to the conclusion that the low-

pressure region downstream of an injector jet reduces the interaction force of the main jet 

with the flow.  Also, the high pressure upstream and low pressure downstream tend to 

create a nose-down moment around the center of the main injector.   Both of these effects 

are undesirable on a vehicle and usually countered by adding another injector 

downstream.  One can hypothesize that if small, secondary injectors were placed in the 

main injector’s low pressure region, the main injector’s Mach disk would be pushed 

further up into the flow, increasing the size of the obstacle as seen by the flow and 

therefore the interaction force of the main jet would be increased.  Also, small high-

pressure regions would form upstream of the secondary jets.   As the flow has a large 

spanwise component of velocity, due to it flowing around the main jet, the high-pressure 

regions are expected to be slightly offset from the secondary jets.  These secondary 

pressure regions are expected to reduce the nose-down moment produced by the main jet 

both directly and by allowing the flow to return to freestream static pressure more 

quickly.  To increase the attractiveness of the system, the maximum effect would have to 

be derived with a minimum of added mass flow.  Therefore, the diameter of the 

secondary injectors should small compared with that of the main.  Also, the secondary 

injectors would have to be placed in optimal locations.  To this end, more literature 

review was necessary.   

 

The concept of using secondary jets to alleviate the downstream low-pressure 

region grew from research on a novel fuel injection arragement for scramjets called an 

aeroramp4.  The aeroramp as devised by Schetz is an attempt to have a flush wall 

mounted injector with the benefits of the swept ramp injectors studied by NASA.  

Schematics of both the swept ramp and aeroramp injectors are provided as Figure 3.  A 

swept ramp injector allows the main flow to go up and spill over the sides of the ramp, 

producing vortical structures that enhance mixing and penetration of the jet from the base 

of the ramp.  Increasing the penetration height of the jet would increase the force 

produced by the jet.  However, maintaining the physical integrity of such an in-flow 

structure in a high-enthalpy flow is a severe challenge.  Therefore, accomplishing the 

same effects with merely a series of jets with successively steeper injection angles into 
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the flow would be preferable.  The absence of physical protrusions into the flow not only 

allows for a less complex and robust cooling systems, but also reduces the drag and 

pressure losses.   

 

 
Figure 3a: Swept Ramp Injector  

 

 
Figure 3b: Aeroramp Injector  
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Pressure Sensitive Paint (PSP) results reported by Jacobsen et al5 for a four hole 

aeroramp (arranged as two pairs of injectors one upstream and one downstream) showed 

that presence of downstream injectors created high-pressure regions downstream of the 

first set of injectors.  The injectors were all similarly sized and each created a large low-

pressure region downstream.  The second set of injectors did reduce the upstream pair’s 

low-pressure region.  Therefore, if an aeroramp type configuration could be used then not 

only would the force be increased, but also the moment would be decreased.  These 

results helped finalize the jet configuration considered here. 

 

This report will describe the model, experimental setup, layout of the jets, along 

with the experiments performed.  Shadowgraphs at both test conditions, Schlieren 

pictures at the high M, high-pressure ratio conditions, Pressure Sensitive Paint results, 

and force and moment analysis are presented and discussed in the Details and Discussion 

section.  Finally, the report will draw conclusions from the gathered data and analysis.   
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Chapter 2 Description of Experiment 

  
2.1   Virginia Tech Supersonic Wind Tunnel 
 
 Originally built at NASA Langley, the 23cm x 23 cm Virginia Tech Supersonic 

Wind Tunnel has been in operation on campus since 1963.  The air pumping system 

consists of an Ingersoll-Rand Type 4-HHE-4 4-stage reciprocating air compressor driven 

by a 500 hp, 480V Marathon Electric Co. motor, providing a maximum pressure of 51 

atm.  The compressed air is stored in two tanks with a total volume of 23 m. The tunnel 

control system includes a hydraulically actuated pressure regulating, 30.5 cm diameter 

valve and a quick opening butterfly valve.  

 

The settling or plenum chamber contains a pressure trip-switch for safety, 

perforated transition cone, several damping screens, and probes measuring stagnation 

pressure and temperature. The nozzle chamber is interchangeable with two-dimensional 

contoured steel nozzle blocks. The tunnel is equipped with three complete nozzle blocks; 

however, we will only be concerned with the nozzles for the Mach numbers 2.4 and 4.  

The tests at Mach 2.4 are conducted with Po,∞ = 3.74 atm and To,∞ = 293K.  Likewise, 

Po,∞ is 10.21 atm and To,∞ is 293K for the Mach 4 experiments.  The Reynolds numbers 

per meter, Re/x, at these two Mach numbers are 6.5 x 106 to 16.4 x 106, respectively.   

 

Data from the pressure transducers and thermocouples used in the experiment is 

routed through an AMUX 64T multiplexer an IBM PC.  Most aspects of tunnel operation 

and data acquisition are controlled from this station using LabView.  Figure 4 shows the 

tunnel with the experiment set up below it.  Also, the schematic of the tunnel is 

illustrated. 
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Figure 4: Supersonic Tunnel: with experiment
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Figure 5: Experimental Setup 
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Figure 6: Jet Injector Piping Diagram for the M1 = 2.4 

 
 
 

 

Figure 7: Jet Injector Piping
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 Diagram for the M1 = 4 Tests 
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Due to the increased dangers of handling high-pressure gas, the Mach 4 tests 

demanded the more safety conscious and therefore complicated setup seen in  

Figure 7.  The gas for these tests was supplied by high-pressure industrial gas cylinders of 

either N2 or breathing air located outside of the building.  The bottles were placed in an 

area in which it was felt that in the case of an air bottle failure the danger to those in the 

laboratory and those outside would be minimal.  As seen in both 

Figure 7 and Figure 8, these bottles were connected through a manifold to a Swagelok 1/2 

in. hand-operated on/off valve.  This valve initiated flow into a Grove Model 412E High-

Pressure High Mass Flow Dome regulator.  This regulator stepped down the pressure 

from 149.7 atm (2200 psi) for breathing air or 163.32 atm (2400 psi) for N2 to the 

working jet total pressure of around 38.45 atm (565 psi), which works out to a Poj/P1 of 

around 620.  This portion of the setup can be seen in Figure 8.   
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Figure 8: Outside Gas Supply for M = 4 Tests: Air Bottles (top), Dome Regulator 

(bottom) 

 

 As shown in Figure 7, the pressurized air is then carried through a series of 

elbows to a pressure switch.  This switch is electrically connected a Swagelok 3/4 in. 

pneumatically-actuated on/off valve.  This valve initiates flow from the injector holes.  

The switch is designed to terminate flow into the injectors if the pressure increases over a 

certain “safe” value, 40.83 atm (600 psi).  The flow then proceeds into the manifold and 

branches out to the main injector and appropriate secondary injectors.   

 
 Given the inherent dangers of working with high pressure gas in closed 

environments, every effort was made to ensure that the testing process was a safe one.  

The working requirement was that all components be able to withstand the full pressure 

of the gas cylinders in the event of a dome regulator failure.  Of course, in the event of a 

dome regulator failure the gas from the bottles would be vented through the broken 
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regulator; however, it was felt that the possibility existed for the injector setup to be 

exposed to at least a few seconds of full bottle pressure. Therefore, all large pieces in this 

configuration are constructed of forged steel or stainless steel rated to at least bottle 

pressure.  Seats and ferrules at connections such as elbows were of the same material as 

that of the tube itself to ensure maximum joint strength.  The weakest components of the 

entire setup were the smaller components, such as the copper tubes feeding the secondary 

injectors, however their strength was sufficient to meet all safety criteria. 

