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Oscillation behaviors of axisymmetric opposed jets with modulated airflow were experimentally studied. The oscillation
frequency, the oscillation amplitude, and the movement velocity of the impingement plane at various nozzle separations,
excitation frequencies, and exit turbulence intensities have been investigated by a hot-wire anemometer and flow visual-
ization technique combined with a high-speed camera. Results show that the oscillation frequency of the impingement
plane is nearly equal to the excitation frequency, whereas the oscillation amplitude decreases with the increase of the
excitation frequency. The full-scale amplitude oscillation occurs at low excitation frequencies and 2 <L/D <8 (where L
is the nozzle separation and D is the diameter of the nozzle exit). With the increase of the exit turbulence intensity
caused by a turbulence generating plate, the oscillation amplitude decreases remarkably. Flow regimes of axisymmetric
opposed jets with excitations are analyzed and discussed based on the experimental results. © 2013 American Institute

of Chemical Engineers AIChE J, 59: 4828-4838, 2013
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Introduction

Impinging streams is a unique and multipurpose flow con-
figuration, which was first proposed by Elperin and further
developed by Tamir."* As impinging jet flows can intensify
transfer and mixing processes effectively, they has been
widely and successfully applied to more and more industrial
processes, for example, reaction injection molding (RIM),
opposed multiple burners gasification, combustion, extrac-
tion, absorption, drying, and nanoparticle synthesis. How-
ever, the fundamental study of impinging jets is still very
limited and imperfect in comparison with the increasing
industrial applications.

For axisymmetric opposed jets, the flow instability is a
very interesting and crucial issue, which has been observed
by many researchers at various nozzle separations, exit
Reynolds numbers, and boundary conditions, and evidently
different types of instability behaviors have been reported.
The first instability regime of opposed jets is the stagnation
point offset. Several researchers have observed that it was
very difficult to get the stagnation point to locate at the mid-
point of the turbulent opposed jets at given experimental
conditions.>™ The stagnation point offset of turbulent
opposed jets has been extensively studied in our previous
study.'®'> We have found that there exists a range of 2D<
L <8D, in which the stagnation point is very sensitive to the
exit velocity ratio of the opposed jets. Simulations and bifur-
cation analyses of the structure and stability show that lami-
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nar axisymmetric opposed jets exhibit three steady states
(two stable steady states and one unstable steady state) about
at Re > 60, and no oscillatory instabilities were reported.'>'*

Unlike to the stagnation point offset, other researchers
observed many types of oscillation behaviors for axisymmet-
ric opposed jets. For the flow in RIM, the transition from
stable laminar to chaotic oscillation have been reported at Re
~ 100 and the Strouhal number (S?) is in the range of
0.004-0.06 at 100 <Re <250."°'"7 At 250 <Re <600, the
flow in RIM shows a self-sustained chaotic oscillation, and
its St is about 0.04 and is found to be determined by the
geometry configuration of mixing chamber.'®!> However,
Stan and Johnson®® have observed an irregular low-
frequency oscillation (1-20 Hz) for two opposed water jets,
and the corresponding values of St are in the range of 2-8.
In our previous study,”’ we have also observed some axial
irregular oscillations or quasiperiodic oscillations for unre-
stricted axisymmetric opposed jets occasionally, whose peak
frequency is about 10 Hz and S is in the range of 0.01-
0.07. It should be pointed out that the irregular oscillation or
quasiperiodic oscillation result form the exterior disturbances
such as the flow fluctuation or smoke-wires. It can be seen
that the oscillation regimes of unrestricted axisymmetric
opposed jets are basically different to the self-sustained
oscillation in RIM and the periodic deflecting oscillation of
planar opposed jets.21_23

The excitation of modulated inflow has been widely used
in the fluid mixing,**** particle dispersion,® and liquid
breakup.”” However, the study of the flow regime of axisym-
meric opposed jets with excitation is very rare, although it is
important to fundamental fluid dynamics and applications.
On one hand, the study of opposed jets with excitation is
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Figure 1. Schematic of experimental setup.

very important to further disclose the flow instability, as the
modulation of inflow can be regarded as a periodic disturb-
ance imposed on the flow system. On the other hand, turbu-
lent opposed jets with modulation can be used to improve
the mixing performance and enhance the heat- and mass-
transfer rate in impinging jet reactors.

