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Turbulent Flow Field Structure of Initially Asymmetric Jets
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The near field structure of round turbulent jets with initially asymmetric velocity distributions
is investigated experimentally. Experiments are carried out using a constant temperature hot
-wire anemometry system to measure streamwise velocity in the jets. The measurements are
undertaken across the jet at various streamwise stations in a range starting from the jet exit plane
and up to a downstream location of twelve diameters. The experimental results include the
distributions of mean and instantaneous velocities, vorticity field, turbulence intensity, and the
Reynolds shear stresses. The asymmetry of the jet exit plane was obtained by using circular cross
-section pipes with a bend upstream of the exit. Three pipes used here include a straight pipe,
and 90 and 160 degree-bend pipes. Therefore, at the upstream of the pipe exit, secondary flow
through the bend and mean streamwise velocity distribution could be controlled by changing the
curvature of pipes. The jets into the atmosphere have two levels of initial velocity skewness in
addition to an axisymmetric jet from a straight pipe. In case of the curved pipe, a six diameter-
long straight pipe section follows the bend upstream of the exit. The Reynolds number based on
the exit bulk velocity is 13,400. The results indicate that the near field structure is considerably
modified by the skewness of an initial mean velocity distribution. As the skewness increases, the
decay rate of mean velocity at the centerline also increases.
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Nomenclature U, : Jet exit maximum velocity
D : Pipe diameter u  :rms of fluctuating streamwise velocity
K : Dean number= (R/R¢)%°Re V . Lateral coordinate mean velocity
R : Pipe radius v’ . rms of fluctuating cross-stream velocity
R. : Radius of curvature of pipe bend u, . u on the center-line
Re : Reynolds number= (U,D)/yp Vg .V on the center-line
U  : Axial coordinate u’v’ : Reynolds shear stress
U, : Mean bulk velocity at exit . Axial coordinate measured from pipe exit
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z : Coordinate normal to the jet symmetry
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1. Introduction

The near field structure of round turbulent jets
with three-dimensional (or asymmetric)
velocity distributions is investigated experimen-
tally. Although turbulent jets have been extensive-
ly investigated for decades, the effort has been
concentrated on plane symmetric and axisym-
metric jets (Sforza et al., 1966 ; Trentacoste and
Sforza, 1967 ; Bradbury, 1965 ; Townsend, 1956 ;
Rockwell and Dec, 1972 ; Namer and Otugen,
1988). As a result, little is known on asymmetric
turbulent jets. In practice, there are examples

initial

where a jet emerges from a source with a non-
symmetric velocity profile(e. g. jet ejector, gas
leaks from cracks in piping, etc. ) (Birch et al,,
1978 ; Chevray and Tutu, 1978 ; Dimotakis et al.,
1983 ; Papanicolaou and List, 1988). These flows
show significantly different flow properties in the
initial development region than their symmetric
counterparts exhibit. The initially non-symmetric
(skewed) mean shear distribution is quite likely
to affect the evolution of the turbulent flow field
and modify overall momentum mixing. Therefore,
if asymmetric jets prove to have significant gradi-
ents of turbulent transport across the shear layer,
they may be used as mixing control and enhance-
ment mechanisms.

In general, the flow field of plane symmetric
turbulent jets are
divided into two regions(Ricou and Spalding,
1990 ; Hussain and Tso, 1989 ; Oosthuizen, 1983 ;
Shlien, 1987 ; Gibson, 1963 ; Krothapalli et al.,
1981 ; Hussain and Husain, 1989 ; Trentacoste
and Sforza, 1968) : The initial region (or the near
field region) and self-preserving region(or far

(or round axisymmetric)

field region). The initial region is the zone imme-
diately downstream of the nozzle exit where the
flow experiences a sudden change in boundary
conditions from a confined flow to a free shear
layer flow. The downstream growth characteris-
tics of the turbulent jet are a strong function of
flow pattern in the initial region. In this region,
for jets with uniform initial velocity distribution,
the subsequent growth and dilution is determined
by the production of large scale vortices and their
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consequent pairing, growth, instability, and
destruction. However, the jet flow becomes fully
developed with turbulent energy in near equilib-
rium and the mean and turbulent velocity profiles
showing self-preserving characteristics.