 

2.3    Model Construction and Layout: 
 The tunnel plate is constructed from a 1.27 cm (0.5 in.) thick brass plate 

approximately 30.48 cm (12 in.) long by 22.86 (9 in.) wide.  Brass was chosen in this 

case for ease of soldering.  This plate is to fit flush with the tunnel wall during testing.  

First, an optimal location for the main injector hole was determined by considering the 

physical constraints of connecting piping to the plate and the hole was drilled.  The 

dimensions of this hole are shown in Figure 9.  The converging nature of the hole and the 

high-pressure ratio of the jet assure sonic injection.   

 

An extensive literature review of papers presenting results of normal, sonic 

injection into a supersonic crossflow was conducted.  One paper proved particularly 

useful.  Cubbison3 showed that the angle from the centerline of the locus of minimum Cp 

was only weakly dependent on Mach number.  These results facilitated the design of the 

plate by suggesting promising locations for the secondary jets.  The dimensions of these 

jets are given in cm in Figure 9.  The actual locations of secondary injectors given in cm: 

@ X = 1.78, 2.54, 3.81, 5.08, 7.62 were chosen by overlaying surface pressure results of 

Cubbison’s paper3 for M1 = 2.92 onto the plate (Figure 10).  These jets as seen in Figure 

11 are 12° off the centerline (X-axis) which is the approximate location of the minimum 

Cp trace in Cubbison’s results.  All dimensions are measured relative to the main injector 

located 7.62 cm from the leading edge of the plate and 11.43 cm from either side.        

  



 

Figure 9: 
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Figure 10: VT Test Plate Layout with Pressure Coefficient Overlay from Cubbison3 with 

M1 = 3.0, Mj = 1.0, PR = 1247 
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The primary and secondary injector holes are supplied with gas through a tube 

soldered to the bottom of the plate.  The primary injector is connected to a 1.905 cm (0.75 

in.) diameter stainless steel tube, and the secondary injector is connected to a 3.175 mm 

(0.125 in.) diameter copper tube.  In addition to the primary and secondary injectors, the 

plate has seven pressure taps drilled into it.  The locations of the pressure taps are given 

in cm at (X, Y): (-1.78, 0) (1.27, 0), (2.54, 0), (3.81, 0), (5.08,0), (13.02, 0), and (0, 6.35).  

As can be seen in Figure 10, these pressure tap locations were chosen to coincide with 

locations in the flow thought to have interesting features.  Two locations in particular (-

1.78, 0) and (0, 6.35) were chosen to mark the location of maximum pressure and a 

location of near freestream static pressure.  These locations are shown on Figure 10 and 

were chosen to ease the data reduction of the PSP data.  The PSP data was calibrated with 

pressure tap measurements and having measurements, near extrema in the flow aids this 

process.   

 

 

2.4    Shadowgraph system 
It is well known that optical methods are an easy but powerful way to study 

supersonic flows.  The flow field produced by sonic normal injection into a supersonic 

crossflow lends itself particularly well to study by optical means.  These flows produce 

large density variations that lead to index of refraction variations in light passing through 

the test section.  These variations can be studied to learn more about both the flow 

features produced and the interaction between different flow features.  In these cases, the 

main goal is to gain a greater understanding of the steadiness of the overall flowfield with 

and without secondary injection, of the effects of the secondary jets on the main jet and 

of the ability of the tunnel to start with the large amount of blockage produced by the 

injector.  As the name suggests, a Shadowgraph is simply a picture of the light bent by 

the features in the flow.  There is no streaking as in Schlieren photos, and Shadowgraphs 

are usually considered mainly useful for revealing strong feature of the flow and not the 

detailed density variations within it.  However, this attribute makes a Shadowgraph ideal 
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for accomplishing the goals stated above.  The height of the Mach disk can be directly 

obtained from Shadowgraphs, and this could be a measure of the effect of the secondary 

jets.  Also, Shadowgraphs were needed to determine the boundary layer thickness at both 

test conditions.  The steadiness of the flowfield can be qualitatively understood be 

looking at multiply exposed shadowgraphs.  Finally, the mere appearance of the flow can 

be a gauge of the ability of the tunnel to start with the extra blockage produced by the 

injector. 

To this end, a spark Shadowgraph system was set up in the Virginia Tech 

Supersonic Wind Tunnel.  As can be seen in Figure 4, there is a window to the test 

section of the tunnel.  The glass of this window is of Schlieren quality which ensures 

minimal streaking or distortion.  A light source is placed one focal length, 203.2 cm (80 

in.), away from a 29.845 cm (11.75 in.) diameter parabolic mirror , which shines a 

uniform beam of light (in the absence of flow) spanwise through the test section.  The 

light source is a Nanopulser emitting a 10-8 s pulse of light.  The shadowgraphs presented 

later have this same exposure time except for the multiply exposed pictures.  A piece of 

Polaroid 10.16 cm X 12.7 cm ISO 3000 film was used for the photos.   

 

2.5   Schlieren System 
 Spark Schlieren pictures were taken to better understand the interaction between 

the major features in the flow, particularly that of the boundary layer and the main jet and 

that of the main and secondary jets.  These tests were envisioned to provide even greater 

detail of the density gradient present in the flow and of the interaction between the 

dominant flow features.  The Schlieren is sensitive to the spatial derivative of density 

(and thus index of refraction) in the flow field. All the original pencils of light which pass 

through the test section and are focused at the same plane. The presence of a knife edge at 

the focus decreases the illumination at the recording plane, without which the recording 

screen would be uniformly illuminated. The knife edge intercepts more light from some 

points in the test section plane than from others, resulting in light and dark regions or 

"schlieren" on the recording plane, an exposed piece of ISO 3000 Polaroid film.  

"Schlieren" is the German word for "streaks". 
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A double-mirror schlieren system, like the one shown in the Figure 12, was set up 

in the supersonic lab. The mirrors are spherical, axial mirrors, 29.845 cm (11.75 inches) 

in diameter with a focal length of approximately 203.2 cm (80 in.)  The light source 

system (1.) in Figure 12was placed one focal length from the parabolic mirror.  This 

system consists of a 1-2 microsecond General Radio Model 1538-A Strobotac, a convex 

lens (f – 17.78 cm), and an adjustably-mounted light slit. The convex lens can only be 

adjusted longitudinally. Slit has three degrees of freedom: longitudinal, rotational, and 

aspect ratio (i.e. slit width). The light source system is illustrated in Figure 13.  The slit is 

adjusted so that it is about one millimeter wide, it is be normal to the flow density 

gradients of interest, and it is exactly at the focal point of the convex lens.  To ensure 

superior quality Schlieren photos the bulb housing, lens, and slit-mount were covered to 

block excess light from contaminating the photos.  Also, the angle α as shown in Figure 

12 is minimized.  To produce time-frozen Schlieren photos, the Strobotac is set to around 

