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The present paper reports on the interaction of a hot side jet in a supersonic freestream and compares the effects
with results from cold-gas jet investigations. With high-speed schlieren videos, a significant enlargement of the
separation area has been ascertained upstream from the hot-gas jet and quantitatively confirmed with wall pressure
measurements. The schlieren videos also show a strong oscillation of the separation and bow shock. By using an
algorithm that analyzes the similarity of neighboring images, the oscillation frequency of the separation and bow
shock has been measured to be 11.3 kHz. As a consequence of the dominant shocks in the area in front of the jet, the
hot jet plume is screened off strongly from the freestream, thus resulting in an upstream inclination. Finally, high-
speed videos have revealed large-scale structures in the hot-gas jet and their convection velocities have been analyzed.
According to the shocks, the large-scale structures oscillate at 11.3 kHz. Jet oscillation is thus excited by the
interaction of the hot-gas jet with the freestream and not by resonances from the combustion chamber.

Nomenclature
A, = jet exit area, m?
C,q¢ = differential pressure coefficient, measured with and
without jet flow
D = diameter of the cylindrical part of model, mm
d; = diameter of jet nozzle, mm
dy = diameter of wind-tunnel nozzle, mm
F = jetexit thrust, N
1 = jet exit momentum flux, N
M; = Mach number of the side jet
M,, = Machnumber of the freestream

n = number of frames

)4 = local pressure, bar

)2 = total pressure of the freestream, bar

pc = total pressure of cold-gas jet in the chamber, bar

pu = total pressure of hot-gas jet in the combustion
chamber, bar

Do = static pressure of the freestream, bar

Rep = Reynolds number based on the model diameter D

Tyc = temperature of cold jet, K

Ty = temperature of hot jet, K

T = total temperature of the freestream and cold jet flow, K

T = static temperature of the freestream, K

1

convection velocity of jet flow, m - s~
velocity of jet flow, m - s7!
velocity of freestream, m - s~
distance downstream from the model tip, mm
direction of jet flow, mm

angle of attack, deg

time between frames, us

angle of separation shock, deg
circumferential angle, deg

convection angle, deg

= isentropic exponent
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P = density, kg - m~
Subscripts

J = jetexit condition
IC = cold jet

JH = hot jet

t = static condition
00 = freestream

I. Introduction

HE controlled lateral injection of the side jet, particularly at low

dynamic pressure (i.e., at high altitudes or during the launch
phase), is a very effective means of control for missiles. Furthermore,
this tool is ideal for missiles of high agility and maneuverability. By
comparison, control systems with aileron and rudder work only at
very high velocities and high densities.

The expansion of a jet injected at high pressure into the supersonic
freestream generates an exceptionally complex flowfield that is
difficult to predict and strongly dependent on such parameters as jet
pressure ratio and stagnation pressure. Of prime importance here is
the extent to which the forces induced by the side-jet exercise an
influence on thrust. If, considered integrally, the overpressure area
upstream from the jet exceeds the low-pressure area in the wake, the
side-jet thrust is reinforced and we can speak of an amplification
factor K > 1 [1-3].

The interaction area of cold side jets is characterized essentially by
a separated area in front of the jet, by a bow shock generated imme-
diately in front of the jet, and by counter-rotating vortex pairs in the
wake. The jet plume itself is limited by a barrel shock and the Mach
disk. Its inclination depends on the freestream velocity, on pene-
tration depth in relation to the jet pressure ratio, and on altitude. The
topology of the flowfield of cold side jets is depicted in [4-8].

Since the interaction area of cold side jets has been compre-
hensively investigated experimentally and numerically in several
studies, this paper focuses in the following on the effects of hot side
jets. Hot side jets are mostly generated with solid propellants or
impulse cartridges and more rarely with gas generators or liquid-fuel
engines. Impulse cartridges can only be ignited once and therefore
have to be available in a large number to correct the trajectory of the
rotating missile. Liquid-fuel engines are technically more complex,
but have the advantage of repeated ignition with dosed side-jet blasts
to achieve the required trajectory adjustment. On the Terminal High-
Altitude Area Defense (THAAD) defense missile, for instance,
electronically controlled valves are used for controlling propellant
supply and hence burn time and thrust power [9]. Depending on the
missile’s angle of attack, reattachment may take place in the wake of
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Fig. 1 Schematic view of lateral hot jet injection into a supersonic
flowfield.

