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Abstract

The stagnation point offsets of turbulent opposed jets at various exit velocity ratios and nozzle separations were experimentally studied by a
hot-wire anemometer, smoke-wire technique and numerically simulated by Reynolds stress model (RSM). Results show that for 2D <L <4D
(where L is nozzle separation and D is nozzle diameter), the position of the impingement plane is unstable and oscillates within a region between
two relative stable positions when the exit velocities are equal. However, the impingement plane deviates from the midpoint obviously and the flow
field becomes stable relatively when there is very small difference of the exit velocities for opposed jets of 2D <L <8D. At L<2D or L> 8D, the
position of stagnation point becomes insensitive to the variety of exit velocity ratio.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Opposed jets; Stagnation point offset; CFD; Reynolds stress model; Smoke-wire technique; Hot-wire anemometer

1. Introduction

Due to rapid and high-effective mixing performance, opposed
jets have been applied to a number of industrial processes
including polymer processing [1,2], drying solid particles [3],
absorption [4,5], extraction [6], and rapid chemical reactor
[7-9], etc. Early comprehensive reviews on various applica-
tions and study advances of opposed jets were presented by
Tamir and Kitton [10,11]. However, compared to the numerous
industrial applications, the fundamental study on the dynamical
characteristics of such flow is still very limited.

Stagnation point offset of two opposed jets has been observed
by several researchers in their experiments. Kostiuk et al.
[12—14] used laser Doppler velocimetry (LDV) to study the non-
reacting flow field of two closely spaced opposed jets. They
found that very small differences of the exit flux of the two
jets caused the stagnation plane to deviate from the midpoint
between the nozzles by up to 0.15D at nozzle separation of
2D. Korusoy and Whitelaw [15] also observed the movement
and instability of the stagnation plane at separation above 1.0D,
so that their subsequent investigations were limited to separa-
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tions between 0.2 and 1.0D. Lindstedt et al. [16] studied the
velocity and strain rate of two opposed isothermal flows experi-
mentally by particle imaging velocimetry (PIV) and numerically
by Reynolds stress model. They as well as found that the flows
were slightly asymmetric, which became increasingly asymmet-
rical with reduction in separation. Though stagnation point offset
of opposed jets has been observed by several researchers, the
fundamental study on the factors affecting it is still very rare.

Kind and Suthanthiran [17] carried out an experimental study
on the interaction between two opposed plane turbulent wall jets
at L=240D and found that the position of the interaction depends
on the ratio of the momentum fluxes of two wall jets.

Ogawa et al. [18,19] experimentally studied turbulent
opposed jets by hot-wire anemometer at two separations of
L=4.3D and 8.57D. Different to above study, they considered
that the impact position was very unstable and not fixed solely
by momentum fluxes. Hydrodynamic instabilities and oscilla-
tion behaviors of opposed jets have also been observed in the
experiments of Rolon et al. [20] and Denshchikov et al. [21,22].
In order to successfully exploit opposed jets for practical appli-
cations, it is important to identify the critical parameter values
corresponding to transitions from steady state to unstable state.

Due to instabilities and difficulties in alignment and balancing
the exit velocities of opposed jets, more researchers performed
numerical simulations to investigate the flow characteristics of
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Nomenclature

a exit velocity ratio

D nozzle diameter (m)

L nozzle separation (m)

Re jet Reynolds number

u, uo, U1, up axial velocity (m s_l)
Ax stagnation point offset (m)
X,y axial, radial coordinate (m)

Greek letters
I dynamic viscosity of air (kgm~!s~!)
P air density (kg m?)