For microchannel devices, excited opposed jets have been
used to enhance the mixing in recent years.”®* Erkog
et al.* have performed numerical simulations to study the
effect of pulsation on the flow dynamics of a two-
dimensional (2-D) laminar T-jets mixer, and found the oscil-
lation amplitude of the pulsation has a strong effect on the
flow. Icardi et al.>' have investigated the flow field in a 3-D
confined impinging jets reactor by means of micro Particle
Image Velocimetry (microPIV) and Direct Numerical Simu-
lation (DNS). They have found that oscillations present in
the inlet flow of the device are in fact primarily responsible
for the chaotic and turbulent effects in the reactor, and some
small excitation oscillations similar to the experimental ones
should be introduced in inflow conditions in DNS. Qiu
et al.** have presented a 2-D simulation of the mixing char-
acteristics of laminar opposed jets, and proved the periodic
oscillation induced by pulsation is an effective way to
improve mixing performance of laminar impinging jets.
Though excitations of opposed jets have been applied in
active mixing devices and numerically simulated to investi-
gate the mixing enhancement, the oscillation regimes of axi-
symmetric opposed jets under excitations have not been
revealed yet.

Motivated by the contributions of above studies, we pres-
ent a fundamental study of the oscillation of axisymmetric
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turbulent opposed jets with excitations of modulated airflow
in this article. Current study for the first time presents the
flow regime of axisymmetric turbulent opposed jets with
excitation, which is characterized by a periodic oscillation of
the impinging plane along the symmetric axis. This excited
oscillation is induced by the asynchronous velocity fluctua-
tions in the inlets of the opposed jets and synchronizes with
the excitation. In current article, our objectives are to iden-
tify the oscillation behaviors of turbulent opposed jets under
excitations, and to propose a method to enhance the mixing
of axisymmetric opposed jets.

Experimental Methods
Experiment setup

The schematic setup is drawn in Figure 1. Air was sup-
plied by a Roots blower and buffered in a tank to eliminate
the low-frequency influence of the vane of the blower. The
atmospheric temperature and pressure in the experiments
were 20°C and 100.72 kPa, respectively. The bulk fluxes of
the airflow from the buffer tank were controlled by two rota-
meters with accuracy of *1% of full-scale deflection. The
turbulent flow field of opposed jets was obtained by two axi-
symmetric nozzles with equal geometric configurations. The
opposing nozzles were precisely aligned in a guide rail to
adjust their separation (L). The exit diameters (D) of the
nozzles were 10 = 0.02 mm and the normalized nozzle sepa-
rations (L/D) were in the range of 1-20. The bulk
mean velocities (#o) at the nozzle exits were in the range of
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Figure 2. Cross-section of the axisymmetric nozzle (a), type A (b), and type B (c) turbulence generating plate with

all dimensions in millimeters.

1.42-9.91 m/s, and the corresponding jet Reynolds numbers
(Dugp/u) were in the range of 946-6624.

As shown in Figure 1, the base flow was supplied by
the blower and the pulsed air was added to the base flow.
The additional air from the steel cylinder was controlled
by two electromagnetic valves with a very short response
time (less than 5 ms). The modulated airflow was gener-
ated and controlled by the periodic open and close of the
electromagnetic valves, which were controlled by an asyn-
chronous controller to adjust the phase displacement of
the instantaneous velocity waveforms of the opposed jets.
In current experiment, the phase displacement was set to
7. The excitation frequency (fy) was in the range of 0.5—
25 Hz. The excitation amplitude (Ay) of the modulated
airflow was changed by adjusting the outlet pressure of
the gas cylinder and was determined by measuring the
velocity fluctuation at the center of the nozzle exit with a
hot-wire anemometer. The ratios (Ap/ug) of the excitation
amplitude of the pulsed gas to the base flow were about
10 and 20%, respectively.

