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Pressure Field Generated by Jet-on-Jet Impingement

Nagy Nosseir,* Uri Peled,{ and Gregory Hildebrandt
San Diego State University, San Diego, California

The impingement of two axisymmetric turbulent jets on each other is investigated experimentally. The angle
of impingement is equal to 180 deg and the jets are issued from large flat plates. Characteristics of the flowfield
and pressure disturbances generated in the impinging region and amplified by the feedback mechanisms are

discussed.

Nomenclature

=speed of sound

= pressure coefficient, =p’/V2pU?
=frequency, Hz

=distance between the exit planes of the jets
=WpU? [ (r;/H) (rJ-/L)]2

=radius of the plate

=Mach number, = U/q,

=mean surface pressure

=rms of surface pressure fluctuation
=cylindrical coordinate system

=jet exit radius, =4.87 cm

=radial distance along the plate

=radial distance of reattachment

= Strouhal number, =f(2r;)/U

=averaging time for rms values (e.g., p’)
=jet exit velocity

=delayed time of the optimum correlation peak
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Introduction

HE head-on collision of two high-speed jets is an in-

teresting fluid mechanics research subject that has not
been fully addressed in the literature. The flowfield is made up
of a number of diverse flow modules. The theoretical model
proposed by Powell! can be used as a first step in understand-
ing these modules. Powell’s mirror image concept suggests
that the impingement of two jets, separated by a distance H,
on each other is equivalent to the impingement of one of the
jets on a flat plate placed at a distance H/2 downstream. Ac-
cordingly, if the jets are axisymmetic, the flowfield would be
axisymmetric and would include free jets, jet-jet impingement,
jet-solid-boundary interaction in the reattachment region, and
circulating flow in the separation bubbles formed between
each jet lip and the reattachment region. Each of these flow
modules would contribute to the pressure field generated in
this flowfield. Furthermore, pressure oscillations can be
amplified due to a coupling between two or more of these
modules.

From a practical point of view, the impingement of free
jets on each other is an important feature of the flowfield in-
side a side-dump ramjet combustor. In this combustor,
premixed air-fuel jets are introduced in the combustor
through ports in its side. Fluid mixing and the combustion
process take place primarily in the impinging region of the
jets. Several current ramjet engines exhibit high-amplitude,
combustion-induced pressure oscillations. Based on results
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from ground testing,? the frequencies of pressure oscillations
are categorized into very low frequency (or buzz), low fre-
quency, and high frequency (or screech). Among these
categories, the low-frequency oscillations (in the range
200-500 Hz) poses the most serious problem in the develop-
ment of these engines. The root mean square (rms) of the
oscillation amplitudes can reach up to 20% of the com-
bustor’s static pressure.>* In addition, pressure disturbances
generated during the combustion can propagate upstream
and interact with the inlet shock wave, causing inlet unstart-
ing as well as degraded engine performance. Flow-induced
pressure oscillations due to jet-jet impingement is one of
several mechanisms suspected of triggering combustion in-
stabilities. Therefore, understanding of jet-jet impingement
is important in achieving good combustion performance as
well as arriving at possible solutions to combustion
instabilities.

The adoption of Powell’s model as a first step in the study
of jet-jet impingement implies that pressure oscillations and
their generating mechanisms are similar to those of jet-plate
impingement. High-amplitude pressure oscillations in jet-
plate impingement were investigated experimentally by Ho
and Nosseir.> A feedback of pressure waves between the
nozzle and the plate was the generating mechanism. The
feedback loop consisted of downstream-traveling pressure
waves induced by the coherent structures of the turbulent jet
and upstream-traveling pressure waves generated by the im-
pingement of the coherent structures on the plate. The prop-
agation speed of the upstream-traveling waves was measured
and found to be equal to the speed of sound in the quiescent
region of the jet. (Based on flow visualization of standing
waves in the jet core, Neuwerth® argued that the upstream
propagation of pressure waves rather occurs inside the jet
core). The feedback loop was completed by the pressure
waves forcing the shear layer at the nozzle lip to roll up into
new coherent structures.

Powell’s mirror image concept is plausible if the impinging
jets are laminar. However, the instabilities associated with
the free jets upstream of their impingement cast serious
doubts on the validity of the concept in a turbulent
flowfield. Indeed, recent flow visualization’ has indicated
that jet column oscillations occurred when two rectangular
water jets impinged on each other. The frequency of the
oscillations scaled with the jet velocity U and the distance H
between the jets.