unequal opposed jets. Hosseinalipour et al. [23,24] performed
numerical simulations of the flow, mixing and thermal character-
istics of two steady two-dimensional laminar confined opposed
jets for cases when the two jets are equal and unequal. In their
work, effects of geometric, hydrodynamic and thermal parame-
ters on the flow and heat transfer characteristics of such system
were examined. Johnson [25,26] studied flow characteristic of
laminar impingement jets in a confined cylindrical chamber
using steady and unsteady three-dimensional numerical simula-
tions. In their work, unequal flow cases in opposed jets indicated
an asymmetric flow field and the impingement point was very
close to the low flow rate nozzle. Besbes et al. [27] studied
two turbulent opposed plane jets having different temperature
numerically and found that the stagnation point moves toward
the heated jet. Wang et al. [28] examined the mixing effect of
unequal laminar confined opposed jets having different inlet
momenta numerically. They found these unequal opposed jets
caused better mixing effects. Devahastin and Mujumdarb [29]
performed a numerical study of flow and mixing characteristics
of laminar confined impinging streams. They found that both
the inlet jet Reynolds number and the geometry of the system
have strong effects on mixing in impinging streams. Up to now,
there is very few numerical simulation on the stagnation point
offset of turbulent unequal opposed jets in the literature.
Previous studies on stagnation point offset of opposed jets
are either of laminar or at one or two specified nozzle separa-
tions, and there are some discrepancies of the results of different
studies. Moreover, most previous studies on stagnation point
offset of opposed jets are mainly focused on the effect of exit
velocity ratio, however stagnation point offset at different nozzle
separations have never been well studied. In practical applica-
tions of opposed jets, there are various nozzle separations: e.g.,
closely spaced opposed jets (L <2D) were commonly used to
study the extinction or the kinetic models of the premixed tur-
bulent flames [12-15]; opposed jets of L=4.76D were used in
the confined impinging-jets reactors (CIJR) to obtain high mix-
ing efficiency [7-9]; the reaction injection molding (RIM) of
opposed jets of L=6.69D was used in the production of plas-
tic components [1,2]; in the application of opposed jets in coal
combustion or gasification in large-scale industrial reactor, large
nozzle separation (L>12D) were commonly used to avoid the

ablation of the high temperature flame to the reactor wall [11].
So, we performed experimental study by smoke-wire technique
and hot-wire anemometer (HWA) measurements together with
numerical simulation to study two axisymmetric and unconfined
turbulent opposed jets with equal or unequal exit velocities at
1D < L <20D. Our objective is to present a comprehensive and
fundamental study of the flow characteristics and regularities of
stagnation point offset of turbulent opposed jets.

The remainder of this paper is organized as follows: the exper-
iment setup and numerical simulation method are introduced in
the following two sections. Results and discussions are presented
in Section 4. The paper ends with conclusion in Section 5.

2. Experimental study
2.1. Schematic map of experimental program

The schematic drawing of the stagnation point offset of
opposed jets is shown in Fig. 1. Turbulent flow field is obtained
by two axisymmetric opposed nozzles with the same geomet-
ric configurations as plotted in Fig. 2. The two opposed nozzles
are installed in a three-dimensional frame of axes. The diameter
D of the nozzle used in the experiment is 30 mm. The exit air
velocity ratio « of the two opposed jets is defined as

a="2 (1)
ui
where u| and uy are the bulk velocities at the exits of nozzles I
and II, respectively. In the experiment, the stronger jet is always
ejected from nozzle I, so impact point is always close to the
exit of nozzle II. Moreover, the exit air velocity of nozzle I is
fixed and the exit air velocity of nozzle II is variable. So the exit
velocity ratio of the two opposed jets is always less than or equal
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Fig. 1. Schematic map of stagnation point offset of opposed jets.
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Fig. 2. Cross-section of the nozzle with all dimensions in millimeters.
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to 1 in present paper. The distance from the stagnation point to
the origin point of the coordinate system is defined as stagnation
point offset and denoted by Ax, as marked in Fig. 1.

Quantitative and qualitative experimental studies of the flow
field of the opposed jets were carried out with HWA mea-
surements and smoke-wire flow visualization. The jet Reynolds
number at the nozzle exit is defined as

Rej = Dujp/p 2

where u j is the bulk velocity of the jet at the nozzle exit; p and 1
are the density and dynamic viscosity of air under normal condi-
tions. Rej and Rej are used to describe the jet Reynolds number
of the opposed jets ejected from nozzles I and II, respectively.