The dimensions of the nozzle are plotted in Figure 2a.
Two types (denoted by type A and type B) of turbulence
generating plates (TGP) with high-blockage ratios were also
used to generate higher turbulence intensity,g’33 as drawn in
Figures 2b, c.
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Flow visualization

The instantaneous flow patterns of opposed jets were
visualized by some white smoke generated by some small
fuming tablets, which were composed of sawdust (20%),
KCIO; (20%), KNO5; (15%), (NH4),SO4 (10%), and clay
(35%). As shown in Figure 1, the tablets were placed in the
smoke generators and the generated smoke was carried into
the flow field. In the experiment, the smoke can be intro-
duced to only one jet to observe the shape and location of
the impingement plane more clearly. A high-speed camera
(Photron, APX-RS, up to 3000 frames per second with full
resolution of 1024 X 1024 pixels) combined with a continu-
ous 2000 W direct current light were used to capture the
instantaneous images of the smoke-seeded flow. The expo-
sure time was set to 0.001 s, and the instantaneous images
were photographed with a frame rate of 1000 frames per sec-
ond and resolution of 1024 X 1024 pixels. The recording
time of the high-speed camera depended on duration of the
fuming tablet, which was about 1 min and covered at least
30 oscillation periods of the impingement plane for each
experimental condition. The summary of the experimental
cases of the flow visualization is listed in Table 1.

The recorded digital images were analyzed with the NIH
Image freeware. Because the flow pattern of the recorded
digital image was zoomed in, a simple conversion was
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Table 1. Summary of Experimental Conditions and

Parameters
Item Symbol Value
Inner diameter at the nozzle exit (mm) D 10
Normalized nozzle separation L/D 1-20
Mean bulk velocity at the nozzle exit (m/s)  uq 1.42-9.91
Jet Reynolds number Re 9466624
Excitation frequency (Hz) fo 0.5-25

Relative excitation amplitude Aolug 10%, 20%
Phase displacement of two pulsed jets '3 m

needed. As shown in Figure 3, the nozzle separation in the
image (L") was measured as the length scale, and the distan-
ces from the left nozzle exit to the impingement plane (x';)
at time [ were also measured, so the normalized coordinate
(x;/L) can be described as

xi/L=x;/L-1/2 (0

where x; is the real axial coordinate of the impinging plane
referring to the origin in the reference frame as shown in
Figure 1, and L is the real nozzle separation. Then, the mean
movement velocity of the impingement planes (u;,) at an
interval of Af can be defined as

uip=(Xi+a—X;) /At 2)

where Ar can be times of 0.001 s.

The oscillation period (7T) is defined as the time interval
during which the impinging plane finishes a reciprocating
motion between the nozzle exits. By fast Fourier transform
(FFT), the oscillation frequencies (f) can also be obtained
from the time series of the locations of the impinging plane.
The oscillation amplitude (A) of the impingement planes can
be described as

Figure 3. Schematic of image analysis.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. Exit axial velocity and turbulence intensity
profiles of free jets at Re = 946.
Axial mean velocity: (], without TGP; O, type A TGP;

A, type B TGP. Turbulence intensity: -, without TGP;
X, type A TGP; +, type B TGP.

A:xmax ~Xmin (3)

where X;.x and X, are the maximum and minimum coordi-
nates in an oscillation period.

Hot-wire anemometer measurements

The axial mean and root mean square (rms) velocities at
the exit (2 mm away from the nozzle exit) of the free and
single jet were measured by a hot-wire anemometer system
(DANTEC, Streamline 4). The sampling probe (DANTEC,
55P11, Pt, 5 um diameter) of the hot-wire anemometer had a
single wire. The probe was installed in a 3-D coordinate
frame and the uncertainty of positioning was 0.1 mm. The
sampling frequency was set to 10 kHz and the sampling
duration was 5 s. The total uncertainty of the velocity cali-
bration, acquiring conversion of the hot-wire anemometer,
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Figure 5. Time series of axial velocities at the center of
nozzle exits at Re = 1892.
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Figure 6. Time series and power-frequency spectra of axial velocities at center of jet exit with turbulence generat-

ing plate at Re = 1892 and f, = 1.0 Hz.

was less than 3%.%* The reproducibility of the measurements
of axial mean and rms velocities was determined by repeat-
ing a point measurement 10 times, and the yielded standard
deviations were less than 5%.