The present experiment is part of an investigation into
flow-induced oscillations in side-dump ramjet combustors.
An axisymmetric configuration is being considered in the
present experiment in which the two jets are issued from
large, parallel plates. In this way, the impingement of two
turbulent jets on each other is isolated from effects due
to the geometry of the combustor. Our objectives are to
study 1) the behavior of the jets as they impinge on each
other, 2) the pressure field generated by the impingement,
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and 3) the mechanisms of the dominant pressure
oscillations.

Experimental Facilities

The SDSU supersonic windtunnel was modified for the
present experiment (Fig. 1). In this facility, a compressor
(Joy, model WL 80B-100H) supplies the air to the storage
pressure vessel prior to each test run. The air flows from the
pressure vessel into a stilling chamber fitted with screens to
reduce the turbulence level. The stagnation pressure in the
stilling chamber is regulated by a low-noise, self-drag valve
(Fisher, model E-470). Downstream of the stilling chamber,
the air is divided and flows through two pipes, each fitted
with a choked converging-diverging nozzle. The choked
nozzles are used to resemble actual inlet operation in ramjet
engines. The air then flows through 90 deg elbows before it
exits from the pipes. The exit planes of the pipes are flush-
mounted on two parallel flat plates. The area of each plate is
approximately 100 times larger than the cross-sectional area
of the pipe so that edge effects on the jet-jet impingement
are minimized. Restricted ambient entrainment to the jets
due to the presence of the infinitely large plates is chosen in
this experiment to resemble the situation in a ramjet
combustor.

The propagation of flow-induced disturbances was mea-
sured by pressure transducers (Kulite model XCW-190-15)
that were flush-mounted on the plates. Analyses of the
pressure signals were conducted using a two-channel analyzer
(Spectral Dynamics model SD 375).

An importaiit feature to the understanding of the fun-
damentals of jet-jet impingement is the axisymmetry of the
flowfield. Therefore, it was important for the velocity pro-
files at the exit planes of the jets to be uniform. The velocity
profile of the jet (Fig. 2) exhibited a strong gradient due to
centrifugal forces exerted on the fluid at the elbows. Since
the jet exited from the pipe a short distance (approximately
12 ¢m) downstream of the elbow, the conventional method
of installing vanes in the elbows was unsuccessful in achiev-
ing a uniform velocity profile. A system of a half screen
covering the outer part of the pipe cross-sectional area and a
full screen sandwiching a honeycomb was used in the experi-
ment and rendered a uniform velocity profile as is shown in
Fig. 2. The two jets were carefully matched so that the dif-
ference between the velocities at the exit planes of the jets
was within 4% of the average speed of 100 m/s.

Two methods were used for flow visualization. China clay
paint, a suspension of kaolin in kerosene, was used as a sur-
face tracer and tufts were used to trace the flow between the
plates (Fig. 3). Each tuft was glued to a thin plastic disk hav-
ing a small hole. A thin wire (2 mm in diameter) was threaded
through the disk’s hole. Small pieces of rubber were placed
above and below the disk to restrict its motion along the
wire. Several tufts were positioned approximately every 1.8
cm along the wire. The wire was stretched vertically between
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Fig. 1 SDSU supersonic tunnel after modifications to study ramjet
combustion instabilities.
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the plates (Fig. 3). In this way, the tufts were free to rotate
about the wire in horizontal planes, i.e., z=const. Several
wires were used to visualize the flow pattern in cross-
sectional planes, i.e., ¢ =const. In particular, video movies
were taken of the flow in the ¢ =0 and 90 deg planes.
Figure 3 also shows the cylindrical coordinates (r,¢,z), with
the two jet pipes being in the ¢ =0 deg plane.

Experimental Results
Characteristics of the Flowfield

The head-on impingement of the two jets was highly
unstable. Flow visualization indicated that the jets oscillated
due to their impingement. The average period of oscillation
laid in the range of 0.5-1 s. Based on visualization of the
flow in a cross-sectional plane, i.e., ¢ =const, two modes of
oscillations were observed: a symmetrical mode and an an-
tisymmetrical mode. In the symmetrical mode, the instan-
taneous streamline pattern (Fig. 4a) indicated that the flow
reattached to the upper plate and an open separation bubble
was formed over the lower plate, i.c., the flow did not reat-
tach to the lower plate. In the other half of the oscillation
cycle of this mode, the flow reattached to the lower plate
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Fig. 2 Velocity profiles at the exit planes of the upper jet ¢
without screens or honeycomb; upper jet o and lower jet v after
the addition of a half-screen/honeycomb/full screen combination
downstream of the 90 deg elbow.
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Fig. 3 Schematic of jet-jet impingement and the arrangement of
tufts for flow visualization.
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Fig. 4 Modes of oscillation of the impinging jets. The instan-
taneous streaklines patterns in a) and b) are constructed from the
tuft photographs. Flow modules according to Powell’s mirror image
conceptl are indicated in ¢).