150 rpm and fine-adjusted until the light flashes once when activated by an external 

trigger.  The parallel beam of light from the first parabolic mirror (2.) passes through the 

test section ((3.) with β = 90°) and off of the second parabolic mirror (4.), which 

refocuses the light down onto a plane mirror ((5.) with γ = 0).  This additional plane 

mirror "folds" the optical path located on the camera side.  The mirror is approximately 

10.16 cm in diameter and can be angled by adjusting the thumb-screws located on the 

back of the mirror. A horizontal knife edge is placed exactly one focal length from the 

plane mirror, about 17.78 cm.  The knife-edge can be moved along the bench by 

loosening the bottom screws, and can be more precisely positioned via a track-mount, 

which is controlled by a large knob at the base of the apparatus. To minimize off-axis 

aberrations such as corona and astigmatism, the knife edge and light source are located 

on opposite sides of the collimated optical path and as near as possible to it.  The 

Schlieren image produced is captured on a piece of 10.16 cm X 12.7 cm Polaroid ISO 

3000 Film.  The exposure time of the picture is 10-6 sec. 
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Figure 12: Virginia Tech Supersonic Double Mirror Schlieren System 

 
 
 
 

 
Figure 13: Schlieren Light Source System 
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The distance from the phase object in the test section to the second mirror, OD, is 

greater than the focal length of the mirror, f, and a real image is formed at a distance 

fOD
ODf

−
                                                    Equation 1 

as measured from the mirror. Therefore to record an image an piece of film is simply 

placed in the focal plane of the system, without the need for a camera lens.  The use of 

the equation 

ODIDf
111 +=                                              Equation 2 

leads to the conclusion that the film should be placed the image distance, ID, minus the 

focal length, f, away from the knife edge.  The magnification between the object and its 

image is: 

fOD
fM
−

=                                                 Equation 3 

 

 

2.6    Pressure Sensitive Paint Setup 
 The surface pressure variations near a traverse jet in a supersonic flow are very 

steep and complex (see for example Figure 2).  It is very hard to accurately map such 

patterns with pressure taps, so a field measurement technique such as PSP is preferable. 

 

One of the first examples of using photoluminescence as a tool for flow 

visualization comes from experiments carried out in 1980 with fluorescent dye by 

Peterson and Fitzgerald6.  Nitrogen was injected near a wall coated with the dye.  The 

absence of oxygen near the dye molecules caused a bright streak of luminescence in the 

direction of the surface flow.  This process was repeated using oxygen and caused a 

corresponding dark streak due to the increased concentration of oxygen near the dye 

molecules.  However, both the oxygen permeability of the binder and the sensitivity of 

the dye were relatively low, thus only qualitative results could be obtained.  The paint 

was also less than ideal for detailed measurements due to its roughness, thickness and 

inability to adhere well to the wall.  These drawbacks prevented its widespread use; 
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however, it is one of the first studying the oxygen quenching effect as a tool for pressure 

measurements.   

 

 Since that time, both the paint and the hardware has been improved to a level 

where they can produce both qualitative and quantitative results.  Many have built upon 

the work of Peterson and Fitzgerald.  The measurement of the pressure distribution on an 

airfoil was first reported by Kavandi, et. al.7 and then by McLachlin, et. al.8  These tests 

quantified the static pressures on the airfoil at Mach numbers ranging from 0.3 to 0.66.  

The paint they used was of their own formulation and required illumination at ultraviolet 

wavelengths (around λ = 380 nm).    The resulting luminescence (λ = 650 nm) was 

recorded on a low light video camera.  The results showed generally good agreement 

with conventional transducers except around the leading edge where surface curvature is 

high.  Also, the paint used by Kavandi had several drawbacks including high temperature 

sensitivity, slow response, and rapid photo degradation.  Gouterman et. al.9 reported on 

these effects in a later paper.  The slow response of the paint was studied by Uibel et. al.10 

and was found to be caused by an induction effect caused by the oxygen permeability of 

the silicon binder.  Based on these and other works, Morris and Donovan11 began to 

explore the use of PSP and Temperature Sensitive Paint (TSP) in high speed wind 

tunnels.  They showed that PSP could be used in highly dynamic environments such as a 

next generation where even the temperature changed dramatically given a method (such 

as TSP) to account for these changes.  They also showed that PSP could be used on 

complicated surfaces such as the underside of a F-15E as long as the surface coordinates 

were mapped to the camera for the data reduction.  Indeed, the advances in PSP and CDD 

camera technology provided Morris and Donovan with excellent spatial resolution of the 

pressure over all the studied surfaces. 

 

The use of Pressure Sensitive Paintcan be described as follows.  PSP consists of 

an oxygen quenched photoluminescent compound mixed with an oxygen permeable 

binder.  The paint molecules are excited with light typically in the blue to ultraviolet 

range.  When the paint is exposed to oxygen molecules, one of two possible processes 

will occur.  The excited molecules may emit photons, typically in the red to yellow 
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wavelength range.  However, if an oxygen molecule collides with an excited paint 

molecule, the photon’s energy is transferred to the oxygen molecule, and no photon is 

emitted.  This is known as the oxygen quenching effect.  This effect allows the pressure 

field on the painted surface to be analyzed.  A more complete discussion of PSP theory 

and the associated data reduction process can be found in Crites12.  The pressure field is 

inversely proportional to the intensity of the light emitted by the paint as expressed by the 

Stern-Volmer relation: 

r

r

P
PBA

I
I

+=                                                   Equation 4                              

where, 
 

                                     1=+ BA                                                       Equation 5 

The coefficients A and B are functions of temperature, and Ir and Pr are the reference 

intensity and pressure used in the data reduction process.   

 

A sample of the paint must be calibrated over the ranges of temperatures and 

pressures to be encountered during testing using a computer-controlled calibration rig in 

collaboration with ISSI, Inc., the PSP paint supplier.  The testing process consisted of 

taking background images of the plate with the lights off, wind-off images of the pressure 

field on the surface of the painted plate, and wind-on measurements.  First, background 

images are used to subtract out the ambient light of the laboratory and computer monitors 

and other sources not involved in the oxygen quenching process.  With these values 

accounted for, the reference intensity and pressure, Ir and Pr, are found from the wind-off 

images at known atmospheric pressure and temperature.  Using these values and those 

from the pressure taps, the pressure field over the plate can be found.  This process is 

called in-situ calibration and is discussed in great detail in Woodmansee and Dutton13.  

This method of calibration involves a limited number of pressure taps located at points in 

the flow (such as pressure extrema) that will allow for the PSP results to be “anchored” to 

actual measurements.  This method is considered superior to isothermal calibration where 

the plate is assumed to be at some constant temperature.  K-fit calibration is a hybrid 

between in-situ and isothermal calibration.  It is used when there are not enough pressure 
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taps to give accurate PSP results.  However, this is not the case for this experiment.  

Therefore, in-situ calibration was employed. 

