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Aerodynamics of Low-Blowing-Ratio Fuselage Injection
into a Supersonic Freestream

Zakaria Mahmud* and Rodney D. W. Bowersox"
Texas A&M University, College Station, Texas 77843

A parametric characterization of the surface flow structure and associated aerodynamic loading for injection
into a Mach 3.0 freestream through jets mounted into the side of missile fuselage (sharp-coned cylinder) was
experimentally achieved. The experimental methods included surface oil flow visualization, shadowgraph pho-
tography, and pressure-sensitive paint. The range of jet-to-freestream pressure ratios spanned 0.6-19.0, which
corresponds to an effective backpressure ratio range of 0.19-6.15. Hence, overexpanded, perfectly expanded,
and underexpanded jets were tested. The temperature ratios spanned 1.0-13.6, where helium was used to sim-
ulate the highest temperature. The nondimensional momentum parameter ratio (MPR) varied over a range of
0.005-0.09. It was observed that the injection temperature for a given MPR had a small effect on the boundary-
layer separation distance. For the range of conditions tested, the interaction force increased linearly with in-
creasing MPR. The amplification factors for the lowest MPR values were found to be higher than expected

trends.

Nomenclature

= missile blockage area

jet exit area

missile fuselage area

total jet thrust coefficient, F/(3 poott? Ap)
diameter

net force, F; + Fj

jet momentum force

surface interaction force

pressure-sensitive paint image intensity
Reference pressure-sensitive paint image intensity
force amplification factor

Mach number

jet mass flow rate

pressure

average pressure around the periphery of the jet exit
effective backpressure

average fuselage pressure

freestream pressure above the missile fuselage
stagnation pressure

temperature

stagnation temperature

axial velocity

transverse velocity

Cartesian coordinates

jet upstream separation distance

ratio of specific heats
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Introduction

ETS have the potential to be an effective means of controlling

aerodynamic characteristics of high-speed vehicles and weapon
systems. One application is the use of reaction control jets for rapid
maneuvering of high-speed intercept missiles. Hypersonic intercep-
tor designs typically include several lateral jets used for divert and/or
altitude control. Air-to-air interceptors usually require a continuous
and long-duration reaction control jet for accuracy and rapid ma-
neuverability. In addition, confined space firing (e.g., antitank or
guerrilla warfare) missile control systems are required to be effec-
tive at low speed with good maneuverability and very short response
time.!

The flowfield structure of a jet issuing from a curved body of
revolution is qualitatively similar to that over a flat surface.? The
quantitative information varies due to the three-dimensional effect
of the curved surface.’~'° Based on the available data,?~ ' the overall
three-dimensional structure of a jet emerging from an axisymmetric
body is sketched (Fig. 1). There appears to be at least four vortical
flow motions created by the transverse jet in a crossflow.” As the jet
emerges into the crossflow, it is curved downstream by the crossflow.
The jet plume acts as a cylindrical obstacle to the crossflow and
creates an adverse pressure gradient, which eventually generates a
wraparound horseshoe vortex on the surface. Then the jet plume
evolves into the “kidney bean” shape, which is due to the counter-
rotating vortex pair. This counter-rotating vortex pair dominates the
downstream flow.® The origin of this vortex pair is predicted to be
near the jet exit and caused by the lateral shearing along the plume
edges and the pressure gradient due to turning the injectant flow into
the freestream direction. A ringlike vortex structure appears in the
wake region. These alternating vertical vortices, sometimes called
the wake vortices, give the appearance of a “Karman vortex street.”
The wake vortices were believed to originate from the crossflow
boundary layer and to end in the jet plume. The horseshoe vortices
and the counter-rotating vortices are mean flow characteristics of the
jets in a crossflow, whereas the shear-layer vortices and the wake
vortices are intrinsically unsteady.

Accurate aerodynamic characterization of the jet interaction with
the missile body is essential for the design of an autopilot. One
important parameter of jet interaction is the amplification factor,
which is defined as the ratio of the effective force to the vacuum
thrust. Vacuum thrust is the net reaction force created when a jet is
fired in a vacuum; this force is equivalent to the thrust of a rocket
engine. However, in a sensible atmosphere, the net force produced
between the jet and freestream can be higher or lower than the vac-
uum thrust. In the extreme case, the net force on an axisymmetric
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Fig. 1 Flowfield schematic.

body can be the opposite of what is expected, a situation known as
control reversal.!! When a jet is first fired into a supersonic cross-
flow, a shock wave upstream of the jet is created (Fig. 1). The high
pressures associated with the shock cause a positive amplification.
A portion of the shock that wraps around the missile fuselage cre-
ates a high-pressure region under the axisymmetric body causing a
deamplification on the net force. Also, the low-pressure wake re-
gion downstream of the jet causes further deamplification. If the total
deamplification is higher than the total amplification, the net force
will be opposite of what is anticipated. The most severe deamplifi-
cation happens at low altitudes, low Mach numbers, and low angle
of attack.