2.2. Hot-wire anemometer measurement

Mean and rms (root mean square) velocities of the flow field
of the opposed jets were measured with a DANTEC hot-wire
anemometry system. The probe used was a single wire and sam-
pling frequency was set at 20 kHz and sampling duration was 5 s.
The impingement stagnation point was identified by the hot-wire
probe even though it could not provide precise measurements of
mean and rms velocities in the vicinity of the stagnation plane
[30]. This is caused by the inability of the single-sensor probe
to distinguish between positive and negative flow fluctuations
in the impingement region where mean velocities are low and
fluctuation velocities are high. So the measured average veloci-
ties are somewhat high and rms velocities are low in the narrow
region around the impact point. Our method using the hot-wire
probe to determine the position of stagnation point is different to
that of Ogawa et al. [18,19]. In their experiment, hot-wire probe
was placed 2 cm from the jet center and the position correspond-
ing to the maximum output of the anemometer was considered
to be the impact point as probe moved parallel to the axis. In
current work, probe was placed along the axis of the opposed
jest and the position of minimum mean velocity was defined as
the location of the stagnation point. In the measurements, the
nozzle separation L is in the region of 30-600 mm and the cor-
responding normalized nozzle separations L/D range from 1 to
20. The detailed measurement cases are listed in Table 1.

2.3. Smoke-wire technique

The instantaneous flow patterns of equal and unequal opposed
jets were visualized by smoke-wire technique. A 0.1 mm diam-
eter stainless steel wire was located across the nozzle exit. The
wire was coated by paraffin oil and connected as a resistor to an
electric circuit. Then the oil was heated to form smoke by the

Table 1
Measurement cases

L (mm) 30, 60, 120, 180, 240, 360, 480, 600
L/ID 1,2,4,6,8,12, 16, 20

uy (m/s) 11.8

a 1,0.97,0.9,0.8,0.7

Re); 23,460

Re; 16,422 ~ 23,460

Table 2
Cases of flow visualization

L (mm) 30, 60, 120, 180, 240
L/D 1,2,4,6,8

uy (m/s) 2.36

a 1,0.97,09,0.8,0.7
Re; 4692

Rey 3284 ~ 4692

sudden current when the circuit was on. The flow patterns were
photographed intermittently by a Sony DSC-S75 digital camera.
The exposure time was set at 0.001 s and more than 30 photos
were taken for each case. Smoke-wire technique is limited to
relative low exit air velocity and small nozzle separations, oth-
erwise the concentration of smoke is low and the quality of the
photo is low. So exit air velocity is in the region of 1.65-2.36 m/s
and nozzle separations are from 1D to 8D in present flow visu-
alization. The experimental cases of flow visualization are listed
in Table 2.

3. Numerical simulation

The simulations were carried out using a microcomputer
(INTEL 2.6 G, 512MB) with available commercial software
(Fluent 6.1). In opposed jets, production of turbulence is
attributed to normal strain instead of shear stress with strong
effects of streamline curvature and anisotropic. So, some
strategies on selecting turbulence model, configuring boundary
conditions and testing mesh are necessary.

3.1. Turbulence model

Due to difficulties of experiments, numerical simulations
have become an increasingly important approach to study
opposed jets with the rapid development of CFD. The generally
chosen turbulence models are various versions of two-equation
model and RSM. Turbulence and its effects on opposed jets
are anisotropic. Instead of using eddy viscosity model for the
Reynolds stress, the RSM solves a set of transport equations
for the Reynolds stress. It abandons Boussinesq approximations
and is able to deal with anisotropy. So, RSM is more prefer-
able to simulate such flow than two-equation models. Champion
and Libby [31], Korusoy and Whitelaw [32], Besbes et al. [27],
Lindstedt et al. [16] and Chou et al. [33] all confirmed that RSM
model predicted better results than various versions of k—& mod-
els in their simulations. So, we selected RSM to simulate the
opposed jets in the paper.