At Re =946, the measurements of axial mean and rms
velocities are presented in Figure 4. All the axial velocity
profiles are top-hat-shaped even with higher exit turbulence
intensities. The central turbulence intensities at the nozzle
exits corresponding to cases of no TGP, with type A and B
TGP are about 1.1, 6.0, and 12.4%, respectively.

The time series of axial velocities at center of nozzle exits
with various excitation frequencies and excitation amplitudes
were measured by the hot-wire anemometer. At f, <5 Hz, the
instantaneous velocity curve is like a square wave, as shown
in Figure 5a; whereas at f, > 5 Hz, the instantaneous velocity
curve becomes like a sinusoidal wave, as shown in Figure 5b.
The change of curve shapes from the square wave to sinusoi-
dal wave is caused by the influence of the valve action time
on the airflow at high excitation frequencies. For opposed jets
formed by two excited jets with square waveforms, the instan-
taneous velocity can be approximately expressed as

uy=uy+Ag
, 0<t<Ty/2, and
Uz =ugp
4)
Uuyp=uog
s T0/2 <t<Ty
uy=up+Ag

where u; and u, are the instantaneous velocities at the exits
of the opposed jets, and T, is the oscillation period of the
modulation airflow. And for opposed jets formed by two

4832 DOI 10.1002/aic

Published on behalf of the AIChE

excited jets with sinusoidal waveforms, the instantaneous
velocity can be approximately expressed as

{ uy =up+Apsin (27tfor)

. )
uy =ugy+Apsin (2nfot+7)

To investigate the influence of TGP on the modulated jet,
the velocity fluctuation of modulated jet with TGP was also
measured. Figure 6 shows the time series and their power-
frequency spectra of axial velocities. With TGP, the instanta-
neous fluctuation increases remarkably, but the frequency of
the turbulent fluctuation is on the order of 10° Hz and is
much higher than the excitation frequency. Even with TGP,
the peak frequencies of the time series remain equal to the
excitation frequencies, as indicated in Figures 6b, d.

Results
Flow patterns of jets with and without excitation

Some instantaneous photographs of smoke-seeded jets at
various excitation frequencies are presented in Figure 7. For
free jet shown in Figure 7a, a roll-up of the shear layer into
vortex ring structures occurs at x/D =2.7, and the resulting
vortex ring structures are symmetric about the jet axis. The
vortex structures break into small vortices at about x/D =8
and the length of the potential core zone of the free jet is
about 6D. The formation frequency of the vortex ring is on
the order of 100 Hz. For the forced jets, the vortex ring
structures occur closer to the exit and have bigger size, as
shown in Figure 7b. It can be observed that the formation
frequencies of vortex rings of the forced jets are very close
to their excitation frequencies. Some typical photos of
smoke-seeded single jets with TGP are presented in Figures
7c, d. It can be observed that the order structures of the
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Figure 7. Smoke images of jets at Re = 946.

(a) Free jet, (b) Ag/ug=10%, and f, =1.0 Hz, (c) fo =1.0 Hz, Ag/uy =10%, and type A TGP, (d) fo = 1.0 Hz, Ay/uy =10%, and

type B TGP.

forced jets are destroyed by high turbulence intensity. It also
can be seen that the jet width increases remarkably with the
increase of exit turbulence intensity.

Oscillation frequencies of opposed jets with excitations

At L =2D, the impingement plane of opposed jets without
excitation is located at the center between two opposing noz-
zles when we control the flow balance of opposed jets care-
fully. Under the excitation, it can be observed that the
impingement plane oscillates periodically along the symme-
try axis. Figure 8 represents the typical smoke images of
modulated opposed jets at different moments. The five
images in Figure 8 exactly correspond to the moments of O,
1/4T, 1/2T, 3/4T, and T in a full-oscillation period.