Large-scale structures

the hot-gas jet, and a fuselage material is thus required that
withstands the thermal load. Esch [10] generated a hot-gas jet with a
hydrazine engine and measured the resultant induced forces with a
duct balance. For high supersonic Mach numbers and positive angles
of attack, the quantitative force amplification factors show values of
Ky > 1 and are higher than the factors obtained for cold-gas jets.
Havermann et al. [3] numerically calculated the induced normal
forces and amplification factors from wall pressure distributions in
the interaction region of a hot side jet. The force amplification factors
here show a considerable dependence on the angle of attack of the
wind-tunnel model.

With measurements of wall pressure distributions on cold and hot
side jets, the effects in the interaction area were published in [7]. The
topology of the hot side jet represented schematically in Fig. 1 is
derived from these analyses. By contrast with cold-gas jets, partic-
ularly noticeable is an enlargement of the area in front of the jet with
considerably oscillation of the separation and bow shock. Because
the jetis screened off from the freestream by the shocks, the jet plume
of the hot jet inclines upstream. Moreover, with the aid of high-speed
videos, large-scale structures were identified in a hot-gas jet and their
convection velocities were determined. Naumann et al. [11]
visualized the large-scale structures of a hot side jet with a laser light
sheet. To illuminate the jet, titanium dioxide TiO, was used as
seeding. As the results show, especially strong mixing phenomena on
the windward side of the jet were detected. Mahmud and Bowersox
[12] investigated the effect of a helium side jet with a low blowing
ratio on the enlargement of the separated boundary layer in front of
the jet. Helium was used to simulate higher temperatures because
helium at ambient temperatures has nearly the same jet exit velocity
and simulates air at approximately 2000 K [5]. As the results in [12—
14] show, the separation distance in front of a helium jet increases
much less than in the case of the high-temperature jet presented in
this paper.

Until now, many experimental and numeric investigations with
hot-gas jets have been primarily devoted to the interference of hot jets
with the freestream in terms of an increase in side-jet thrust. Detailed
studies into the topology of the hot-gas jet have been rarer. To fill this
gap, the present paper reports particularly on the structure and
development of hot-gas jets and compares this with the results from
work on cold-gas jets.

II. Experimental Facility and Instrumentation

The experiments were carried out in the supersonic wind tunnel
(VMK) in Cologne. The VMK wind tunnel is an intermittent
blowdown tunnel for supersonic flows with a vertical open freejet test
section and axially symmetrical fixed nozzles. The maximum blow-
down duration is 60 s. The Mach number in the supersonic operation
mode ranges from 1.57 to 3.2. The maximum total pressure is 35 bar
and the overall temperature ranges from ambient temperature to
740 K. The Reynolds number based on a 1 m length ranges from
Re =37 x 10° to 286 x 10°.

Figure 2 shows a schematic view of the model setup. The model
can be traversed in the x and y directions and in the range of the angle
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3 3 screens
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Fig. 2 Schematic view of model setup in the vertical freejet test section
(VMK).

of attack of —15° < & < 15°. The vertical position of the model was
aligned according to the thombuses of supersonic freestream.