3.2. Boundary conditions

The coordinate system, computation domain and boundary
conditions are plotted in Fig. 3. The flow field of opposed jets
was solved as a two-dimensional axisymmetric flow using the
finite volume method. To eliminate the effects of the exit bound-
ary conditions on the flow, the Loy and Hyye of the simulation
domain were expanded to 4D + L and 11.5D, respectively. So
the distance from pressure outlet boundary to the symmetry axis
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Fig. 3. Solution domain and boundary conditions.

was 12D. Our previous test simulations have proven that the
conditions Loy =4D + L and Hyy=11.5D are sufficient for all
the cases from L/D =1 to 20. Since the inlet of the nozzle was
connected to a fully developed turbulent pipe flow, inlet veloc-
ity profile distribution was set to follow the seventh power law.
And the measured axial velocity profile at the nozzle exit has
proved that this inlet configuration was reasonable (see Fig. 12).
The inlet values of turbulence intensity and were set to 12%
according to the past measurements. Outlet boundary applied
constant pressure outlet equal to standard atmosphere pressure
(101,325 Pa), so gauge pressure was set to 0.

3.3. Grid tests

According to the chosen turbulent model and boundary con-
ditions, L=4D was chosen to carry out grid tests at u1 = 11.8 and
a=0.97. Four uniform grids: 60 x 90, 80 x 120, 120 x 180 and
240 x 360 (in the domain 8D x 12D) were tested. The dimen-
sion of a cell of the finest grid was 1 mm. At the same time,
one distributed grid (12,980 nodes) in which smaller grid cells
were used in the region of high velocity gradient was also tested
to compare with the uniform grids. Test results showed that

Fig. 5. Photographs of opposed jets at L=2D.

Fig. 4. Photographs of opposed jets at L=1D.

all the five grid did not produce any noticeable change in the
axial velocity distribution; and the two coarse uniform grids
showed unsatisfactory axial velocity profiles at the nozzle exit
and rms velocity at the stagnation plane compared to the two
finest uniform grids; and the distributed grid produced profiles
and distributions of all calculated quantities that agreed with
the two finest uniform meshes and convergence was achieved in
one fifth of the time. The distributed grid may be considered as
fine enough to provide acceptable, grid independent solutions,
so that the distributed grid was used throughout the rest of the
calculations in this paper.

The governing equations were discretized using a second
order upwind interpolation scheme and the discretized equa-
tions were solved using the SIMPLEC algorithm. The solution
was considered to be converged when the sum of the normalized
residuals for continuity and momentum equations were on the
order of 1073, The test case took about 30 min.

Fig. 6. Photographs of opposed jets at L=4D.



W. Li et al. / Chemical Engineering Journal 138 (2008) 283-294 287

Fig. 7. Photographs of opposed jets at L=6D. Fig. 8. Photographs of opposed jets at L=8D.

O

{d)

Fig. 9. Photographs of opposed jets with various nozzle separations at a=0.97. (a) L= 1D, (b) L=2D, (c) L=4D, (d) L=6D and (e) L=8D.
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4. Results and discussions
4.1. Visualization by smoke-wire technique

In the visualization, u is fixed at 2.36 m/s and exit veloc-
ity ratios are 1, 0.97, 0.9, 0.8 and 0.7, respectively. Flow
visualization was firstly performed at u;=u=2.36m/s and
the normalized nozzle separations of L/D=1, 2, 4, 6 and 8.
The selected typical photographs for these cases are given in
Figs. 4-8.

At L/D=1, 6 and 8, typical photos show that the impinge-
ment planes basically stay at the midpoint of the two nozzles,
as shown in Figs. 4, 7 and 8, which indicates that at these noz-
zle separations, the positions of the stagnation points are stable
comparatively.