The time series of locations of the impingement planes of
opposed jets with excitations were analyzed from the
recorded smoke images. The time series of locations at
L=2D and f,=1.0, 8.4, and 25 Hz are plotted in Figure 9.
The time series in Figure 9a corresponds to the smoke
images in Figure 8. By FFT, we find the oscillation frequen-
cies of the movement of the impingement planes in Figure 9
are 1.0, 8.3, and 24.5 Hz, which are very close to their exci-
tation frequencies. It also can be seen that with the increase
of excitation frequency, the oscillation amplitude of the
impingement plane decreases dramatically from 1.40D to
0.14D, and the cause will be elucidated later.

The oscillation frequencies of the impingement planes at
various excitation frequencies and nozzle separations are
shown in Figure 10. It can be seen that the normalized oscil-
lation frequencies of the impingement planes fall in the range
of 0.9-1.1, which indicates the impingement plane nearly syn-
chronizes with the excitations. It can be deduced that if the
fluctuation of the excitation is random, the movement of the
impingement plane will be irregular, which might be cause
for the irregular oscillation in the literature. %!

It can be seen from Figures 8 and 9 that the impingement
plane moves between two endpoints nearly with a uniform
speed. So the mean movement velocity can be analyzed from
the time series of locations of the impingement plane. The
mean movement velocities of impingement planes at Re = 946
and Ag/ug = 10% are shown in Figure 11, in which the error
bars mark the standard deviation of the data. It can be seen that
uip/ttg is in the range of 0.02-0.1 and decreases dramatically
with increasing excitation frequency at f; > 5 Hz. The maxi-
mum velocity of impingement plane is close to Ay and occurs
at 2<L/D <8 and fy <5 Hz. More experimental results indi-
cate that for opposed jets with excitation, the movement veloc-
ities are always close to or less than the excitation amplitudes.

Oscillation amplitude of opposed jets with excitation

Figure 12 sketches the oscillation amplitudes of impinge-
ment planes at Re =946 and Ap/up = 10%. The oscillation

=ty +0.35 s
Figure 8. Smoke images of axisymmetric opposed jets at Re =946, L = 2D, Ay/ug = 10%, and f, = 1.0 Hz.

=t +0.60 s
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Figure 9. Time series of locations of impingement
plane at L =2D, Re =946, and Ay/ug=10%.
(a) fo = 1.0 Hz, (b) fo = 8.4 Hz, and (c) fo = 25.0 Hz.

amplitude in the figure is the average of 15 oscillation peri-
ods, and the standard deviations are less than 10%. In the
figure, the proportion of the height of rectangle to the height
of square grid (A/L) represents the oscillation degree of the
impingement plane. One can see that at all nozzle separa-
tions, the oscillation amplitudes decrease with the increase
of excitation frequencies. It is interesting to see that there is
a region (blue rectangle and background in Fig. 12) in which
the impingement plane nearly reaches to the nozzle exits,
and the oscillation is a full-scale amplitude oscillation. The
full-amplitude oscillation occurs about at 2<L/D <8 and
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Figure 10. Oscillation frequencies of the impingement
plane at Re =946 and Ay/up = 10%.

fo<S5 Hz. At L/D>8 or L/D <2, the oscillation amplitude
of the impingement plane decreases gradually.

The sketch of the oscillation amplitudes of impingement
planes at Re = 6624 and Ao/ug = 20% is plotted in Figure 13.
It can be seen that with the increase of excitation amplitudes
and exit bulk velocities, the oscillation amplitudes increase,
and the region with full amplitude oscillation also appears in
the range of 2<L/D <8, but the range of excitation fre-
quency corresponding to full-amplitude oscillation is
extended largely.

The influence of exit turbulence intensity on the oscilla-
tion amplitude of the impingement plane was also investi-
gated by adding TGP in the nozzles. The comparisons of
oscillation amplitudes of the impingement plane of modu-
lated opposed jets with various exit turbulence intensities are
shown in Figure 14. It can be seen that with the increase of
exit turbulence intensity, the oscillation amplitude decreases
remarkably at L >4D and the oscillation tends to disappear
at L>8D.