Roger'? documented a number of parameters that can affect
thruster control effectiveness. A subset of salient parameters are
the freestream Mach number M, the jet Mach number M, the jet
momentum parameter ratio (MPR), the jet pressure ratio P;/ P,
the jet temperature ratio 7,/ T, the Reynolds number Re, and the
jet gas ratio of specific heats, y;. In addition to these parameters,
jet geometry and chemical reactions within the plume were also
identified as important, especially for flow separation. '

Of relevance here, flight control of supersonic missiles at low
altitudes using low-blowing-ratio reaction jets is complicated due
to 1) nonlinear, counterintuitive surface interactions, 2) hot gas ef-
fects, and 3) poor predictability using modern computational fluid
dynamic codes, where turbulence modeling is a key factor limit-
ing the accuracy.'® Furthermore, it has been documented'~® that
jet-interaction experimental data is lacking, and high-quality sys-
tematic experimental studies to build a database are needed. The
principal objective of the present research is to experimentally char-
acterize the mean plume structure and aerodynamic loading of high-
speed jet-interaction flowfields at low-Mach, low-altitude, and low-
blowing-ratio operating conditions.

Facilities and Instrumentation

Supersonic Wind Tunnel and Models

The experiments took place in a Mach 3.0 wind tunnel. The mea-
sured Mach number was 2.97 & 0.04 with a variation across the test
section. The tunnel operating conditions were P, = 0.62 + 0.1 MPa,
T, =285 +2.2 K. The freestream turbulence was nominally 3.0%,
and the boundary-layer thickness at the nozzle exit was 4.8 mm.
The dimensions of the test section were 7.62 x 7.62 x 30.5 cm?.

The wind-tunnel models were half-body three-dimensional
blended-wall missile fuselages (as shown in Fig. 1). The wind-
tunnel models were bolted to the floor of the test section as shown
in Fig. 2a. A single port circular injector was machined into each
model. The models were 19.05 cm long, 3.56 cm in diameter (D),
with 13-deg half-cone angles. A schematic of the models can be
seen in Fig. 2b. Four models with different injectors were used for
the current research. The models were designated M3A-HP (Mach
3, air injectant, high injection pressure), M3A-LP (Mach 3, air injec-
tant, low injection pressure), M3H (Mach 3, helium injectant), and
MI1A (Mach 1, air injectant). Model M3H was operated with com-
pressed helium gas and the rest were operated with compressed air.
Detailed injector dimensions and operating conditions are listed in
Table 1.
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Fig. 2 Wind-tunnel schematics.

A pebble bed heater was designed and constructed for high-
temperature injection. The hot jet injection surface oil flow visu-
alization (SOFV) was performed at 1190°F (916 K). Because of
safety concerns, this hot jet interaction flowfield visualization was
performed only for the sonic model, which was operated at near
atmospheric pressure. Helium was used to simulate higher temper-
atures because Champigny and Lacau' documented that helium at
ambient temperatures can be used to simulate air at approximately
2000 K. The available temperature operating conditions are also
listed in Table 1.

The flow conditions (summarized in Table 1) were selected to
span an important and poorly characterized operating domain for
Army missiles,' specifically with low-altitude, low-momentum-
ratio supersonic flight.

Flow Visualization

Dow Corning 200 fluid (1000 CST) was used for surface oil flow
visualization. The oil, mixed with orange fluorescent dye (Day-Glo
Color Corp.; pigment sample T-15 blaze orange), was smeared onto
the test surface and illuminated by an ultraviolet lamp. A charge-
coupled device (CCD) camera (Kodak Professional DCS 460c, res-
olution 3060 x 2036 with a Nikon N90 50-mm lens) mounted on
top of the test section was used to collect the images of the flow
structure during the tunnel run condition.