A. Generic Missile Model

For the investigation of cold- and hot-gas jets, a generic wind-
tunnel model was employed, which consists of the classical
components of the cone, cylindrical fuselage, and flare (Fig. 3). For
operation with hot gas, the wall thickness of the model was
dimensioned for the expected combustion chamber temperature of
2300 K and the maximum combustion chamber pressure of 150 bar.
Employed were solid propellants serving as the front combustor with
a diameter of 72 mm and a length of 150 mm. The double-based
propellants consisted of nitrocellulose and nitroglycerine and were
ignited by a propellant ignition device. The burn time can be varied
by using propellants of different lengths. After ignition, the hot gas

Pressure Taps at Circumference Angles
190°< ¢ < 270°

Side Jet Nozzle at ¢ = 180°

Longitudinal Sections of Pressure
Taps at ¢ = 180°, 150°, 120°

Combustion Chamber Solid Propellant

7

|

Ignition Device Side Jet Nozzle at x/D = 4.3 Pressure Probe

28D 32D

Fig. 3 Cone-cylinder-flare model with side-jet nozzle for cold- or hot-
gas jet.
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Fig. 4 Pressure into combustion chamber during propellant burning.
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flows out of the combustion chamber into the molybdenum nozzle
and generates the hot-gas jet. During propellant burn, the pressure
was measured in the combustion chamber. For isotropic relaxation
from 100 to 1 bar, the hot-gas jet is composed of 37.6% CO, (mass
ratio %), 1.7% H,, 1.1% Pb, 10.3%, H,0, 34.9% CO,, 13.9% N,,
and 0.3% Cu. For this gas composite, the isentropic exponent is
kg = 1.235 and the gas constant is Ry = 319 J/kg - K. For this it
was assumed that the propellant gas is chemically inert. On this
assumption, the gas constant is also constant over the entire condition
range.

The diameter of the cylindrical fuselage component is D =
90 mm and its length 3.2D; the model cone has a length of 2.8 D, and
the flare has 3D. The cylindrical jet nozzle is positioned at ¢ = 180°
and 4.3D downstream from the tip of the cone. At the exit of the
nozzle, the Mach number of the cold- and hot-gas jets is M; = 1.0.
The exit temperature is 7jc =244 K for the cold jet and Ty =
2058 K for the hot jet. The pressure at the combustion chamber is
pw = 120 bar, due to the diameter of the nozzle d; = 4.6 mm.
Figure 4 shows the pressure distribution during the propellant
burning. The measurements were carried out under the test
conditions given in Table 1.

B. Pressure Measurements

To measure the pressure distribution on the model surface, the
model has 93 static pressure taps with a diameter of 0.5 mm; 83
pressure taps are positioned in three longitudinal sections at the
circumferential angles of ¢ = 180, 150, and 120°, and 10 taps are
positioned at x/D = 4.3 in the angle range of 190° < ¢ < 270°. For
measurement of the wall pressure distributions, the pressure taps
were connected to PSI modules (PSI 8400 System from Esterline).
The static accuracy of the PSI modules is £0.1% of the full-scale
deflection. Measurement error due to Mach number deviations and
changes in the freestream angle are generally greater in supersonic
wind tunnels. In the VMK, local pressure deviations as a
consequence of AM, of AC,, = £0.004 and due to A« deviations
of AC, = %0.003 can occur. The jet pressure ratios py;/p., and
P/ P can be generated by varying the static pressure p,, of the
freestream.

Table 1 Test parameters

Parameter Value
M, 3.0
M, 1.0

dy, mm 312
d;, mm 4.6
Ty, K 244
T, K 293
T, K 105
T, K 2058
p;, bar 20
Do, bAr 0.545
P, bar 120
P/ P 220

p,-U?-A, N 134

C. Flow Visualization

To video the gas jets, a high-speed camera was employed. The
Photron Fastcam Ultima APX-RS camera can take 3 kfps with a
resolution of 1024 x 1024 pixels. At reduced resolution, up to
250 kfps are possible. The camera operates with a 10-bit mono-
chromatic C-MOS sensor.

For flow visualization in the VMK, a schlieren system in a
standard Z arrangement was used. The light source consists of an arc
lamp. Two f = 3-m-diam concave mirrors are employed to collimate
the light through the test section and then refocus it into a knife edge.
The test object is imaged with a lens onto a camera.