while the open separation bubble moved to the upper plate.
In the antisymmetric mode (Fig. 4b), the jets were deflected
in opposite directions. In Fig. 4b, for example, the flow reat-
tached to the left side of the upper plate, while an open
separation bubble was formed on the right side of the lower
plate. The two modes of oscillation were observed to occur
simultaneously in two perpendicular planes approximately
90% of the time.

It should be noted that the above modes were observed
after a painstaking process of aligning the two axes of the
jets. Our guide to the final alignment was the random
oscillations of the flow as indicated by the tufts. IFurther-
more, pictures with a long-time exposure of the flow re-
vealed an axisymmetric flowfield, as would have been
predicted by the mirror image concept. This was further con-
firmed by the circular reattachment contour that was
visualized over one of the plates by the china clay paint (Fig.
5). In this case, H=20 cm, the radius of the reattachment
circle was equal to 20 cm.

The effect of the plates’ dimensions on the flowfield was
examined by replacing the original plates, 91 x91 cm in
dimension, by disks of radius L =61 cm. Pressure fluctua-
tions, which will be discussed later, with frequencies higher
than jet oscillation, i.e., f>1 Hz, were not significantly
altered. However, surface tufts indicated that the flow reat-
tached axisymmetrically to the upper plate with an open
separation bubble forming on the lower plate (as in Tig. 4a).
Whenever we introduced a disturbance in the impinging
region, e.g., a pitot-static tube, the flow would reattach to
the lower plate instead. This phenomenon was previously
observed in similar flows under strong adverse pressure gra-
dients. In two-dimensional diffusers, the flow experiences
“‘transitory’” stall depending on the divergence angle and the
aspect ratio of the diffuser.® In transitory stall, the flow
discriminately separates from one side of the diffuser despite
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Fig. 5 Circular reattachment region is indicated on the lower plate
by China clay, a suspension of kaolin in kerosene.

the symmetry of the diffuser walls with respect to the
centerline plane.

Characteristics of the Pressure Field

Surface pressure fluctuations represent the footprints of
the flow structures traveling radially between the plates. The
radial variation of the time-averaged surface pressure P is
shown in Fig. 6. The pressure decreases to a minimum and
then increases monotonically to zero (i.e., atmospheric
pressure) at the outer edges of the plates. This trend was ob-
tained only after long time averaging (T>1 s), since the
pressure signal was dominated by high-amplitude [luctua-
tions. The amplitude of fluctuations reached up to 40% of
the mean pressure at the minimum pressure point ry =22 c¢cm
(as is indicated by the vertical bar in Fig. 6). As expected, the
strong pressure fluctuations were due to oscillations of the
jet columns which were discussed earlier. Also, in a low
Reynolds number experiment,’ flow visualization indicated
that the impingement of the side jets of a combustor on each
other has caused their columns to oscillate. The period of the
oscillations was equal to approximately H/0.3U. Since the
measured pressure was typically averaged over a time much
larger than the characteristic period of oscillations, axisym-
metry of the flow-induced pressure was recovered. Therefore,
the pressure variation in Fig. 6 can be explained as follows.
Each jet separated from the plate at its exit plane. Upon im-
pinging on the other jet, the flow reattached to the plate and
continued to travel radially outward. According to the con-
tinuity equation, the average radial speed of the flow increased
first as the two jets impinged on each other. Downstream of
reattachment, the speed decreased as the flow spread outward.
Therefore, the average static pressure according to Bernoulli’s
equation, first decreased to the reattachment region and then
increased to zero.

According to continuity, the radial velocity downstream of
the reattachment is equal to U(r;/H) (r;/r) and the radial
pressure variation by Bernoulli’s equation is given by

P=K[1—(L%/r)]

where K=Y2pU?[(r;/H)(r;/L)]*. The above equation
agreed well with the measured pressure downstream of reat-
tachment (Fig. 6). Also, the highest pressure fluctuations oc-
curred in the reattachment region at r, =22 cm, which is ap-
proximately equal to the radius of the reattachment circle
visualized in Fig. §.