 

The PSP systems used for the two sets of experiments were different.  The 

experimental methods for both cases were identical.  For the Mach 2.4 experiments, the 

paint used was provided by ISSI, Inc.  The paint was illuminated by two Light-Emitting 

Diode (LED) based arrays at near UV light.  The paint employed is based on the widely 

used fluoroacrylic copolymer binder (FIB).  It consisted of only a pressure sensitve 

species, hence the name Uni-Fib.  It incorporates the fluorinated platinum porphyrin 

species, meso-Tetra-(pentafluorophenyl) porphine, Pt(TfPP).  Three pictures for each run 

were taken with a CCD camera.  This allowed the averaging of data over the run.  The 

paint used for the M1 = 4 experiments was Uni-Fib combined coat.  It was also 

illuminated with near UV light.  The CCD camera used for these tests was able to take 

only one picture per run.  Also, this camera was not actively cooled and therefore gave 

much nosier results as a results of the CCD array heating up over the course of the day’s 

testing.  These pictures were reduced into data using ISSI OMD v. 2.5 software.  For each 

picture of the M1 = 2.4, cases a matrix of 152 rows and 201 columns of pressures over the 

plate was produced.  The physical size of the pictures is 10.16 cm by 12.7 cm (4X5 in.).  

For each picture of the M1 = 4 tests a matrix of pressures with 612 rows and 404 columns 

was produced.  The physical size of the pictures was 13.61” wide by 8.99” tall for 

pictures taken the first day and 14.35” by 9.47” tall for pictures taken the second day of 

testing.  The size difference is due to the readjustment of the CCD camera between the 

two testing days. 

 

 The plate was coated with pressure sensitive paint and illuminated with near UV 

light.  Figure 14 shows the general setup for the plate with the PSP equipment.  The LED 

array and CCD camera are labeled on Figure 14.  The pressure taps are shown along the 

centerline and spanwise from the injector.  The secondary injectors are shown in off the 

centerline of the plate.  These injectors are referred to as Groups.  There are five pairs, or 

groups, of secondary injectors.  Group 1, for example is the pair of secondary injectors 

closest to the main injector.  Groups 4 and 5 are shown on Figure 14 for clarity.  As 



 

mentioned earlier, the PSP emits light of a wavelength inversely proportional to the 

oxygen concentration.  The relative intensity of the light is picked up by the CCD 

camera.  The digital photos are calibrated with the pressure tap measurements to produce 

a continuous picture of the pressure over the surface. 
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Figure 14: PSP Setup (top) and Plate Layout (bottom) 
Camer
Group 5
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 The main source of error for both test conditions is considered to be that of 

estimating the temperature field over the whole plate.  As mentioned earlier, the 

temperature over the plate is considered to be constant.  This is necessary due to the type 

of paint employed.  The Uni-Fib paint, as the name suggests, consists of only a pressure 

sensitive component and no temperature sensitive part.  Therefore, only the pressure field 

can be measured and to gauge the temperature effects the temperature on the plate is 

measured and assumed constant throughout.  Due to differences in the temperature of the 

injectant gas and the freestream and the change in the temperature of the walls during the 

12 second blowdown tunnel runs, the temperature field is variable.  As stated above, for 

the low M1, low pressure ratio tests, the pictures were averaged over the run and for the 

high M1 high pressure ratio tests, the pictures were taken at approximately the same point 

in the run.  This was done to ensure some consistency in the results.  The uncertainty for 

the two sets of runs are measured by considering the bias between the paint results and 

the pressure transducers used to calibrate the results.  For the low M1, low pressure ratio 

tests the uncertainty is estimated as 9%.  For the high M1, high pressure ratio tests the 

uncertainty is about 13%.  The poorer results for these tests are due primarily to the 

poorer quality of camera used.   

 

2.7   Mass Flow Experiments: 
 It was necessary to experimentally measure the mass flow of both the primary and 

secondary injectors in order to determine the discharge coefficients.  Lambda Square, Inc 

provided all flowmeters for these experiments.  For both sets of experiments a Lo-Loss 

Venturi nozzle was placed upstream of the main injector.  For the low M, low-pressure 

ratio cases a brass V75-04 Low Head Loss Venturi Nozzle with 3/4 in. NPT connections 

was used.  Orifice flow meters with corner taps were used to measure the mass flow for a 

pair of the secondary injectors.  The temperature and pressure of flow was measured on 

the “high” side.  The differential pressure was measured between the “high” and “low” 

stations.  This data was substituted into the equation for mass flow obtained from the 

Flowmeter Handbook14. 
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 In addition to calculating the actual mass flow of the injectors, the ideal mass flow 

of the injectors had to be calculated to produce the Discharge Coefficient, Cdj.  The ideal 

mass flow was simply calculated as: 
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PAm&                                    Equation 7 

where A* is the area of the throat of the injector (1.781*10-5m2 for the main injector and 

4.054*10-7m2), Poj is the pressure of the injector plenum, γ is the ratio of specific heats, R 

is the universal gas constant, and To is total temperature of the injector plenum.  The 

graph for the primary injector mass flow rate is shown below as Figure 15.  For the M = 

2.4 test condition (Po,∞ = Poj = 3.74 atm) the mass flow is calculated as 11.65 g/s for the 

main injector.  The proper equipment was not available for a measurement of the mass 

flow of a secondary pair at this low-pressure condition.  For the Mach = 4 (Po,∞ = 10.21 

atm, Poj = 38.45 atm) tests the mass flow was similarly calculated as 125 g/s for the main 

injector and 3.33 for a secondary injector pair.   
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Figure 15: M1 = 2.4 Primary Injector Mass Flow Rate  
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Figure 16: M1 = 4 Primary Injector Mass Flow Rate 
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Figure 17: M1 = 4 Secondary Injector Pair Mass Flow Rate 

 

 

 

 The discharge coefficient, Cdj, is simply the ratio of the actual mass flow to the 

ideal mass flow.  The results for the discharge coefficient tests for the primary injector at 

M1 = 2.4 are shown below in Figure 18.  The discharge coefficient, Cdj is taken as 0.75 at 

Poj = 3.74 atm for the primary injector.  For the M = 4 experiments Cdj is 0.78 for the 

primary injectors and 0.80 for a secondary injector pair.  The Cdj results for the primary 

jet are shown in Figure 19, and the results for a secondary injector pair are shown in 

Figure 20. 
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Figure 18: M1 = 2.4 Primary Injector Discharge Coefficient 
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Figure 19: M1 = 4 Primary Injector Discharge Coefficient 
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Figure 20: M1 = 4 Secondary Injector Pair Discharge Coefficient 
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Chapter 3 Results and Discussion 
 
 
3.1    Mach 2.4 experiments: 

Proof of concept experiments were conducted in the Virginia Tech Supersonic 

Wind tunnel at M = 2.4.  These experiments were envisioned to prove that not only could 

secondary jets have positive effects on the pressure field but also create these effects at 

low Mach numbers and pressure ratios.   

 

3.1.1  Flow Visualization 
Shadowgraph experiments were conducted to study the flow structures produced 

by the jets in different configurations as well as to gauge the performance of the jets.  In 

Figure 21, the Main Jet Only case is shown.  The jet pressure ratio is 13.65 and the 

freestream total pressure is 3.33 atm (49 psi).  The flow is traveling from right to left.  

The background flow structure is visible upstream of the bow shock.  The boundary layer 

is seen to be turbulent with a thickness of 9mm.  Also, classic structures such as the Mach 

disk and lambda shock from the separated region upstream of the main injector can be 

seen and are labeled in Figure 21. 
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Figure 21: Main Injector Only: M1 = 2.4, Mj =
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Figure 22: Main Injector + Group 1: M1 = 2.4, Mj = 1, Poj/P1 = 13.65, Po,∞ = 3.33 atm 
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3.1.2  Surface Pressure Results 
 

The surface pressure field over the plate was measured for the cases below in 

Table 1.   