III. Experimental Results
A. Boundary Conditions of Side-Jet Measurements

The boundary conditions given in the literature on side-jet
investigations are either the jet pressure ratio puy/ps. the
momentum flux at jet exit I = (oyy - Uky) - Ay = (pyc - Uk) - Ay,
the jet-to-freestream momentum flux ratio (k - p - M),/ (k- p - M),
or the thrust F = (o - Usy + pm— Poo) - As = (psc - Uie+
Pic — Poo) +Ay. For cold jets, the results are for the most part
compared at the same jet pressure ratio and jet-to-freestream
momentum flux ratio. Hot-gas jets at very high temperatures show a
considerably higher exit velocity with lower densities. In that case, it
is advisable to refer to the same momentum flux or thrust as the
boundary condition. Table 2 compares the pressures at jet exit and of
the model chamber for the momentum flux, the jet pressure ratio and
the thrust of the cold- and hot-gas configurations. It can be seen that
the biggest difference in chamber pressures is given with the same
momentum flux. In this case, the hot-gas jet shows a factor 2.9 higher
exit velocity and a factor 8.2 lower density. For the results presented
in this report, the momentum flux at jet exit is defined as the
boundary condition, as the calculation does not include any param-
eters of the freestream.

B. High-Speed Schlieren Measurements

To analyze the shocks of side jets without the freestream, high-
speed schlieren videos were recorded. The camera settings for videos
of the cold- and hot-gas jets were same: frame rate 3 kfps, resolution
1024 x 1024 pixels, and shutter exposure of 50 us. Figure 5
compares the schlieren images measured at the same momentum flux
of (pyy - Uky) - Ay = (pyc - Uk) - A,. Independently of k and the exit
pressure ratios in the range of 15 < p,c/ps < 17,000, the distance
from the Mach disk to the nozzle orifice according to [15] is

zy/d; = 0'67(ptC/poo)1/2 (D

The calculated distance here is z,,/d; = 7.02 and concurs well with
the experimental result of z,,/d; = 6.91 for the cold-gas jet. For the
hot-gas jet, the lateral extension of z,,/d; = 6.85 is slightly smaller,
while the diameter of the Mach disk is approximately 15% larger.
Only at the edge of the Mach disk is the barrel shock weakly visible.
As aresult of the considerable expansion of the hot-gas jet, there is a
significant enlargement of the shear layer, causing the barrel shock in
the schlieren image to be masked. The measured temperature
difference between the hot-gas jet and its ambient surroundings is
1760 K [16].

Table 2 Boundary conditions of side-jet measurements

I =134 N P/ Poo = 220 F=247N
(M; =1.0) M,, =3.0,M,=1.0) M, =3.0,
M, =10)
Jet exit pressure
Py, bar 66.9 66.9 66.9
Pic, bar 59.0 63.4 65.6
Chamber pressure
P> bar 120 120 120
Dy, bar 112 120 124
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Fig. 5 Schlierenillustration of the expansion of cold- and hot-gas jets at
I=134 Nandd; = 4.6 mm.

To also investigate the local density changes in the cold-gas jet,
measurements were carried out with the background-oriented
schlieren (BOS) method. The advantage of BOS over conventional
schlieren imaging is that density gradients in a flowfield can be
determined with a simple experimental setup [17-20]. The physical
effect exploited involves the deflection of light by density gradients
orthogonal to the direction of light dispersion. For the application of
BOS, a speckle pattern located in the background of the supersonic
flow is recorded with a high-speed camera (in this case, with 3 kfps of
1024 x 1024 pixels). As aresult of the density gradients of the flow,
the speckle pattern is deflected and is proportional to the geometric
sum of the density gradients dp/dx and dp/dz. The cross-correlation
of the speckle pattern (reference image without flow) with the image
from the measurement then yields a two-dimensional density
gradient field of the side jet.