Investigations have also been reported in three-
dimensional jets emerging from rectangular as
well as elliptic orifices(Yu and Kim, 1996 ;
Kwon, 1998 ; Townsend, 1966). The rectangular
jets are characterized by three regions: The initial
region which includes the potential core, the two-
dimensional jet type region, and the axisymmetric
jet type region. The two latter regions are
identified by the corresponding velocity decay
rates. The elliptic jet can be viewed as the interme-
diate case between the axisymmetric and the plane
symmetric jet. In the case of elliptic jet, flow
development is strongly controlled by the
dynamics of the initial vortex ring and high
mixing rate can be achieved at some optimum
major-to-minor axis ratio.

All jet forms mentioned above have one com-
mon characteristic: The distribution of mean flow
properties are either axisymmetric about the jet
center-line or symmetric on the two sides of the
center-plane parallel to the sides of the jet. There-
fore, for these jet forms the turbulence field and
the associated transport properties are also sym-
metric or axisymmetric about the jet axis.

The present investigation aims at studying the
initial flow geometry(i. e. mean velocity field)
effects rather than the facility geometry on the
evolution and three-dimensional behavior of the
turbulent free shear layer. While the orifice itself
is axisymmetric in geometry, the flow distribution
is asymmetric at the source. Another distinction
that needs to be borne in mind is that in the
present jet studies the initial flow is a shear layer
and no potential core exists in the jet downstream
zone.

2. Experimental Technique

2.1 Apparatus and instrumentation

High pressure air is supplied through a regula-
tor and a control valve into an 203mm diameter
and 610mm long cylindrical settling chamber,
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Fig. 1 Schematic of experimental set-up

shown in Fig. 1.

The static pressure in the chamber is monitored
via a Validyne variable reluctance pressure tran-
ceducer (Model DP 7) and displayed through
Validyne Model CD23 digital indicator during
measurements. In order to ensure the constant
mass flow rate of air, the pressure head in the
settling chamber is kept at 22mm of water for
each experiment and its variation is under O.
25mm of water. At the downstream end of the
chamber, a 25.4mm diameter steel pipe is coupled
using an air tight rubber coupling. The pipe is
inserted into the settling chamber about S0mm to
ensure an axisymmetric inlet into the pipe. While
a straight pipe is utilized to measure the axisym-
metric jet, which is referred to as Case I, pipes
with two degrees of bend before the exit are used
for asymmetric turbulent jets. For each of these
pipes, a fixed mean radius of curvature (203mm)
is applied for the bend before the exit. The
Reynolds number based on the diameter of the
pipe and the exit mean bulk velocity is 13,400.
The level of skewness of streamwise velocity at
the jet exit can be controlled by the angle of turn
through the bend. In the present experiments,
bend angles of 90 degree (Case [ ) and 160 degree
(Case [I) are used. For each bend pipe, a 5
diameter long straight section is followed by the
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bend in order to recover the pressure from pertur-
bation through the bend. For the straight pipe,
the ratio of length to diameter is 100 to ensure a
fully developed flow at the exit. For the curved
pipes, a 110 diameter section precedés the bend.
Both single and cross type hot-wire sensors are
used for hot-wire measurements. The diameter
and length of tungsten sensors are 5 micron and 1.
2mm, respectively. The sensors are calibrated in a
standard calibration air jet. The TSI Model 1050
constant temperature hot-wire anemometers
equipped with linearizers are used and adjusted
to a frequency response of about 30kHz. For data
acquisition, a 80586 architecture personal com-
puter is used. The instantaneous signals from hot
-wire sensors are digitized by a MetraByte DAS
-16F, 12 bit resolution A/D converter. Mean
velocity, turbulence intensity and Reynolds stress
are calculated and stored on a 2Gb hard disk. The
data is obtained through records of 20 seconds
with a rate of 200 samples per second. The uncer-
tainty level for velocity in the current study is +2.
19%.

A traversing mechanism is used to allow tra-
verses along the horizontal(y) and vertical(z)
directions for jet cross section measurements at
different axial (x) positions. This two-axis traver-
sing mechanism is mounted on an adjustable rail,
which is aligned parallel to the jet axis(x). A
rotary dial is fixed to the y-z plane traversing
mechanism to record the linear displacement of
linear motion and the linear displacement per
revolution is 0.424mm. The positioning accuracy
of the y-z plane traversing mechanism is 0.0l mm
while the maximum deviation along x direction is
0.4mm.