 
Run Comments Po (atm) 

11_2_2 Main inj. Only 3.67 

11_2_3 Main inj. + 

Group 1 

3.91 

11_2_4 Main inj. + 

Groups 1,2 

4.02 

11_2_5 Main inj. + 

Groups 1-3 

3.99 

11_2_6 Main inj. + 

Groups 1-4 

3.23 

11_2_7 Main inj. + 

Groups 1-4 

3.97 

11_2_8 Main inj. + 

Groups 1-5 

3.50 

 

 

11_2_9 

 

 

Main inj., 

Group 4, 

matching off 

axis 

 

 

3.61 

11_2_10 Main inj., 

Groups 4,5, all 

off axis 

3.74 

11_2_11 Main inj., 

Groups 4,5 (air 

bottle) 

3.58 

Table 1: Mach 2.4 Testing Matrix 
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The plots presented as Figure 23 and Figure 24 show comparisons between the 

surface pressure field created by the Main Injector Only case (top) and different jet 

configurations (bottom).  A black line separates the results for the two cases.  The results 

are presented as a ratio to the freestream static pressure, P1, and the flow is going from 

left to right.  The same half of each of the two cases are compared for consistency, with 

the Main Injector Only case on top and the Main + Group 1 case on the bottom.  The 

scale on the right hand size shows scale of the pressure on the plate divided by the 

freestream static pressure.  For example in Figure 23, the Main Jet Only case has a 

maximum pressure in the high-pressure region of around 1.8 times the static pressure and 

a minimum pressure 0.4 times the static pressure.  The main injector is shown as a black 

circle at X = 0 and Y = 0.  A high-pressure region, as expected, can be seen upstream of 

the injector for both cases.  From comparing the forward extent of the high-pressure 

region at around X = -2.03 cm., it can be inferred that the separation zone has not moved 

further upstream in the Main + Group 1 case.  It can be seen that the addition of one pair 

of secondary jets marginally increases the size and intensity of the upstream high-

pressure region.  However, a greater increase in pressure can be seen downstream than 

upstream.  The secondary injector for the Main + Group 1 case can be seen as a small 

black dot at approximately X = 1.778 cm, Y = 0.51 cm.  In the vicinity of the secondary 

jet a small region of P/P1 > 1 is formed.  The formation of such regions would tend to 

reduce the nose-down moment created by the secondary jet.  However, a larger region of 

P/P1 = 0.9 is formed downstream of the secondary jet in a region that would otherwise 

have returned to static pressure, and this accounts for the higher nose-down moment 

reported later in Table 2.     
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 Pressure Ratio Comparison: Main Injector (top) vs. Main + Gr. 1 

(bottom) (M=2.4) 

ly/Main + Group 1 and 2 comparison given in Figure 24 shows 

ts.  The upstream high-pressure region is increased measurably in 

he upstream extent of the high-pressure region is around X = -2.54 

tream low-pressure region shows a marked increase in pressure.  

sure regions are seen in the vicinity of the secondary injectors.  

mbine to give the reduced moment (compared with that of the Main 

nd discussed later in Table 2.  Incidentally, the placement of these 

bility to the working assumption that the flow direction behind the 

 a large spanwise component of velocity.  As mentioned earlier, the 

r jet causes a low-pressure region to form on the surface behind the 
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jet.  The orientation of the small low-pressure regions in relation to the secondary jets is 

evidence of the fact that the flow is moving back towards the centerline.  In summary, the 

addition of the second pair of injectors yields a greater positive effect than the addition of 

only one pair.   

 

 
Figure 24: Surface Pressure Ratio Comparison: Main Injector (top) vs. Main + Gr. 1,2 

(bottom) (M=2.4) 

  

To quantify the results stated above, the force and moment over the plate was 

calculated.  The PSP camera produces a relative picture of the pressures over the plate.  

Once calibrated with pressure tap values, the software assigns a pressure to each pixel in 

the camera.  Each of these pixels covers a physical area on the plate. By simply 

multiplying the pressure of the pixel by its area, the force is obtained.  By summing over 
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the entire picture area the force over that area can be obtained.  Similarly, the moment 

over the plate was calculated with the convention that a positive moment is nose-down.  

Table 2 shows the results of these calculations for the three cases.  The force has been 

nondimensionalized by dividing through by the dynamic pressure and the observed area.  

The dynamic pressure is calculated as: 

2
** 1

2
1 PMq γ=                                              Equation 8 

where γ is 1.4 for air, M is the Mach number and P1 is the freestream static pressure.  The 

area, S, is calculated as 129.03 cm2 (20 in2) for these cases.  The diameter of the jet was 

used as the length to nondimensionalize the moment.  The thrust produced by the sonic 

jets is calculated as 

RTmUmTh γ&& ==                                            Equation 9 

where m& is the mass flow of the jet and RTγ is the speed of sound.  However, since the 

mass flow for the secondary jets could not be measured at the M1 = 2.4 conditions, their 

thrust is unknown. 

 
Interaction Cf Force Increase (no Thrust)
CF = F/(q*S) (% of Main Jet Value)

Main Jet Only 19.6 0%
Main Jet + Group 1 22.9 17%
Main Jet + Groups 1,2 26.2 34%

Interaction Cm Moment Increase (no Thrust)
Cm = M/(q*S*jd) (% of Main Jet Value)

Main Jet Only 0.66 0%
Main Jet + Group 1 0.72 9%
Main Jet + Groups 1,2 0.68 3%  

Table 2: Mach 2.4 Experimental Interaction Force and Moment Comparison 

  

  

 

The force and moment comparison in Table 2 quantify the results from Figure 23 

and Figure 24.  The surface pressure force on the plate created by the interaction between 

the Main Jet and Group 1 is higher by 17% than that created by the Main Jet alone.  

However, there is a moment penalty of 9%.  As seen in Figure 23, the two secondary jets 
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create a region of low pressure in a region that would have been static pressure without 

their presence.   This region most probably accounts for the adverse effect on the 

moment.  The high-pressure region upstream of the injector is enlarged and intensified by 

the addition of Group 1, increasing the moment on the plate.  The addition of Groups 1 

and 2 increase the force on the plate by 34% over that of the Main Jet Only case.  There 

is also less moment penalty in this case than in the Main + Group 1 case.  Figure 24 

shows that the addition of Groups 1 and 2 actually reduces the size of the main injector’s 

low-pressure region.  However, the large increase in the upstream high-pressure region 

creates a higher nose-down moment.  There are considered to be three related sources of 

uncertainty in these calculations.  First as the camera is mounted on one side of the 

tunnel, giving a skewed view of the painted surface.  Software from ISSI (OMD v. 2.5) 

helped to compensated for this skewness, giving a more spanwise symmetric result.  The 

difference between the PSP measurements and the pressure taps are assumed to be a bias 

error.   Finally, the measurement of the pixel size introduced uncertainty into these 

experiments.  By considering the contributions of these three sources of error an 

uncertainty of 11% in the force and moment results is calculated. 

 
 The Mach 2.4 experiments showed that the addition of successive secondary 

injector pairs could greatly increase the force on the plate due to the jet with little penalty 

in increased moment.  It is important to note that the moments reported in Table 2 do not 

take into account the thrust generated by the secondary jets.  This effect would further 

reduce the nose-down moments and increase the force.   
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3.2   Mach 4 Experiments 
 The main test conditions were M1 = 4 with Poj/P1 ≈ 620, Po,∞ = 10.21 atm (150 

psi).  A thorough investigation of the structure of the jets was undertaken via spark 

shadowgraphs.  Also, two separate injectant gases were studied: nitrogen and breathing 

air.  Breathing air was eventually chosen as the injectant gas for the PSP experiments.   