The shadowgraph setup was relatively simple. A single concave
collimating mirror was used to create a collimated light beam that
passed through the test section sidewall windows and onto a screen.
The Kodak camera system (described earlier) was used to capture the
image on the screen. For the schlieren images, the collimated beam
that passed through the test section was projected onto a second
mirror. The color knife edge was located at the focal point of the
reflected beam. The diverging beam was viewed on the screen, and
the CCD camera captured the color image.
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Table 1 Injector operating conditions and separation distance results

Model ~ M; Gas Dj,mm D;/D, Pj,MPa Pj/Ps Pj/Ps, Pj/Pw T;,K T;j/Txc Ap/A, MPR A/De Cr Ky

M3A-HP 3.0 Air 2.45 2.06 5.96 9.38 3.07 3.07 294.0 1.0 2102 0.05 208 0.197 218
12.9 18.8 6.15 6.15 0.09 2.81 0.286 1.57
M3A-LP 3.0 Air 8.18 2.06 0.377 0.60 0.19 0.19 294.0 1.0 189  0.03 1.61  0.138 250
0.694 1.09 0.36 0.36 0.06 1.88  0.183 1.70
M3H 3.0 He 6.86 1.73 0.365 0.66 0.22 0.22 1250.0% 11.9 269 0.03 1.75
0.670 1.21 0.40 0.40 0.05 222
MIA 1.0 Air 4.76 1.00 0.088 2.68 0.88 0.88 294.0 2.3 558 0.005 175 0.098 14.87
0.101 3.10 1.01 1.01 0.005 1.76  0.103 15.33
0.263 8.04 2.06 2.06 0.015  2.03
0.101 3.10 1.01 1.01 920.0% 73 0.006  1.83

MIH 1.0 He 4.76 1.00 0.224 6.31 2.06 2.06 1900.0° 13.6 55.8 0.015 216

2Pebble bed heated air injection. °Simulated temperature based on light gas (helium) injection.

Pressure-Sensitive Paint

Innovative Scientific Solutions (ISSI), Inc., brand Uni-FIB
pressure-sensitive paint (PSP) was used. The paint contained two
parts: an oxygen-permeable fluoroacrylic copolymer binder and a
fluorinated platinum porphyrin meso-tetra-pentaflourophenyl por-
phrine [Pt(TfPP)] oxygen-sensitive probe molecule. The PSP was
applied using an airbrush sprayer. The temperature sensitivity was
0.6%/°C. The paint was illuminated with two blue (464 nm) light-
emitting diode light sources (0.25 W each). The luminescence out-
put (650 nm) was acquired with a Pixelvision SpectraVideo 16-bit
CCD camera (Model SV512V1A/PFT-95). The paint calibration
stemmed from the Stern—Volmer relationship, where the pressure
was expressed as a function of /,.s/1. As suggested by the manufac-
turer, the calibration data were fit with a second-order polynomial.
For the 12-s tunnel run time, five images were taken. ISSI, Inc.,
PSP_Analysis_2 software was used to average the images. An aver-
age background image was then subtracted from both the averaged
windoff and averaged windon images. The ratio of the subtracted
windoff and the subtracted windon images was then converted into
the surface pressure. The PSP_Analysis_2 was also equipped with
the calibration file, so that the software directly converted the ratio
file into the surface pressure (psiA) using the estimated surface tem-
perature of about 10°C (£5.0°). The overall uncertainty was 3.6%
of the measured value.

a) M1A, MPR 0.005

Flowfield Results

The flow conditions are summarized in Table 1. As indicated, a
wide range of injector conditions was examined, and a large volume
of data was acquired. In this document, representative data are shown
with salient features highlighted. Trends and general conclusions
from the entire data set are listed. A more complete database is
given by Bowersox and Mahmud."?

An important feature noticed from Table 1, which has implica-
tions in much of the subsequent discussion, is the effective backpres-
sure ratio,'* which varied over a range of 0.19-6.15 indicating that
underexpanded (P.,/ Px > 1), perfectly expanded (Pep/ Poo = 1),
and overexpanded (Pe,/ P» < 1) injection conditions were present.
The majority of the low-blowing-ratio cases studied here were
overexpanded.