For separation of L/D =2 and 4, however, the obtained pho-
tographs show different patterns as shown in Figs. 5 and 6. We
observe that impingement plane stays either at the position near
to the top nozzle or at the position near to the bottom nozzle and
sometimes the impingement plane shifts rapidly in the region
between the two positions. It is very difficult to get impingement
stagnation point to stay at the midpoint between the two noz-
zles, as reported by Kostiuk et al. [12]. The visualization photos
indicate that the two positions are stable relatively but the region
between them is unstable. The impingement plane shifts rapidly
from one stable state to another stable state within the region
between the two stable points corresponding to the stable states.
So, though we caught the photos as shown in Figs. 5b and 6b, the
flow patterns are unstable. It is seen from Figs. 5 and 6 that the
locations corresponding to the stable states are at x=—0.4D and
0.4D and the unstable region is from —0.4D to 0.4D at L=2D
and for L=4D, the region is from —1.3D to 1.3D. This instabil-
ity regime is similar to the observation of Rolon et al. [20] but
is different to the Denshchikov et al. [21,22]. In the experiment
of Rolon et al. [20], they found there were two symmetric sta-
ble positions at x=—0.06D and 0.06D of the opposed air jets
at L=1.14D. However, the length of unstable region in their
experiment is much smaller than ours at L=2D and 4D. In the
experiment of Denshchikov et al. [21,22], they observed oscil-
latory behavior of two opposed plane water jets under certain
conditions. The oscillatory in their experiment was a deflect-
ing jet oscillatory and the two opposed jets were deflected in
the opposite direction from each other and switched directions
periodically. The difference of the two instability regimes is due
to the different geometric configurations of planar and axisym-
metric opposed jets. Our experiments can explain the finding
of Ogawa et al. [19] that double impact positions sometimes
existed. Actually, the double impact positions are the two stable
positions of impingement plane on the axis.

The visualization photos of the opposed jets at a=0.97 are
shown in Fig. 9a—e. For a=0.97 and L= 1D, the impingement
plane is still located at the center, which indicates that the posi-
tion of the stagnation point is insensitive to the small difference
of exit velocities of the two nozzles. But at a=0.97 and noz-
zle separation of L/D=2, 4, 6 and 8, only 3% difference in
exit velocities causes stagnation point to deviate from the mid-
point between the two nozzles up to 0.4D, 1.3D,2.1D and 1.5D,

Fig. 10. Photographs of opposed jets with various exit velocity ratio at L=4D.
(a)a=0.9, (b) a=0.8 and (c) a=0.7.

respectively, as shown in Fig. 9b—e. This implies that the position
of the stagnation point is far more sensitive to the exit velocity
difference compared to the case of L/D = 1. On the other hand,
it is also can be seen from these figures that when the impact
point deviates from the midpoint, their positions become stable
relatively. Just as shown in Fig. 9b—c, for only 3% difference in
exit velocities, the flow field becomes stable obviously and the
oscillation of the impingement planes is absent.

Due to the limited pages, the visualization photos of opposed
jets with smaller exit velocity ratios are shown in Fig. 10 only
for nozzle separation of L=4D. As shown in Fig. 10a—c, with
the decrease of exit velocity ratio, the impingement stagnation
point moves slowly toward the nozzle having low exit veloc-
ity. At small exit velocity ratio, the position of the stagnation
point becomes insensitive to the exit velocity ratio, which also



W. Li et al. / Chemical Engineering Journal 138 (2008) 283-294 289

—— ]
—— (.97
—09

[a] fu 1

o
in

10+
=
05 F
0.0 L L L L L L L L | L )
6 -5 4 3 2 -1 0 1 2 3 4 5 6
(c) x/D

1.5

[a| fun

[t Fae

0.0 1 1 1 1 1 1 1 1 1

(d) x/D

Fig. 11. Distribution of normalized mean axial velocity magnitudes on the axis. (a) L=1D, (b) L=4D, (c) L=12D and (d) L=20D.

indicates that when impact plane deviates from center, the flow
becomes stable relatively. We can also see from Fig. 10 that
with the decrease of exit velocity ratio, the impingement plane
becomes curving toward the weak jet.