 

 

3.2.1 Shadowgraphs: 
 Spark shadowgraph experiments were carried out in the supersonic tunnel to 

investigate the structure of the jets in wind-off and wind-on cases.  Also, a physical 

reason for the increased force was sought.  The working assumption was made that the 

increase in force was due to the secondary jets pushing the primary jet structure further 

up into the flow.  The increased obstacle would produce higher pressure in front of the 

injector and thus increase the force on the plate.   

 

 Nitrogen was originally used instead of breathing air because it is cheaper and it 

was thought that problems with condensation in the rapidly expanding jet could be 

minimized.  However, the difference in the dew points for nitrogen and breathing air is 

negligible and the nitrogen could “smother” the PSP results by depriving the PSP of an 

accurate picture of the oxygen concentration.  Therefore, only spark shadowgraphs were 

taken with Nitrogen injectant to study the structures in the flow and the jet.   



 

 
42 
 
 
 

 
 

 

 
Figure 25: Main Jet + Group 1-5, Poj = 37.70 atm (554 psi), N2 injectant 

  

First, the structure of the jet in a wind-off condition was studied.  The operability 

of the injector system was proven in this method.  The spark shadowgraph in 

 

 

Figure 25 is an example of these tests.  The Mach disk in the main jet as well as 

the acoustic waves emanating from the jet can be clearly seen.  Four of the five secondary 

jet pair active can also be seen.  The circle to the right of the picture is one scaled inch.   

 
The next figure shows a study of a wind-on, jet-off case to gain a greater 

understanding of the background wave structure in the tunnel.  The waves seen in Figure 

26 emanate from the junction of the plate and the tunnel wall.  A filler material, 

BondoTM, was used to minimize the strength of these waves, however their complete 

elimination was impossible.  Unfortunately, the placement of these waves is in the region 

of the lambda shock from the main injector.  It is believed that these waves are too weak 

to interfere with the lambda shock, but they do hamper observations of it.  This photo was 
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used to measure the turbulent boundary layer thickness, δ, in the region of the main jet as 

1.65 cm (0.65 in.). 

 

 

 
 

 

Figure 26: M=4, Po=155 psi (flow from right to left)  

 

 The two shadowgraphs presented as Figure 27 and Figure 28 are of the Main Jet 

Only case.  The injectant gas is nitrogen and Poj/P1 ≈ 577.  The Mach disk can be seen 

clearly as well as the lambda shock created by the separated region upstream of the 

injector.  Figure 28 is an example of the unsteady nature of the flow field.  The picture is 

double exposed due to a malfunction of the Nanopulser light source.  The unsteady effect 

seen below is considered to be high frequency; however, the exact length of time between 

exposures is not known.  This unsteady effect is considered to be a function of the higher 

M1 and much higher pressure ratio than those of the previous cases.  This effect is 

prevalent throughout these high M1, high pressure ratio tests. 
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Figure 27: Main Jet Only, M1 = 4, Poj = 38.45 atm, Po = 10.21 atm, N2 injectant 

 
 
 

 
 

 

Figure 28: Main Jet Only, M1 = 4, Poj = 38.45 atm, Po = 11.23 atm, N2 injectant  
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Air was used mainly for the PSP experiments performed at M1 = 4.  However, 

several shadowgraphs were taken to look for evidence of possible condensation in the jet.  

Figure 29 below is an example of the Main Jet Only test at design conditions: M1 = 4 and 

Poj/P1 ≈ 577.  No evidence of condensation in the jet was found.  Therefore, the decision 

to use air instead of nitrogen for the PSP experiment was finalized.  

 

  

 
 

 

Figure 29: Main Jet Only: M1 = 4, Poj = 39.26 atm, Po = 10.21 atm, Air Injectant  

 

The working hypothesis was made that the mechanism increasing the force on the 

plate ahead of the jet was, in part, an increase in the effective obstacle height.  These 

shadowgraph experiments were undertaken partially to acquire evidence for this 

assumption.  Figure 30 and Figure 31 are included to this end.  Figure 30 is an example of 

the Main Jet + Group 1 case.  The main shock is very similar to that of the main injector.   

Poj/P1 is 430 for these two cases.  Figure 31 shows that the main shock wave is steeper 

for the Main + Groups 1,2 case than for the Main + Group 1 case.  It is important to 

remember the unsteady effects in these flows (illustrated in Figure 32).  However, in the 
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region of the jet the difference can be seen despite these effects.  Therefore, the 

hypothesis seems credible. 

 

 
 

 

Figure 30: Main + Group 1: M1 = 4, Poj = 31.44 atm, Po = 10.89 atm, Air Injectant  

 
 

 
 

Figure 31: Main + Group 1,2: M1 = 4, Poj = 31.30 atm, Po = 10.41, Air Injectant  
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Figure 32: Main + Group 1,2: M1 = 4, Poj = 31.58 atm, , Po = 10.41 Air Injectant  

 

3.2.2 Schlieren Results: 
 The interaction of both the freestream and main jet and the main and secondary 

jets were further studied using Schlieren pictures.  Again, the wave structure produced by 

the imperfect mating of the plate with the tunnel wall is apparent in both pictures 

upstream of the main bow shock.  Figure 33 is included as a baseline case (Main Jet 

Only, Poj = 37.22 atm) for comparison with  

Figure 34.  The flow is from left to right and the mach disk is labeled on the picture.  The 

interaction between the boundary layer and the main jet can clearly be seen.  The quasi-

steady state of the picture can been seen in the Schlieren effects of the main jet.   

Figure 34 is a Schlieren photo of the Main + Group 2 case with Poj = 35.93 atm.  The 

flowfield is much more unsteady than in the baseline case.  Also, the Mach disk seems 

“pushed up.”  The shock from the secondary jets is labeled on the picture, and the photo 

suggests a complicated interaction between the secondary jets and the Mach disk.  As 

with the Shadowgraphs, the main shock is steeper with the addition of secondary jets.  It 

bears repeating that these are instantaneous pictures (exposure time = 10-6 sec.) of a 
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dynamic flowfield.  However, it should be noted that through all of these pictures the 

cases with secondary injector always has a steeper main shock, lending more credibility 

to the aforementioned hypothesis for the effect of secondary injections.   

 
 

 

Figure 33: Main Jet Only: M1 = 4, Poj = 37.2

 
 

 

Interaction 
Shock 

Mach Disk 

Separation 
Zone 
Main Jet Location

2 atm, Po = 10.41, Air Injectant 



 

 
49 
 
 
 

 
 
 
 

Figure 34: Main Jet + Group 2: M1 = 4, Poj = 3
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3.2.3 Pressure Sensitive Paint Results 
 The test matrix for the Mach 4 tests is shown below as Table 3.  As with the Mach 

2.4 test,s the surface pressure on the plate was measured with the Main Injector Only at 

design conditions and then with each successive pair of secondary jets activated.   