Flow Visualization
Shadowgraph and schlieren images were acquired for all of the

¢) M3A-HP (underexpanded jets)

conditions listed in Table 1. These images provided qualitative as-
sessment of the shock structure for the different injectors. The visible
features include 1) the missile body shock, 2) the interaction shock,
3) the lambda shock, 4) the recompression shock, and 5) the exit port
shock structure—barrel shock for underexpanded injection (faintly
visible) and the shock cone for the overexpanded condition. Also no-
ticeable were weak waves (close to the freestream Mach angle) that
were generated due to the surface imperfections in the nozzle and
test section. Shadowgraph images for models M1A (perfectly ex-
panded), M3A-LP (overexpanded), and M3A-HP (underexpanded)
are presented in Figs. 3a, 3b, and 3c, respectively. The freestream
flow was from left to right, and the jet flow direction was vertically

Fig. 3 Representative shadowgraph images (flow from left to right).

upward in the positive y direction. The fundamental differences no-
ticed from these images are the jet exit structure, where an oblique
shock cone appears in overexpanded injection cases, and a jet barrel
shock is faintly visible in the underexpanded cases. To quantify the
effect of MPR on the shock structure, the shadowgraphs for differ-
ent MPR values are superimposed in Figs. 3b and 3c. The higher
MPR cases (i.e., high jet pressures) produced stronger and steeper
interaction shocks and created the lambda shocks farther upstream.
It is observed from the images that the lambda shock size increased
with increasing MPR.
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Fig. 4 Representative surface oil flow visualization images.

Surface oil flow visualizations were obtained for all of the con-
ditions listed in Table 1. A representative sample set is shown in
Fig. 4. Focusing first on the left-hand image in Fig. 4a, the visible
features included 1) the missile body shock at the tip of the mis-
sile fuselage, 2) the boundary-layer separation, 3) the jet-interaction
region, 4) the interaction shock, 5) the horseshoe vortex, 6) the re-
compression shock, and 7) the wake region. In Fig. 4, the freestream
flow is directed from left to right and the jet flow is directed outward
from the paper. Flowfield symmetry is clearly depicted in the im-
ages. The missile-body shock angle of 24 deg was estimated from
the image, whereas the shock angle calculated from conical the-
ory was 23.8 deg. When the crossflow, downstream of the missile
shock, encountered the expansion edge of the missile fuselage, it
deflected and marched parallel to the cylindrical missile fuselage.
The jet plume acted as an obstacle to the crossflow; this resulted in
the boundary-layer separation upstream of the jet and created the in-
teraction shock. The round thick line of oil accumulation represents
the separation line due to the interaction shock. The lambda shock
in between the boundary-layer separation point and the interaction
shock cannot be identified in SOFV images. However, the lambda
shocks were clearly visible in shadowgraph images. The next thin
oil line that wrapped around the jet was interpreted as the horseshoe
vortex.'> Two other distinct oil lines were observed downstream of
the jet. These lines were created due to the wake vortices.” The
crossflow stream that wrapped around the jet merged to create the
compression shocks that appeared downstream of the jet.

A comparison of the SOFVs for models M1A, M3A-LP, and
M3A-HP is presented in Figs. 4a—4c. Figure 4a for model M1A
compares the temperature effects with high injection temperature
(900 K). Champigny and Lacau' reported that higher jet temper-
atures shift the separation line farther upstream; however, in the
present study, a 300% increase in the injection static temperature
resulted in only a 4.0% increase in the boundary-layer separation
distance. The most likely cause for this discrepancy is that the data
presented in the literature are for high blowing ratios, which are
highly underexpanded. Underexpanded jets create larger upstream
flow disturbances than overexpanded jets; thus, the temperature ef-

fects are likely to be more significant. To simulate an even higher
temperature air injection, the M1A injector was operated with he-
lium at MPR of 0.015 (Fig. 4b). Air was also used at the same MPR
(0.015) for comparison purposes. The helium injection was equiv-
alent to the air injection at a temperature of 1900 K. Only slight
changes in the flow separation distance were observed. No signif-
icant change in the flow structure was observed (discussed next
regarding Fig. 5b).

The SOFV for the Mach 3 models are presented in Fig. 4c. Both
underexpanded and overexpanded images are shown here. The flow
features are analogous to those seen for sonic injection cases except
in the wake region. Specifically, the oil lines immediately down-
stream of the jet moved farther apart while progressing downstream
until about 2.5D, for the overexpanded case and about 7D, for the
underexpanded case from the injection port. These two lines merged
at about 4.5D, downstream in the overexpanded jet and created a
diamond-shaped structure.

Figure Sa presents the variation of the separation distance, nor-
malized by injector diameter, with respect to the MPR, for all of
the test cases. The uncertainty was estimated at 250 pum. Overall,
the expected trend of increasing of the separation distance with
increasing MPR was observed. However, MPR alone is not a suf-
ficient correlation parameter, where systematic increases in sepa-
ration distance with increasing injection pressure and temperature
were discerned. For example, separation distances for model M3A-
HP were significantly higher than that for model M3A-LP. An ex-
planation for this trend can be found by referring back to Table 1.
Specifically, the M3A-HP cases were underexpanded and, hence,
the plume expanded on entering crossflow. Thus, the size of the ob-
struction increased, compared to the M3A-LP case, where the flow
was overexpanded.