Effects of the distance between the jets H on the non-
dimensional root mean square of the surface pressure fluc-
tuation, C,=p’/4pU?, is shown in Fig. 7. The amplitude of
the fluctuations decreased with increasing H. For H< 2.6r;,
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Fig. 6 Radial variation of surface pressure (upper plate) (H =15.24
cm, ¢ =90 deg). The inviscid solution, P=K(1—L2/r?), is indicated
by a broken line.
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Fig. 7 Radial variation of the rms of the pressure fluctuation. Ver-
tical bars represent the limits reached if shorter time averaging is
considered.
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the reattachment region at which the highest fluctuation oc-
curred moved outward with increasing H. However, at larger
H, the reattachment radius appeared to be independent of H
and equal to approximately 3.3r;. This could be due to
failure of the flow to fill the radial space between the plates,
as was indicated by the flow visualization. The pressure fluc-
tuations were reduced at the outer part of the plates and
their radial variation was independent of H. In this region,
the surface pressure is that of a wall jet which through
viscous dissipation tends to ‘‘forget’’ its past history.

The above characteristics of the surface pressure fluctua-
tions are similar to those measured in a jet impinging on a
flat plate.® For a nozzle-to-plate distance less than the length
of the jet potential core, p’ increases radially to a maximum
at a location where the large-scale structures of the jet im-
pinge on the plate. Downstream of the impingement region,
p’ decreases asymptotically to a value corresponding to the
wall jet. According to the mirror image concept, the same
radial variation of p’ would be measured on a plate placed a
distance equal to H/2 from either jet in the present con-
figuration. Since it can be assumed that the pressure is im-
pressed on the plates, i.e.,

ap’ ap’
R
[i74 or

a similarity in the radial variation of p’ in both configura-
tions is expected. In Fig. 8 the radial variation of the nor-
malized pressure fluctuation is shown to compare well with
its counterpart in the jet-plate impingement.® It should be
pointed out that the normalized p’ distribution show a
qualitative similarity between the two configurations; how-
ever, C, is larger in the present configuration. The reason is
the superimposed fluctuations associated with reattachment.

Generated Tones

The spectra of the pressure signals exhibited several peaks
(Fig. 9). The frequencies (in hertz) of the dominant peaks are
listed in Fig. 10. In this figure, the nondimensional Strouhal
number, St=f(2r;)/U, is plotted against the distance be-
tween the jets. Based on Fig. 10, the dominant tones can be
categorized as high frequency and low frequency. The high-
frequency tones varied with the distance H; however, the
low-frequency tones (at 220 and 515 Hz) were independent
of H.

Generation of High-Frequency Tones

The cross-correlation function of the pressure signals from
two transducers opposite each other on the plates (Fig. 11),

P
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A JET—-PLATE IMPINGEMENT
[NOSSEIR (1986)]
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P Fig 8 Normalized surface pressure fluctuation:
os F o jet-jet impingement (H =4 in.) and U jet-plate
impingement (jet-to-plate distance is two jet
diameters).
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where H=20 cm, indicates an optimum peak with a delayed
time 7, = —0.057 ms. Accordingly, the propagation speed of
the pressure fluctuation between the plates is equal to a,, ap-
proximately. Therefore, the resonant frequency of the
acoustic field between the plates should satisfy the standing
wave relation,!?

27f, = (ay/H) (N7) )
where N=1,2,.... The measured high-frequency tones (Fig.

10) are in excellent agreement with the frequencies predicted
by Eq. (1).
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Fig. 9 Power spectrum of surface pressure fluctuation (ry=8.9
em, H=20.3 cm).

4t
3+
2+
L
-
| 03535 O 5130 51
L Q20 O 1330 215
o) . A

! 2 3 4 M,

Fig. 10 Variation of the high-frequency, resonant Strouhal
number, St= f,,(2rj)/U, with nondimensional distance between the
jets: & measured —— calculated from Eq. (1), ¢ measured low fre-
quencies independent of H. The frequency in hertz is indicated to
the right of each data point.
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Fig. 11 Cross-correlation between two transducers at ry =10 cm, A
on the upper plate and B on the lower.
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The main features of the correlation in Fig. 11 can be fur-
ther explained in light of the excellent agreement between
Eq. (1) and the measured high-frequency tones. The period
of the correlation’s oscillation corresponds to the fundamen-
tal frequency at 885 Hz. The correlation has minima at 7=0,
which corresponds to a phase angle between the pressure
fluctuations at the plates equal to = in agreement with N=1
in Eq. (1). Furthermore, since pressure waves reflected from
the plates are not expected to be equal to the incident waves,
a propagating component of the pressure waves would be
superimposed on the standing waves. This would cause, for
example, the pressure at a node not to be equal to zero. Ac-
cordingly, the correlation exhibits optimum peaks at
7= x0.057, which corresponds to the propagation of waves
between the plates.