 

 

 

 

 
Run Comments Poj (psi) Poinf (psi) 

6_28_3 Main inj. + Groups 

1,2 

565 152 

6_28_5 Main inj. + Groups 

1-3 

564 152 

6_28_7 Main inj. + Groups 

1-4 

566 154 

6_28_9 Main inj.  Only 565 153 

Table 3: Mach 4 Test Matrix 
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rface Pressure Ratio Comparison: M1 = 4, Po ~ 10.34 atm, Poj = 37.84 atm: 

Main Only (Top) vs. Main + Gr. 1,2 (Bottom) 

 

of the same trends can be seen in the Mach 4 tests as were seen in the Mach 

 CCD camera was unable to take more than one picture per run.  Due to this 

 fact that the test conditions produce a much more dynamic environment, 

s, like those seen in the low M, low pressure ratio cases, were unattainable 

s.  Therefore, the above contours are presented as a “flood” to properly 

urface pressure over the plate.  Again, the locations of all injectors are 

ck circles and the graphs are presented as a ratio of the local surface 
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pressure to the freestream static pressure.  The surface pressure comparison of the Main 

Jet Only case and Main + Groups 1 and 2 case is shown in Figure 35.  The flow is from 

left to right and the two cases are separated by a black line, as before.  It is important to 

remember that upstream and downstream for the secondary jets are not left and right on 

the graph as they are experiencing flow with a large spanwise component.  As in the low 

M1, low pressure ratio tests, the flow in the low-pressure region has a large component of 

spanwise velocity as the flow mixes downstream of the main jet.  Figure 35 shows that 

the addition of the first two pairs of secondary injectors both increases the size and 

intensity of the upstream high pressure region and allows the flow to return to freestream 

static pressure faster downstream.  The low-pressure region is not only reduced in size, 

but also in intensity.  The direct effects of the secondary jets can be seen in Figure 35.  

Regions of near freestream static pressure form upstream of the secondary jets and 

beneficially affect the moment.  This beneficial effect is large compared with the increase 

in the high-pressure region, therefore the nose-down moment over the plate is expected to 

be reduced.   
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Figure 36: Surface Pressure Ratio Comparison: M1 = 4, Po ~ 10.34 atm, Poj = 37.84 atm: 

Main Only (Top) vs. Main + Gr. 1-3 (Bottom) 

 

Furthermore, Figure 36 and Figure 37 show a successive increase in the positive 

effects on the plate.  It is important to keep in mind that the mass flow from each pair of 

secondary injectors is only 2.7 percent that of the main injector.  When compared with 

the results of Figure 35, the Main + Groups 1-3 case in Figure 36 seems even more 

effective in reducing the size and intensity of the downstream low-pressure region.  The 

secondary jets set up more high-pressure regions downstream with the same beneficial 

M1 = 4 
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moment effect.  Indeed, the low-pressure region is markedly reduced in both size and 

intensity.  The upstream high-pressure region is increased further by the addition of the 

third pair of injectors.  The addition of the fourth pair of secondary injectors, however, 

begins to show some drawbacks.  The low-pressure region downstream of the fourth pair 

of injectors has a much lower pressure than that of the other three pairs.  Also, the flow 

seems to take longer to recover in the Main + Groups 1-4 case than in the Main + Groups 

1-3 case.  The upstream high-pressure region is greatly enlarged.  Both of these 

phenomenon would tend to increase the nose-down moment on the plate.  Therefore, it is 

expected that the force on the plate would be greatly increase but, as in the low M1, low 

pressure ratio cases, there will be an increased nose-down moment. 
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Figure 37: Surface Pressure Ratio Comparison: M1 = 4, Po ~ 10.34 atm, Poj = 37.84 atm: 

Main Only (Top) vs. Main + Gr. 1-4 (Bottom) 

  
To quantify the results of the above figures it was again necessary to sum the 

forces and moments over the plate.  This was accomplished as before, however the results 

are different for these cases than the previous cases.  As can be seen in Table 4, the force 

increases measurably with the addition of successive secondary jets.  This result was seen 

in the low M1, low pressure ratio cases.  However, the amount of increase is markedly 

higher for the M1 = 4 test cases.  The Main + Groups 1-2 case, for example shows a 62% 

increase over the Main Jet Only case.  By reviewing Figure 35, it is evident that the large 

increase in force is not only due to the increased intensity of the upstream high-pressure 
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region, but also to the reduction of the downstream low-pressure region.  Therefore, the 

nose-down moment is expected to be reduced, and Table 4 reports this reduction as 38% 

of the Main Jet Only value.  This is the first case to show both increased force from the 

jet and decreased nose-down moment.  For the previous experiments the increased force 

was accompanied by a larger nose-down moment.  However, this case meets all goals for 

this project.  Evidence of the trade off seen in the low M1, low-pressure ratio cases can be 

seen in the Main + Groups 1-3 case.  The force for this case is increased by 72%, an 

improvement over the Main + Groups 1-2 case.  However, the reduction in the nose-

down moment is decreased from 38% to 27%.  This results hints that a point of 

diminishing returns is being approached with the addition of each pair of jets.  This 

premise is further supported by the Main + Groups 1-4 case where the large increase in 

force (91%) is offset by an increase of nose-down moment (34%).  These results begin to 

agree more with those of the low M1, low pressure ratio cases.  Considering the 

placement of the secondary injector holes with respect to the main jet’s low-pressure 

region, sheds light on this agreement.  Only the first pair of jets is inside the low-pressure 

region for those cases.  However, in the M1 = 4  test cases, the jets are well within the 

low-pressure region of the main jet.  This placement seems to be the most beneficial in 

terms of both added force and reduced moment.  The sources of uncertainty for these 

experiments are identical as those for the M1=2.4 tests with the addition of the noise of 

the CCD camera.  As stated above the CCD camera used in these cases was not actively 

cooled and the heat of the camera contributed noise to the results.  With this additional 

source the uncertainty in the force and moment calculations are estimated as 13%. 
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  Force Coeff  Force Increase (no Thrust) 
  CF = F/(q*S) (% of Main Jet Value) 
Main Jet Only 94.6 0% 
Main Jet + Group 1,2 153.4 62% 
Main Jet + Group 1-3 162.2 72% 
Main Jet + Group 1-4 180.8 91% 
  Moment Coeff. Moment Increase (no Thrust) 
  Cm = M/(q*S*jd) (% of Main Jet Value) 
Main Jet Only 778.8 0% 
Main Jet + Group 1,2 480.9 -38% 
Main Jet + Group 1-3 570.2 -27% 
Main Jet + Group 1-4 1042.3 34% 

  

Table 4: M = 4 Experimental Interaction Force and Moment Comparison 

 

The thrust of one pair of sonic secondary jets is calculated as 3.6N.  Non-

dimensionalizing this value and those obtained from the moment contributions gives the 

values in Table 5.  The thrust from the secondary jets produces a positive contribution the 

force on the plate, for each case the force on the plate is higher by about 10% when 

compared to Table 4.  This benefit is enhanced by the jets’ contribution to the moment.  

As shown above in Table 4, the interaction moment is greatly reduced by the addition of 

Groups 1 and 2.  The positive moment contributions of the secondary jet pairs increase 

this effect.  The same trends remain, and there is still a point of diminishing returns 

reached between the Main + Groups 1-3 and Main + Groups 1-4 cases.  