Figure 5b shows the effect of injection temperature on separation
distance. Over the range of conditions tested here, the separation
distance for a given MPR increased at a rate of 0.0125 with the
jet-to-freestream temperature ratio. It is anticipated that if the high-
temperature jets were operated in an overexpanded condition, the
influence of temperature would have been more substantial.
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Fig. 5 Boundary-layer separation distance.

Pressure-Sensitive Paint

The PSP data were acquired for the same cases discussed earlier.
General flowfield features are labeled in Fig. 6a for model M1A. The
freestream flows from top to bottom in the images. A common scale
with a range from O to 6.0 psia was employed so that direct compar-
isons could be made. The entire painted image area was nominally
36.0 x 83.0 mm. This region covered about 30.0 mm upstream and
about 54.0 mm downstream of the injection center. The images
were taken through the ceiling of the test section, and so a two-
dimensional projection of the curved surface (missile fuselage) was
imaged onto the CCD camera. The noticeable flowfield features are
boundary-layer separation point, interaction shock, horseshoe vor-
tex, and the low-pressure wake region. Two high-pressure regions
upstream of the jet were observed, which is consistent with the work
by Gruber et al.!® The compression due to the interaction shock and
the horseshoe vortex created these high-pressure areas. Upstream
of the interaction shock, boundary-layer separation occurred and,
thus, a recirculation region was created, which can be seen as the
first thick semicircular high-pressure region upstream of the jet.

The pressure contours for all the models were qualitatively
similar. However, the pressure in the separation region was ob-
served to increase with increasing MPR (injection pressure), and
the boundary-layer separation point moved farther upstream with
increased MPR. The size of the wake region and the decrease in the

\l/ Freestream

Separation
Point

Interaction
Shock

Jet

Horseshoe
Vortices

Low
pressure
wake

a) Model M1A

b) Model M3A-LP

¢) Model M3A-HP

Fig. 6 Surface pressure contours.
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Fig. 7 Effect of MPR on jet control force.

wake pressure both increased with increasing MPR. Previous stud-
ies, both experimental and numerical,"*!* demonstrated trends in
the centerline longitudinal surface pressure distributions that were
similar to those found here.

The net or total force produced by the jet and the associated
surface interaction is given by

F =1iv; + (Pj — P) - Ac+ (Pr — Proo) - (Ar — A,) (1)

The first terms in Eq. (1) make up the familiar rocket thrust equa-
tion, and the second term results from the pressure distribution on
the fuselage surface. The jet control force coefficient is plotted in
Fig. 7a vs the jet MPR (solid black symbols). The data appear to be
reasonably linear in this range of MPR, which is consistent with the
force coefficient equation derived from Eq. (1); that is,

2 Pi— P\ A,
yooMgo Poo Ab

Pr — Proo Ap — A,
() ()]

Cr =2MPR +

The two terms that make up the intercept in Eq. (2) are also plotted
in Fig. 7a (open symbols and solid gray symbols). These data show
that the second term in the bracket in Eq. (2) is much larger than
the first. There does appear to be a systematic dependence of the
intercept on the injector configuration. However, this dependence
is mild, where the average value of the intercept is 0.088 = 0.015.
Thus, for the present range of experiments, Eq. (2) reduced to

Cr >~ 2MPR + 0.088 3)

Equation (3) is included in Fig. 7a, and the results show that this
equation is a reasonable representation of the results. Noteworthy
here is the fact that the present experimental configuration prohibited
inclusion of potential deamplification due to the shocks wrapping
around the lower surface of the fuselage. This deamplification would
most likely reduce the intercept of the linear fit.

The jet-interaction performance is generally expressed in terms
of the force amplification factor' K. The amplification factor is de-
fined as the ratio of the total reaction force and the total jet delivered
force at the freestream pressure; that is,

Ky = F/F; “
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where F; =mjv; — P A,. Noting that mjv; = yijMer, F; can

be rewritten as y; P;M2A, (1 — P /y; P;M?). With this, Eq. (4)

simplifies to '

_ Vi PIMJA A+ (P = P) - Ac+ (Pr — Pro) - (Ap — Ao)
yiPiM2A (1 = Py /y; P;M?)