4.2. Results of experimental measurements with HWA

The measured axial velocity distributions of the opposed jets
at L/D=1, 4, 12 and 20 are shown in Fig. 11a—d. Though the
probe could not identify precisely the position of the stagnation
point for few cases, the results is satisfactory generally con-
sidering the instability of the opposed jets and the technique
used to identify the position of the stagnation point. It must be
point out that when the inlet velocities of opposed jets are equal,
the impingement plane is unstable and HWA is very difficult
to use to measure axial velocities. When the exit velocities of
opposed jets are unequal, the flow field becomes stable relatively,
so HWA can be used to measure the offset of the stagnation point
at L/D=4.

4.3. Results of numerical simulations

The measured and calculated normalized axial mean and rms
velocity profiles at 1 mm of the nozzle exit of the single jet at
uog=11.8 m/s are presented in Fig. 12. It is seen that the nozzles
in this experiment have top-hat exit velocity profiles and mean
velocity profiles are flat for more than 80% of the nozzle diameter
D and the thickness of the boundary layer is about 0.1D. The

normalized rms velocities are constant at about 5% apart from
the region within 0.1D of the nozzle wall. It is can be seen
that the measured and calculated values are in good agreement,
which proves that the boundary setting of the numerical model
is reasonable.

Fig. 13a—d shows the axial velocities on the axis at L/D=4
and a=0.97, 0.9, 0.8 and 0.7, respectively. The predicted val-
ues and the experimental data coincide satisfactorily, though the
measured mean velocities in the region adjacent to the stagna-
tion point are somewhat larger than prediction for the reason
discussed in Section 2.2.
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Fig. 12. Distributions of normalized mean and rms axial velocities at nozzle exit
of single free jet. Solid line: calculated mean velocity; dashed line: calculated
rms velocity. A, measured mean velocity and [J, measured rms velocity.
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Fig. 14a—e shows the velocity contour maps at /D=4 and
a=1,0.97,0.9,0.8 and 0.7, respectively. It can be seen from the
figures that with the decrease of exit velocity ratio, the impinge-
ment plane becomes curving toward the weak jet. It must be
point out that because the simulation in this paper is steady,
the flow pattern in Fig. 14a is time-averaged and is unstable
actually.

At L/D=1, 2, 4, 6, 8, 12, 16 and 20, the simulated axial
velocity distributions on the axis of various exit velocity ratios
are shown in Fig. 15a-h. The axial velocity gradient is found
to be approximately homogeneous in the vicinity of the stagna-
tion plane. For the axial velocity distributions with various exit
velocity ratios at a certain nozzle separation, the velocity gradi-
ent is nearly uniform and the curves parallel in the vicinity of
the stagnation plane.

In order to investigate the velocity gradient around the stagna-
tion point of opposed jets at various nozzle separations, we pick
out the curves corresponding to a = 1 in Fig. 15a-h and put them
together according to the regions of L/D<2, 2 <L/D <8 and
L/D > 8, which are shown in Fig. 16a—c. At L/D>8 or L/ID<?2,
the velocity gradient at the stagnation plane decreases with the
increase of nozzle separations, as shown in Fig. 16a and c.

It is interesting to see in Fig. 16b that in the regions of
2<L/D <8, their axial velocity curves overlap each other
although they extend within different length of regions on the
axis, which means that the velocity gradients are the same. More-
over, if we define the length of the impingement zone is the
region in which the axial velocity on the axis is not equal to exit
velocity, it can be seen that the lengths of the impingement zones
on the axis of opposed jets in the regions of 2 < L/D < 8 are all
equal to 2D. In the study of Kostiuk et al. [12], they defined the

axial bulk strain at the stagnation plane as

S = 3
= o 3)
and concluded that the bulk strain rate was increased by a reduc-
tion of nozzle separation or an increase in the bulk velocity at
L/D <2. In our study, axial bulk strain at the stagnation plane
decreases with the increase of the nozzle separation at L/D>8
or L/D <2, which is in agreement with the result of Kostiuk et
al. [12]; but in the region of 2 < L/D < 8, the axial bulk strains
near the stagnation plane are nearly constant and about equal to
82051

It can be seen from Figs. 15 and 16 that in the region of
2 < L/D <8, the axial bulk strains near the stagnation plane of
all studied a-values are nearly the same.