 

  Force Coeff (with Thrust) Force Increase (with Thrust) 
  CF = F/(q*S) (% of Main Jet Value) 
Main Jet Only 94.6 0% 
Main Jet + Group 1,2 160.6 70% 
Main Jet + Group 1-3 173.0 83% 
Main Jet + Group 1-4 195.2 106% 
  Moment Coeff.(with Thrust) Moment Increase (with Thrust) 
  Cm = M/(q*S*jd) (% of Main Jet Value) 
Main Jet Only 778.8 0% 
Main Jet + Group 1,2 448.4 -42% 
Main Jet + Group 1-3 509.0 -35% 
Main Jet + Group 1-4 942.8 21% 
  

Table 5: M = 4 Experimental Force and Moment Comparison with Thrust 
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Chapter 4 Conclusions: 
The purpose of this project was to design an injector system for reaction control 

jets that would perform better than the classical main jet only case.   The mechanisms at 

work in the flow field produced by such an underexpanded jet injecting normal to a 

supersonic crossflow can be described as follows.  The injected gas plume obstructs the 

flow and produces a strong interaction shock upstream of the injection location.  This 

shock interacts with the boundary layer on the wall to induce separation.  Unlike Figure 

1b only turbulent boundary layers will be considered.  A high-pressure region upstream 

of the injection location is created by the separated flow and the presence of the 

interaction shock.  The jet itself expands into a structure commonly known as a barrel 

shock.  A low-pressure region downstream of the main injector is formed by the primary 

flow expanding through the interaction shock and flowing around the jet plume.  The 

novel approach taken was to add small secondary injectors behind the main jet to take 

advantage of this feature.  The secondary jet increases the force on the plate by increasing 

the size of the plume and thus increasing the upstream high-pressure region.  Also, the 

nose-down moment is reduced due to the local positive pressure regions created by the 

presence of the small secondary jets in the normally low pressure region behind the main 

jet.  It was shown that the presence of secondary jets would increase the force on the plate 

produced by the interaction of the jet plume and the flow by making the Mach disk 

steeper and increasing the penetration height of the jet.  Also, proper placement of the 

secondary jets takes advantage of the flow mixing downstream of the main injector.  The 

flow is traveling with a spanwise velocity in towards the centerline.  Therefore, the 

secondary jets would not only create high-pressure regions downstream of the main 

injector, but also the low pressure regions produced by the secondary jets would be in 

locations of usually low pressure and would, therefore, minimize adverse effects on the 

nose-down moment or the force. 

 

An extensive literature review was undertaken to understand the flow field 

dependence on fundamental values such as freestream Mach number, injector hole size, 

injectant gas composition, stagnation pressure ratio.  Spaid, Zukoski and Rosen15 and 
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others studied such problems in the 1960’s.  In their experiments, the freestream Mach 

number was varied between 1.38 and 4.54.  The studied injectant gases included nitrogen, 

argon, and helium, and gas was injected sonically through a circular orifice in a flat plate.  

The surface pressure on the plate in the vicinity of the injector was studied via pressure 

taps drilled in the plate.  This method produced a general quantification of pressures over 

the surface but did not produce a complete picture of the pressure field.  Finally, Spaid’s 

report2 was one of the first to produce results from injectors with more than one hole.  In 

these cases, a second circular hole of the same diameter was drilled directly spanwise of 

the first hole.  Several of these tests were carried out at M = 4.54 with varying hole 

diameter.  The surface pressure distributions for the plate showed many of the same 

trends seen in the experiments of this project.   

 
Another paper closely studied during the course of the present work was by 

Cubbison, Anderson, and Ward16 because of its direct relevance to our studies.  This 

paper proved crucial in the design of the plate, specifically in the placement of the 

secondary injectors. Cubbison3 studied the surface pressure distributions created by a 

sonic jet normal to a flat surface.  Surface pressure results for a flat plate were obtained 

for various jet pressure ratios: 677, 1247, 2645, considered realistic for reaction jet 

applications.  The surface pressure graphs were produced with data from pressure taps 

and extrapolated for the entire surface.  However, technology exists today that allows for 

the entire surface pressure field to be measured without interpolation.  Pressure Sensitive 

Paint, PSP, is such a technology.   

 

The Pressure Sensitive Paint incorporated in this work is a fluorinated platinum 

porphyrin species, meso-Tetra-(pentafluorophenyl) porphine, Pt(TfPP).  The paint was 

illuminated by two Light-Emitting Diode (LED) based arrays at near UV light.  The paint 

employed is based on the widely used fluoroacrylic copolymer binder (FIB).  It consisted 

of only a pressure sensitve species, hence the name Uni-Fib.  When calibrated with 

pressure transducer readings in a process called in-situ calibration, it allows for the 

pressure over the entire surface to be measured.  This method was employed to gauge the 

effectiveness of the secondary injectors. 
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In addition to PSP, optical methods were used to study the overall state of the 

flow field.  Optical methods are an easy but powerful way to study supersonic flows.  The 

flow field produced by sonic normal injection into a supersonic crossflow lends itself 

particularly well to study by optical means.  These flows produce large density variations 

that lead to index of refraction variations in light passing through the test section.  These 

variations can be studied to learn more about both the flow features produced and the 

interaction between different flow features.  In these cases, the main goal is to gain a 

greater understanding of the steadiness of the overall flowfield with and without 

secondary injection, of the effects of the secondary jets on the main jet and of the ability 

of the tunnel to start with the large amount of blockage produced by the injector.   

 

Shadowgraph and Pressure Sensitive Paint experiments were carried out at M1 = 

2.4, Poj/P1 = 13.65, Po,∞ = 3.74 atm, and To,∞ = 293K and at primary test conditions of M1 

= 4, Poj/P1 = 620, Po,∞ = 10.21 atm, and To,∞ = 293K.  Shadowgraphs were used to both 

gauge the performance of the injector system and to qualitatively study the structures 

present in the flow.  Indeed, shadowgraphs showed that the addition of secondary jets can 

make the main shock steeper, supporting the hypothesis that the increased force was due 

to this phenomenon.  Schlieren photos were also employed at the primary test conditions 

to further study the physical attributes of the flow field.  Pressure Sensitive Paint results 

showed that the addition of secondary jets increased the force created by the interaction 

of the jet plume and main flow.  This increase was larger in each case than the 2.28% 

added jet mass flow of each pair of secondary jets.   

 

Depending on the placement of the jets with respect to the low-pressure region of 

the main jet, the secondary jets can either increase or decrease the nose-down moment 

usually associated with a normal jet in supersonic crossflow.  It was discovered that the 

addition of properly placed secondary jets inside the low-pressure region could both 

increase the force of the jet and decrease the nose-down moment around the jet.  It is 

important also to remember that these effects are achieved without taking into account 

the effects to both the force and moment on the plate of the thrust from the secondary 

jets.  The thrust from the secondary jets in the high M1, high pressure ratio tests only 
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slightly increases the beneficial effect of the secondary jets.  Experiments from both 

testing conditions showed that as jets are added further away from the main jet low-

pressure region, the added force is offset by the increase of the nose-down moment 

around the jet.  Therefore, a point of diminishing returns is reached. 

 

The beneficial effects of secondary injection behind a large main jet have been 

demonstrated by this project.  Proper placement of the secondary jets can lead to both an 

increased force and decreased moment created by the jet interaction with the main flow.  

Further study is warranted to optimize the placement of the secondary jets. 
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