F

&)

For high-altitude, high-pressure cases, P, /y; P; Mlz- < 1. Applying
the binomial expansion to the denominator for this case results in
the following approximation to Eq. (5):

1 P — P\ A,
1+ =
yooMgo Poo Ah
+ Pr — Pro Arp — A, 1
Po A, MPR
1 P — P\ A,
+ il —
(VooMgo) Poo A

() (A @
Py Ay Ay MPR

For the Mach 3 injectors, Py /y; P; sz. was nominally 0.08. Hence,

Eq. (6) is applicable. For this case, Eq. (6) is further simplified by

noting that for the present Mach 3 injectors the second term in each

of the brackets is much larger than the first. Thus, neglecting the first

term in each of the brackets and substituting the numerical values
from Fig. 7a for the second terms results in

1 Pr — Pro AF_Ae)
VooMgo Poo Ab
A, 1 1 1
x| 14+ —
Ap YooMZ MPR | MPR

A, 1 1 1
~ 1400441+ 22 6b
+ ( y Voo M2 MPR) MPR (6b)

KF:1+

Kr>~1+

If the jet area is small compared to the fuselage area, the second
term in the bracket in the second line of Eq. (6b) is small compared
to unity. Thus, Eq. (6b) can be further simplified to

1 Pr— P Ap — A, 1
KF ~ 1 + F F,00 F
Yoo M2, P A, MPR

0.044
MPR

The experimentally measured amplification factors for are shown
plotted in Fig. 7b vs 1/MPR. The Mach 3.0 injector data are in
good agreement with Egs. (6a) and (6b). Also included in Fig. 7b
are the amplification results for the sonic injector. For the sonic
injectors, the MPR was very low, and P./y; P_,-Mj? was nomi-
nally 0.7-0.75. Hence, the simplifications leading to Eqgs. (6a—
6¢c) are not applicable for the M1A model. The sonic data sug-
gest that for the very low MPR cases, the amplification factor is
nonlinear in 1/MPR and above the extrapolated trends suggested
by Eq. (6).

(60)

Conclusions

An experimental analysis of the mean flow properties for sonic
and Mach 3 injection into a Mach 3 freestream was accom-
plished. The range of conditions included MPR =0.005-0.09,
P;/ Py, =0.6-19.0,T;/ Ty = 1.0-13.6 (helium was used to simulate
the highest temperature), y =1.4and 1.67,and P.,/ Poo = 0.19-6.15
(overexpanded, perfectly expanded, and underexpanded jets tested).

An extensive characterization of the high-speed jet-interaction flow-
field over a blended-body missile fuselage (sharp-coned cylinder)
was experimentally achieved, where specific pragmatic and scien-
tific flowfield conclusions were drawn and are summarized in the
following.

First, injection temperature for a given MPR had a small but dis-
cernible effect on the boundary-layer separation distance, where for
a given MPR the separation distance increased with temperature ra-
tio at a rate of approximately 0.013. This increase was smaller than
seen in previous overexpanded studies; however, the present high-
temperature cases were all overexpanded and, hence, the upstream
influence was expected. Second, the boundary-layer separation dis-
tance increased significantly with MPR; however, MPR was not a
sufficient correlating parameter. For example, for a given MPR, the
separation distance increased when the jet condition transitioned
from overexpanded to underexpanded. Third, the influence of the
jet plume on the surface pressure distribution in the wake region
of the flow was found to depend on MPR, where the wake region
developed farther downstream in terms of distance nondimension-
alized by the jet exit diameter. Fourth, the effective backpressure
concept was an accurate indicator of the jet flow condition (over-
expanded vs underexpanded), where, for example, a terminating
Mach cone was observed for all of the cases that were deemed
overexpanded using this criterion. Fifth, the jet interaction bow-
shock strength increased with increased MPR. Sixth, for a given
MPR, overexpanded jets produced weaker interaction shocks than
underexpanded jets, where the overexpanded shock structure turned
the flow downstream, thus lessening the flow disturbance. Seventh,
the upstream peak pressures associated with lambda shock and the
horseshoe vortex increased with increasing MPR. Eighth, the wake
pressures decreased with increasing MPR (or injection pressure).
Ninth, the interaction force increased almost linearly with increas-
ing MPR. Tenth, the amplification factor varied for the supersonic
injectors varied linearly with 1/MPR. However, the very low MPR
sonic injectors varied nonlinearly with 1/MPR and the data were
above the expected trend.
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