Generation of the Low-Frequency Tones

The tones (at 220 and 515 Hz) are associated with
characteristic lengths that are unchanged with changing the
distance H between the plates. Pressure disturbances
generated in the impinging region near the jet axes are ex-
pected to propagate radially to the outer edge of the plates,
ro =L, where the boundary conditions are fixed at P=0. The
radial propagation of the pressure can be described by the
wave equation in cylindrical form, '

ar* o ar? rooar  rr 9¢? az2

2 3 1 9 1 8 82
0°p 2( D P . D p)

which, assuming a small variation of p in the z direction
reduces to

ap 3?p 1 dp 1 3p
~ai ) o

Ez oA P 8t

ar? roar rr ¢t

Equation (2) also describes the vibration of a circular mem-
brane of radius L. The natural frequencies predicted by Eq.
(2) are given by

I 2nf,,  (L/ag)] =0 3)

where J,, is the Bessel function of nth order. The boundary
condition of P(L,¢,t) =0 is included in Eq. (3). The fun-
damental frequency (m =1, n=0) according to Eq. (3) is

2xf, o =2.4(a,/L) @)

For L=61 cm, Eq. (4) predicts a value of f;,=218 Hz,
which is equal to the measured frequency.

A convective resonance model is proposed to explain the
generation of the 520 Hz tone. The mode! is supported by
two observations:

1) Due to the high level of pressure fluctuation measured
in the reattachment region, a ‘‘virtual’’ sound source can be
assumed at ro=r,. The pressure fluctuation is generated by
the interaction of the coherent structure of the jets with the
plates. In a two-dimensional flow over a backward facing
step, Troutt et al.!! found that the spatial fluctuation of the
reattachment point was strongly correlated with the passage
frequency of the coherent structure of the shear layer. Also,
Eaton and Johnston!? suggested that “flapping” of the
shear layer due to the pairing between coherent structures
caused the fluctuation in the reattachment.

2) Only the spectra measured inside the separation bubble,
i.e., at ry<r,, exhibited a peak at 520 Hz. Based on these
observations, the following feedback mechanism is proposed.
The coherent structures of the jets interact with the plates in
the reattachment region. Pressure waves, generated by the
interaction, propagate upstream and force the shear layer
near the jet exit. Under forcing, the shear layer rolls up into
coherent structures that are phase locked with the pressure
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waves. This is the same model adopted to explain self-
induced oscillations in flows interacting with solid bound-
aries.'»* The resonant frequencies predicted by the model
satisfy the following feedback equation?®:

_ (r.—r) + (r,—r;) ®)
(U.7f) (ay/f)
where U, is the convection speed of the downstream-
traveling coherent structures, which was measured by many
researchers®® and is equal to approximately 0.65U, (r,—r;)
is the characteristic length of the separation bubble, and
N=1,2,.... According to Eq. (5), the conditions for
resonance require that the summation of the downstream
and upstream traveling waves along the feedback loop be
equal to an integer N.
Equation (5) can be rewritten as

a, N
(r,—r;)) 1+(1/K,M)

S= ©

where K, =U_./U=0.65 and M=0.3 is the jet Mach number.

Since the flow did not simultaneously reattach to both
plates (see Fig. 4), the size of the separation bubble did not
change significantly with H for H>10 cm. The average reat-
tachment radius was equal to 16 cm. Using this value for r,,
Eq. (6) predicts a value of f=518 Hz, which is in excellent
agreement with the measured frequency.

Conclusions

The impingement of two jets on each other was in-
vestigated experimentally. Each jet issued from a large flat
plate. Flow visualization and surface pressure fluctuations
indicated that strong jet oscillations occurred. However, the
pressure fluctuations were axisymmetric when averaged over
a time period larger than the characteristic time of jet oscilla-
tions. Pressure disturbances were generated due to the im-
pingement of the jets and were amplified by feedback
mechanisms. The high-frequency oscillation was amplified
by acoustic reflection off the plates. The low-frequency
oscillation, at approximately 220 Hz, was associated with a
feedback of pressure waves between the impinging region
and the open end of the flat plates. This oscillation lies in the
frequency range of combustion instabilities measured in two-
inlet, side-dump combustors,? which supports the hypothesis
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that flow-induced oscillation may play a role in combustion
instability.
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