Stagnation point offsets normalized by D and L at various exit
velocity ratios and nozzle separations are shown in Fig. 17a-b.
Though there are some discrepancies, numerical simulations are
in satisfactory agreement with the experimental measurements.
The discrepancies mainly appear at a=0.97 when L/D is less
than 8, which are caused by the high sensitivity of position
of stagnation point to the exit velocity ratio and the error of
flux adjusting. Discrepancies also occur at L/D > 12, especially
at a=0.7, which may be due to the misalignment of the axes
of the two nozzles or the incompetence of the HWA to these
more strongly curved flow cases. The maximum discrepancy at
L/D>12 is 0.667D (2 cm), approximately occupying 4.2% of
its nozzle separation. It is also should be point out that though
flow visualization have described the similar trend of stagna-
tion point offset compared to the measured results, there are still
some small disaccords between them. It may results from the
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Fig. 14. Velocity contour maps at L=4D. (a) a=1, (b) a=0.97, (c) a=0.9, (d) a=0.8 and (e) a=0.7.

difference of the exit Reynolds number and the influence of exit
Reynolds number on the stagnation point offset will be studied
in a further work.

It is shown from Fig. 17a that at L/D=1, 12, 16 and 20,
the stagnation point offset nearly linearly increases with the
decrease of the exit velocity ratio. However, for separations
in the region of 2 <L/D <8, stagnation point offset sharply
increases at first at a>0.9, and then nearly linearly at ¢ <0.9
with the decrease of the exit velocity ratio, which denotes that
at a>0.9, the location of the stagnation point is very sensitive
to the small change of the exit velocity ratio.

The stagnation point offset normalized by the nozzle sepa-
ration versus exit velocity ratio, i.e. Ax/L versus a, is shown in
Fig. 17b. It is shown from the figure that small difference of
exit velocities can cause stagnation point to deviate from the
midpoint obviously at 2D <L <8D; as the nozzle separation
decreases from 2D or increases from 8D, the degree of stagnation
point offset decreases sharply. It denotes thatat 2D < L < 8D, the
stagnation position is very sensitive to the variety of exit velocity

ratio but at L< 2D and L > 8D, the position of stagnation position
becomes insensitive to the variety of exit velocity ratio.

Comparable data in the literature is scarce though stagnation
point offset of unequal opposed jets were studied by Hos-
seinalipour et al. [23,24] and Johnson [25,26] numerically and
Ogawaetal. [18,19] experimentally. However, their studies were
specified at one or two nozzle separations and different geome-
try configurations. Johnson [26] studied the flow characteristics
of unequal confined laminar opposed jets at L/D = 10.75 numer-
ically and found for the exit velocity ratio of 0.47 the stagnation
point offset was 4.52D. The study similar to present work is the
experimental research of Ogawa et al. [19]. They found for a
exit velocity ratio of 0.94 the stagnation point offset was 1.61D
(37.44% of the nozzle separation) and for a exit velocity ratio of
0.96 the stagnation point offset was 1.32D (30.7% of the nozzle
separation) at L/D =4.3. Their results also reveal the nonlinear
relation between exit velocity ratio and the stagnation point off-
set as discussed in the present work. Their values is consistent
to the values at L/D =4 in the present work.
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L=16D and (h) L=20D.

In the study of Kind and Suthanthiran [17], they found that
the stagnation position depends on the ratio of the momen-
tum fluxes of two wall jets at large nozzle separation. In their
study, the stagnation point position moved uniformly to the
weaker jet with the decrease of the ratio of the momentum
fluxes of two wall jets. Though the nozzle and nozzle sep-
aration of their study are different to us, their conclusion is
similar to the results of opposed jets of L/D <2 or L/D > 8 in the
present work.