Figure 6 shows the density gradients in the cold underexpanded
side jet. The arrows indicate the intensity and direction of the density
changes. Immediately after jet exit, significant density changes take
place as a result of expansion. In the jet core, the density changes are
considerably smaller and increase as they approach the Mach disk.
The barrel shock and the Mach disk are marked by the red areas of
high density change. In Fig. 7 the z component of density change
dp/dz is given on the jet centerline. The density gradients are at their
steepest at jet exit and in the proximity of the Mach disk. The position
of the Mach disk is localized by the minimum of the density gradient
distribution at z,,/d; = 6.91 and concurs with the result of schlieren
measurement (Fig. 5).
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Fig. 6 Intensity and direction of density gradients in a cold side jet,
I=134 Nand d; = 4.6 mm.
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Fig. 7 Density gradient distribution at centerline of cold side jet,
I1=134 N,d; =4.6 mm.

If the visualization of the flowfield is confined to shocks,
conventional schlieren imaging yields an undisputedly higher quality
of shock depiction than the BOS method. The low resolution is
attributable to the lack of sharpness of the speckle pattern with flow.

To visualize the shocks generated by side jets in a supersonic
freestream, schlieren videos were recorded. Figure 8 shows the
development of the shock structures of the cold- and hot-gas jets for
different momentum flux values (pyy - UZy) - A; = (oc - Ui) - Ay
at jet exit. As a consequence of the high exit velocity of the hot-gas
jet, deeper penetration into the freestream is recorded for lower
momentum flux values. Furthermore, with increasing exit momen-
tum flux the schlieren images show a considerably greater extension
of the separation area upstream from the nozzle. At a jet momentum
flux of 134 N, the barrel shock, Mach disk, and recompression shock

Momentum flux 6 N
S S

Cold je tT Momentum flux 134 N T Hot jet
Fig. 8 Schlieren visualization of the shock development of a cold and
hot side jet at different momentum flux M, = 3.0, Re; = 14 x 10°,
3 kfps, and o = 0°.
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Intersection of bow shock
with Mach rhombus
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Fig. 9 Schlieren visualization of the oscillating separation and bow
shock of hot-gas jet, M, = 3.0, Re;, = 14 x 10°, I = 134 N, 3 kfps, and
o=0°.

Fig. 10 Schlieren visualization of the oscillating separation and bow
shock of hot-gas jet, M, = 3.0, Re;, = 14 x 10°,I = 134 N, 50 kfps, and
a=0°.

are visible for the cold gas, while for the hot-gas jet these shock
structures are masked by the jet’s shear layer (Fig. 5). The hot-gas
schlieren video also shows strong oscillation of the bow and
separation shocks. To visualize the oscillation of the separation
shock, the range of oscillation is marked in Fig. 9. Viewed axially, the
separation range of the separation shock alternates by 9% about the
mean separation point.

To facilitate a detailed analysis of the shock oscillations, a high-
speed schlieren video at 50 kfps with resolution of 259 x 128 pixels
was recorded. The strong oscillations of the bow shock can be clearly
seen in Fig. 10. To determine the oscillation frequency of the shock
structure, the following image processing steps were used. Each
recorded image was thus compared to the neighboring images up to a
specific distance forward and backward in time. The sum of the
absolute difference in pixels for each image pair was used as the
correlation function. The oscillation of the shock system was
calculated from the minima and maxima of these correlations over
time for each series. This analysis was performed in an automated
process for every 100th of the recorded 100,000 images for distances
of up to +128 images. The strong frequency noise of the
measurement does not express oscillation variation in the gas jet, but
mostly expresses the high noise level in the images as well as the
sometimes-strong variations between each oscillation, so only
averaged values of the measurements were used for the analysis.

The evaluation of the high-speed schlieren video according to this
algorithm in Fig. 11 shows that the separation and bow shock of the
fully developed hot-gas jet oscillate on average at 11.3 kHz
throughout the combustion process. This oscillation frequency is not
excited by resonances in the combustion chamber, but is generated
by the interaction of the hot-gas jet with the freestream. The axial
resonances in the combustion chamber amount to about 9.5 kHz at
the start of burn. Toward the end of burn, the length of the combustion
chamber has grown by a factor of 2, causing the resonance frequency
to fall to 4.7 kHz. Since these frequencies are significantly below the
oscillation frequency of the shocks, the excitation of the shock
oscillations by processes in the combustion chamber can be
excluded.