0.12
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Figure 11. Normalized movement velocities of the
impingement plane at Re =946 and Ay/
Uo=10%.
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Figure 12. Normalized oscillation amplitudes of the impingement plane at Re =946 and Ay/uo = 10%.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Discussion

Due to the difference of the inflow and boundary condi-
tions, a direct comparison of current study with the results
in the literature is difficult. It must be pointed out first that
the self-sustained chaotic oscillation in RIM is related to
the confined boundary condition,ls*19 which is different
to the low-frequency periodic oscillation of axisymmetric
opposed jets with excitations. Second, current results can be
used to explain the low-frequency irregular oscillations
reported in the experiments®>?' but absent in the simulation
and stability analysis.]?”14 This discrepancy is due to the
different boundary conditions, because the velocity inlet in
the simulation is laminar and constant, while the flow fluc-
tuations and other disturbance more or less exist in experi-
ments. This discrepancy also occurred in the DNS of Icardi
et al.’! and they suggested that some small excitation oscil-
lations similar to the experimental ones should be intro-
duced in inflow conditions in the simulation of opposed
jets. Moreover, the experimental results of the planar
opposed jets with acoustic excitation in our lately published
paper show that the planar opposed jets exhibit a self-
sustained deflecting oscillation and the impinging plane do
not synchronize with the excitation until the excitation
amplitude is larger than 30%, which proves once again the
flow regimes of planar opposed jets and axisymmetric
opposed jets are different in nature.?'~>33°
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As discussed in the introduction, the stagnation point off-
set or the three stable states are the inborn instability
regimes of axisymmetric opposed jets,>'? which are the pre-
requisites of the excited oscillation in current article. But the
excitation of modulated airflow is the direct cause of the per-
iodic oscillation of the impinging plane of axisymmetric
opposed jets under excitations, and current experimental
results indicate that the excitation frequency, excitation
amplitude, turbulence intensity, and nozzle separation have
important influence on the periodic oscillation of opposed
jets with excitations. The influences of these parameters on
the oscillation behaviors are essentially attributed to the
movement speed of the impingement plane and the axial
velocity gradient of axisymmetric opposed jets.

The movements of the impingement plane are mainly
caused by the momentum imbalance of opposed jets at the
stagnation point. When the velocity fluctuations of two
modulated opposed jets have a phase displacement, their
instantaneous velocities and momenta when they are collid-
ing are not equal. The maximum difference of instantaneous
velocity is nearly equal to the excitation amplitude. The dif-
ference of instantaneous velocities and momenta will cause
the movement of the impingement plane. If the impingement
plane can move from one jet exit to another jet exit in half a
period, then it has a full-amplitude oscillation. The following
equations can be used to estimate the displacement (Ax) of
the impingement plane in half a period

DOI 10.1002/aic 4835
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Figure 13. Normalized oscillation amplitudes of the impingement plane at Re = 6624 and Ay/uy = 20%.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

U; Uj
Ax=-2 or Ax/L=—"2
2fo / 2L - fo

According to the relationship of u;, <Aq indicated in
Figure 11, above equations can be written as

©6)

A A
Axgz—o,orAx/L< 0 7
0

i “2L-fo

Above equations indicate that the oscillation amplitudes of
opposed jets with excitation decrease with the excitation fre-
quency and increase with the excitation amplitude and the
movement velocity of the impingement plane, so the full-
amplitude oscillation will occurs at low-excitation frequency,
which is in reasonable agreement with the results in Figures
12 and 13. It should be pointed out that Eqs. 6 and 7 are
established on the prerequisites of /'~ f, and u;, <A, which
have been validated by experimental results in Figures 10
and 11, respectively. These equations are valid for axisym-
metric opposed jets, but maybe not true for planar opposed
jets or other similar flows.>

The influence of TGP on the oscillation amplitude of
opposed jets also results from the change of the movement
velocity of the impingement plane. At first, the high fre-
quency turbulence fluctuation caused by TGP will decrease
the instantaneous velocity difference of the opposed jets, as
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shown in Figure 6. Moreover, it can be seen from Figure 7
that the jet width and axial velocity gradient increase with
the exit turbulent intensity, so the movement velocity of the
impingement plane will decrease, which also results in the
decrease of the oscillation amplitude, as indicated in Figure
14. It should be pointed out that in Figure 11, the remarkable
decrease of up, at fo>5 Hz is partly due to the change of the
waveform of the modulated jets. As shown in Figure 5, the
instantaneous velocity curve of the modulated jets becomes
like a sinusoidal wave at f > 5 Hz, which cause the decrease
of instantaneous velocity difference as the opposed jets col-
lide. So, the movement speed and oscillation amplitude
decrease at fo > 5 Hz, as shown in Figures 11, 12, and 13.