Though we have known the different behaviors of stagnation
point movement at various nozzle separations and exit velocity
ratios, how to explain the difference of stagnation point offset
at various nozzle separations is still very difficult. By carefully

investigating the photos of flow visualization, we think the dif-
ference may be due to the large-scale vortexes in the boundary
layers of the jets caused by the Kelvin—Helmholtz shear insta-
bility. These large-scale vortexes are instable [34]. As shown
in the visualization photos, after an “undisturbed length”, there
are axisymmetric vortex rings appearing in the boundary lay-
ers of the jets, which grow in size downstream, rotate towards
and away from the axis. For opposed jets of L<2D, before
impingement the large-scale vortices do not form in the axial
shear layers of the two opposed jets and the jets are in the
“undisturbed zone” [35]. For opposed jets of L>8D or more,
these axial large-scale vortices in the boundary layers will be
broken into small vortices and jets enter the fully developed
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zone before the two jets impact each other. For these two cases,
the large-scale instability has weak influence on the stagnation
point offset, so the position of the stagnation point is insensitive
to the small difference of the exit velocities. But for opposed
jets in the regions of 2 < L/D <8, impingement is in the region
of the jets where axial large-scale vortices exist, so the large-
scale instability has strong influence on the stagnation point
offset.

According to the characteristics of stagnation point offset
at the various nozzle separations studied in current paper, we
can classify the opposed jets into three kinds: small separation
(L <2D), moderate separation (2 < L/D < 8) and large separation
(L>8D). For opposed jets of small and large separations, the
position of the stagnation point is insensitive to the difference
of the nozzle exit velocities, but at the moderate separation, a
small difference of the exit velocities causes obvious offset of
stagnation point.
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Fig. 17. Normalized stagnation point offset at various exit velocity ratios and
nozzle separations. Scatter symbols: measurements—(], 1D; ¢, 2D; A, 4D; O,
6D; l, 8D; ¢, 12D; A, 16D; @, 20D. Line: simulations, —: 1D; ————: 2D;
4Dy - — = 16D - - - :8D; ... . 12D;
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5. Conclusion

The stagnation point offset of opposed jets at various exit
velocity ratios and nozzle separations were studied experimen-
tally by HWA and smoke-wire technique, and numerically by
CFD. The main conclusions can be summarized as follows:

(1) At 2D <L <4D, the stagnation point position of opposed
jets with equal exit velocities is instable and oscillates within
aregion between two relative stable points; it deviates from
the midpoint obviously caused by small difference of exit
velocities and the flow field becomes stable comparatively.

(2) AtL/D>8 or L/D <2, the axial velocity gradient decreases
with the increase of nozzle separation, but in the regions of
2 < L/D < 8, the velocity gradient and length of the impinge-
ment zone on the axis are the same.

(3) For opposed jets at L/D <2 or L/D > 8, the stagnation point
offset increases nearly linearly with the decrease of the
exit velocity ratio, but for opposed jets in the region of
2 <L/D <8, the relationship between the stagnation point
offset and the exit velocity ratio is nonlinear. For opposed
jets in this region, the stagnation point offset increases
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sharply with the decrease of the exit velocity ratio then
increases slowly at large exit velocity ratio.

(4) The instability and sensitivity of the stagnation point offset
to the small difference of the exit velocities of opposed jets
may ascribe to the instability of the large-scale vortices in
the boundary layers of opposed jets.

The study of the stagnation point offset of impinging streams
is crucial for the effective use of such flow in industrial applica-
tions, because imbalance of the exit flux of impinging streams
is inevitable practically. The most important find of our study is
that there exists aregion of 2D < L < 8D, in which the stagnation
point of opposed jets is very sensitive to the exit velocity ratio,
and small difference (3% or less) of exit velocity can cause the
stagnation point to deviate obviously. For smaller and larger noz-
zle separations, the location of stagnation point becomes much
more insensitive to the exit velocity ratio.
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