Figure 12 compares the schlieren images taken at angles of attack
of a =10, 0, and —10° and the same exit momentum flux.
Particularly when o = 10°, the area in front of the hot-gas jet is
significantly larger than that of the cold-gas jet. When o = 0 and
—10°, the differences in the overpressure areas are less strongly
manifested.

C. Wall Pressure Measurements

The comparison of the shock structures of the cold- and hot-gas
jets reveals striking changes in the flow topology. Supplementing the
topology, the wall pressure distributions published in [7] are thus
presented in Fig. 13. The freestream Mach number was M, = 3.0
and the jet pressure ratio was the same for both configurations:
Pt/ Poo = Pic/ Pse = 220. The pressure coefficient is calculated
with the measured pressure data:

25000
20000 —= Oscillation frequency of separation
. and bow shock of hot gas jet
: ’ e
g ol i ; i L |
g il e
= il ! L i
o il g s i
= “ i i \|‘ Fl .‘I|
’ }“ 11.3 kHz
0 20000 40000 60000 80000 100000

Frame [n]

Fig. 11 Oscillation frequency of the separation and bow shock of a hot-
gas jet, M, = 3.0, Re, = 14 x 10°,1 = 134 N, 50 kfps, and « = 0°.
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Fig. 12 Schlieren visualization of the shock structure at various angles
of attack, M, = 3.0, Re,, = 14 x 10%, I = 134 N, and 3 kfps.

deif =2-(p—Po)/(Poo - K- Mgo) 2)

In the upstream separation region, the hot-gas jet causes a
significant enlargement of the high-pressure area, according to the
schlieren pictures (Fig. 12): i.e., the induced normal force in the
direction of the jet increases and reinforces the thrust. In the wake of
the jet, the low-pressure area is confined to a much smaller region.
This means that the force against the jet thrust is markedly lower. If
one considers the pressure distribution at the jet’s position, starting at
¢ = 180° in the circumferential direction, the hot-gas jet causes a
shift in the induced high pressure toward larger circumferential
angles. The maximum pressures differ by approximately Ag = 30°.
Here again, the pressure level is higher overall compared to the cold-
gas jet. The complete pressure field in the interaction area of the side
jets is given in [7].

The wall pressure distributions given in Fig. 13 were recorded at
the same jet pressure ratio for the hot and cold jets. If the same exit
momentum flux / = 134 N of the two configurations is defined as the
boundary condition, the chamber pressure p, = 112 bar given in
Table 2 has to be adjusted accordingly for the cold-gas jet. For the
hot-gas jet employed in the present report, the combustion chamber
pressure py = 120 bar is dictated by the nozzle diameter d;=
4.6 mm. The jet pressure ratio is then pyy/ po, = 220 for the hot-gas
jet and p/ps = 205 for the cold-gas jet and is thus 7% smaller.
According to studies by Esch [13], the deviations from the target
value of < 6% for the jet pressure ratio cannot be detected in the wall
pressure distributions. Compared to the wall pressure distributions
presented in Fig. 13, the difference in the wall pressure distributions
would tend to be slightly larger in the area in front of the jet and in the
wake and, on the other hand, slightly smaller for the pressure
distributions measured with the same momentum flux [21]. With the
same thrust as the boundary condition, no differences can be detected
from the wall pressure distributions recorded at the same jet pressure
ratio.

Figure 14 shows the model surface after a hot-gas test. As a result
of combustion residues from the solid propellant, the overpressure
area in front of the jet and the low-pressure area in the wake are
marked. The separation of the boundary layer takes place about 10
nozzle diameters upstream and is marked on the associated wall
pressure distribution by a dot. In the wake of the hot-gas jet, the area
of low pressure is documented approximately by boundary lines.
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~=-M_,=3.0 p,,/p,=220 hot jet
-O-M,=3.0 p,,/p.=220 cold je]
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[ [ |
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Fig. 13 Effect of a hot-gas jet on pressure distribution in the side-jet
interaction region, Re;, = 14 x 10°, T, =293 K, T,, = 103 K, and o =
0° (Stahl et al. [7]).