Though the movement velocity of impingement plane is
mainly determined by the oscillation amplitude of the modu-
lated jets, it is also affected by the axial velocity gradient at
different nozzle separations. The flow field of turbulent
opposed jets can be divided into three regions, which are the
free jet zone (the region keeps the characteristics of free jet
and this zone is absent at L/D < 2), impingement zone, and
radial jet zone.'® With the increase of nozzle separation, the
collision region will change from the potential core region to
the developing region of the jets, as shown in Figures 7a, b.
The flow regimes of opposed jets at different nozzle separa-
tion ranges can be summarized as follows:
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Figure 14. Influence of turbulence generating plates on
the oscillation amplitude of impingement
planes at Re =946 and Ay/ug =10%.

1. At L/D <2 or L/D > 8, opposed jets collide each other
in a zone with very high axial velocity gradient, and the
velocities of the opposing jets before they are impinging are
less than their initial exit velocities, so the movement veloc-
ity of the impingement plane will be less than A,. Moreover,
the movement of the impingement plane will encounter
some resistance cause by the axial velocity gradient, so the
resultant oscillation amplitude will decrease, as shown in
Figure 11.

2. About at 2 <L/D <8, the collision of the opposed jets
occurs in the potential core zone and the axial velocity gra-
dient is very low except in the impingement zone. The
velocities of the opposing jets before they are impinging are
nearly equal to their initial exit velocities, and the instanta-
neous velocities difference is close to Ay. This axial velocity
distribution means the stagnation point or the impingement
plane can move smoothly along the symmetric axis from
one nozzle exit to another, and cannot resist any small axial
velocity imbalance or fluctuation. This is why the full-
amplitude oscillation tends to take place at 2 <L/D <8, just
as shown in Figures 12 and 13. Similarly, the stagnation

AIChE Journal December 2013 Vol. 59, No. 12

Published on behalf of the AIChE

point is also very sensitive to the little difference of the exit
velocities of the opposed jets at 2 <L/D <8, just as the con-
clusions reported in our previous work. 01!

It can be seen from our previous studies and current
experimental results that both the stagnation point offset and
the oscillation of the impingement plane are essentially caused
by the exit velocity difference or fluctuations of the opposed
jets. The exit velocity imbalance of opposed jets results in the
stagnation point offset, while the periodic fluctuation exit
velocity causes the axial periodic oscillation, and the oscilla-
tion frequency is almost equal to the excitation frequency.

10-12

Conclusions

To successfully exploit opposed jets for engineering appli-
cations, it is very necessary to study the flow regimes. In
current study, the periodic oscillations of axisymmetric tur-
bulent opposed jets under modulated airflow were investi-
gated experimentally. Results show the impingement plane
synchronizes with the excitation and the excitation fre-
quency, excitation amplitude, and axial velocity gradient
have substantial influences on the oscillation amplitude of
the excited oscillation. The movement of the impingement
plane is subject to the low-frequency excitation and its oscil-
lation amplitude decreases with the increase of the excitation
frequency. For axisymmetric opposed jets, the mean move-
ment velocity of the impingement plane is always close to or
less than the excitation amplitude of the modulation. High
exit turbulence intensity decreases the oscillation amplitude
of opposed jets with excitation.

Current experiments provide a useful method to control or
excite the dynamics behaviors of turbulent opposed jets,
with which we can improve the mixing and enhance the
heat- and mass-transfer in impinging jet reactors. The results
in current study present a significant contribution to the
knowledge of the intrinsic mechanism of turbulent opposed
jets. The results will also provide a sound basis for the future
computational fluid dynamics simulation and stability analy-
sis of turbulent opposed jets.
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