D. High-Speed Videos of the Hot Side Jet

To analyze the interaction of a hot-gas jet in a supersonic
freestream, high-speed videos were taken (without schlieren
imaging) at 50 kfps (256 x 128 pixels) in a range of angles of attack
of —10° <« < 10°. From these videos, video sequences were
extracted and averaged over 500 frames. Figure 15 shows the
pronounced inclination of the jet plume upstream from the nozzle.

0,4
0,2 M,=3.0 p,/p.=220
hey
N
)
0,0
-0,2
3,5 4,0 4,5 5,0 5,5 6,0

x/D

Onset of separation
10 d, upstream

.
Low pressure area

Fig. 14 Onset of separation in front of the hot-gas jet and low-pressure
area in the wake, Re, =14 x 10%, £, =293 K, T, =103 K, I = 134 N,
a=0°andd; =4.6 mm.
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M,=30 —>

a =0° 500 frames

a =-10°, 500 frames

a =10°, 500 frames

Hot gas jet
Fig. 15 Illustration of the hot-gas jet averaged over 500 frames,
M., =3.0,Re;, =14 x 10°,1 = 134 N, 50 kfps, At = 20 us,and & = 0°.

This phenomenon is due to the screening-off of the hot-gas jet by the
dominant shocks in front of the jet. In this area, Eichhorn and
Emunds [16] ascertained the maximum jet temperatures with
rotational spectra of copper hydride.

A look at the development of a hot-gas jet at the start of the video
recording at intervals of At =2 ms in Fig. 16 reveals evidence of
pronounced periodicity. To determine this oscillation frequency, a
video taken at o = 0° was evaluated with the aid of the algorithm
given above. Concurring with the evaluated shock oscillations, the
oscillation of the hot jet plume comes to a mean 11.3 kHz (Fig. 17).
The noise level here is lower than that obtained from the evaluation of

t=6 ms

t=10 ms

t=8 ms

Fig. 16 Development of the hot-gas jet in a supersonic freestream,
Rep, =14 x 10,1 = 134 N, 50 kfps, At = 20 ps, and a = 0°.

25000

20000 —- Oscillation frequency of hot jet
N
=)
>
9
=
P
S
&
P
St
=

so00k 11.3 kHz
0 . . . .
0 20000 40000 60000 80000 100000
Frame [n]

Fig. 17 Frequency of hot jet oscillation, M, = 3.0, Re, = 14 x 10°,
I =134 N, 50 kfps, At =20 ps,and e = 0°.

the shock oscillations (Fig. 11), because the jet plume is screened off
from the separation and bow shock. If the images of a video sequence
are viewed individually, it is possible to follow the convection of
large-scale structures (Fig. 18). To determine their convection
velocities, the displacement of the structure was manually evaluated.
Figure 19 shows the development of large-scale structures in the
streamwise direction in an x-f diagram. The translation of a vortex
was evaluated, as given in Fig. 18 as an example, with 256 x
128 pixels from the nozzle to the end of the measuring field. It was
possible to evaluate up to a maximum of 13 frames: i.e., vortex
movements in the x and z directions. For an angle of attack of
o = 10°, evaluation was limited to eight frames, as the jet expanded
strongly downstream and the vortex structures could no longer be
identified with precision. With a displacement of the structures
between images and for the known interframing time of At = 20 us,
the large-scale convection velocities are determined using

M,=30 ——>

Hot gas jet

Fig. 18 Video sequence of large-scale structures of a full developed hot-
gas jet, Rep, = 14 x 10%,1 = 134 N, 50 kfps, At =20 us, and o = —10°.
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Fig. 19 Space-time trajectories of large-scale structures at different
angles of attack.

Urx: (x2_xl)/A[’ Ucz: (ZZ_ZI)/At (3)

and
U .= (U + U)'? )

The convection angle @ associated with these velocities can be
computed from the following trigonometric ratio:

® = arctan[(z, — z;)/ (%, — x1)] o)

The expressions presented above are used to determine the
structures’ convective characteristics.

Figure 20 shows the convection velocities of the vortices in x and z
directions for three of the model’s angles of attack. These plots also
contain velocity reference lines that indicate the freestream velocity
U,, =613 m/s and the jet exit velocity U; = 900 m/s. The error
possible due to manual evaluation was estimated to be £30 m/s and
was documented for both coordinates at the measuring points. In the

1000
E. / U,=900 m/s
=
: 800
<
S
2 600 = 7 =
]
2
@ U= 613 m/s
2 5
Z 400
g
3 O U,a=0°
> 200 + U,a=-10°
5 + U, a=10°

0
5 0 5 10 15 20 25 30 35

1000
= 800
g Us=613 m/s U,=900 m/s
= 4
v 600
S
Z 400
<9
=]
cl
> 200
=
2
g 0
>
g
O -200

-400

5 0 5 10 15 20 25 30 35

x/d,

Fig. 20 Convection velocity distributions of large-scale structures in a
hot-gas jet at various angles of attack.
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Fig. 21 Convection velocity U, distribution of large-scale structures

and their convection angles, measured at M, = 3.0,Re;, = 14 x 10°,and
I =134 N, 50 kfps.

proximity of the nozzle there is a significant increase in convection
velocities, particularly when o = —10 and 10° in both the x and y
directions. Further downstream, the axial convection velocities U,
mainly exceed freestream velocity. This phenomenon is attributable
to the expansion of the hot-gas jet outside the nozzle. At x/d; ~ 15
the lateral convection velocities U,., converge toward zero, because
the hot-gas jet becomes increasingly aligned with the direction of
freestream. Finally, Fig. 21 shows the convection velocities U, and
the associated convection angle ® calculated from the two velocity
components. Remarkable here is the significant increase in the
convection velocities in the exit area for all of the model’s angles of
attack. The convection velocities measured at higher jet pressure ratio
and published in [7] concur well in the case of & = 0° with the results
of Fig. 20. The convection angles approximate to the direction of
freestream after only about 10 nozzle diameters.

IV. Conclusions

An experimental study was carried out on a high-speed missile in
the interaction range of cold and hot side jets in a supersonic
freestream. To this end, high-speed schlieren videos were recorded to
detect shocks. From these recordings, it can be concluded for the case
without a freestream that the hot-gas jet has a much thicker shear
layer than the cold-gas jet. The distance from the nozzle to the Mach
disk is about the same for both jets. Schlieren images taken with a
superimposed freestream show pronounced oscillation of the shocks
in the area in front of the hot-gas jet. By applying an algorithm that
analyzes the similarity of neighboring video images, the oscillation
frequency of the separation and bow shock was calculated to be
11.3 kHz on average. The schlieren images also show that the area in
front of the hot-gas jet extends much further upstream than that of the
cold-gas jet. This overpressure area was quantitatively confirmed
with wall pressure measurements. Furthermore, to analyze the
structure and propagation of the jet plume, high-speed videos were
taken at 50 kfps and the development of large-scale vortex structures
was detected in the hot-gas jet. These vortices oscillate in accordance
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with the oscillations of the shocks at a frequency of 11.3 kHz. The jet
plume oscillations are not triggered by resonances from the com-
bustion chamber but are generated by the jet’s interaction with the
freestream. By averaging video sequences over 500 frames, a
considerable inclination of the jet plume was detected upstream from
the nozzle. This phenomenon is attributable to the screening-oft of
the jet plume by the dominant separation and bow shock in the area in
front of the jet. Finally, the convection velocities of large-scale
vortices were determined from video sequences. Immediately at the
exit of the hot-gas jet, there is a significant increase in the convection
velocities as a consequence of the jet’s expansion. Downstream, the
convection velocities mainly range between freestream velocity and
the hot-gas jet’s exit velocity.
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