2.2 Procedure

The experimental investigation is divided into
two stages. The first(preliminary) stage is to
place the hot-wire sensor precisely on the jet axis
and to provide the information that characterizes
the turbulent jet flows. In order to obtain infor-
mation on the jet initial conditions, velocity
measurements are on the y-z plane at the jet exit
of each pipe. The Reynolds number is calculated
and Dean number, which is defined as k=
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Fig. 2 Nozzle configuration of Case I, I, Il

(R/R¢)%Re, is also calculated. In the present
investigation, Dean number is fixed at 3,350. The
distribution of pressure along the circumference
of the pipe exit is measured using a pitot tube.
The bulk velocity is determined by numerical
integration of axial mean velocity at the jet exit.
The primary purpose of preliminary measure-
ments is to determine a proper sampling rate and
to maintain the same flow characteristics for each
pipe. This is accomplished by measuring the
mean axial velocity along the y-z plane at the
pipe exit and adjusting a control valve. Therefore,
the Reynolds number is kept constant for Case [,
I, and W (which refer to jets emerging from
straight, 90° bend and 160° bend pipes, respective-
ly; Fig. 2). Next, velocity measurements are made
in the axisymmetric jet emerging from the straight
pipe in order to form a basis for comparison with
the asymmetric jets. A cross type hot-wire sensor
is used to measure the mean velocity profile at
every diameter along the downstream direction. A
single hot-wire sensor is also used to obtain the
two-dimensional axisymmetry at various
streamwise locations. The first asymmetric jet
(Case [) is obtained by allowing the upstream
pipe flow through a 90 degree bend before the jet
exit. This way, the axisymmetric axial momentum
distribution in the pipe is perturbed. The second
asymmetric jet(Case [I) is obtained through a
160 degree bend pipe with the same radius of
curvature rendering a stronger asymmetry of ini-
tial jet characteristics. In all three cases, the jets
are emerged into still air, and the mean bulk
velocity is 8.5m/s. The measurements of axial
mean velocity and turbulence intensity are made
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Fig. 3 Coordinate system for flow

on the x-y plane along the centerline of a pipe jet
symmetry plane. The coordinate system is shown
in Fig. 3. Here, x is the streamwise coordinate
along the jet axis while y and z are the cross-
stream coordinates parallel and normal to the
plane of a pipe bend. A Fortran program is
implemented to calculate the mean velocity, tur-
bulence intensity, and Reynolds stress from the
instantaneous velocity records. The velocity is
normalized by the mean bulk velocity U,, which
is determined by numerical integration of axial
velocity obtained at the jet exit. For each bend
pipe, instantaneous velocity measurements are
taken at streamwise stations up to 12 diameter
downstream from the exit plane. The measure-
ments are taken along the cross-stream direction
up to a radial distance where U/U, is less than
0.5. As it will be discussed in the next section, the
the minimum of the mean
streamwise velocity occur along the y-axis in
Case I, [, and [f. This is accompanied with the
maxima and minima of mean shear which also

maximum and

occur on the same axis. The jet exit turbulence
intensity distributions are similar to those for the
mean velocity in that they show symmetry about
the x~y plane. In the present investigation, there-
fore, the x-y plane is viewed as the symmetry
plane (z=0). Further measurements of velocity
are carried out only on the symmetry plane to
focus on the development of the initially asym-
metric velocity distribution.
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Case 1

Fig. 4 Constant velocity contours at the jet exit for Case [, [, I
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Fig. 5 Mean streamwise velocity profiles for Case [, [, I

3. Results and Discussion

3.1 Mean velocity

Case [ in Fig. 4 gives the mean velocity distri-
bution at the exit of the straight pipe where the
velocity profile is symmetric about the x-y plane.
Case | and Il in Fig. 4 show the velocity
profiles at the exit of 90° and 160° bend pipes
‘where the velocity is normalized by the mean bulk
velocity U,. In both cases, the velocity distribu-
tions at the exit plane is asymmetric and the
maximum velocity is located at the outer edge of
the jet. This is the result because of the imbalance
between the centrifugal forces and radial pressure
gradient in the curved section of the pipe up-
stream of the exit. The fluids at the pipe axis move
toward the outer edge of the pipe, while the fluids
near the top and bottom walls move toward the
inner side. This essentially accounts for the reason
why the maximum velocity occurs at the outer
region of the jet. Under the influences of the
streamline curvature and angle of the bend, the
maximum velocity is located further away from
the jet center-line in Case [ in comparison that

030
0.

b0 280 400 100 10.00 1200

8,00
x/D

Fig. 6 Axial distribution of maximum mean
streamwise velocity
with Case J. In Case [, the maximum
streamwise mean velocity occurs at y/D=0.61,
while it occurs at y/D=0.67 in Case II. The
maximum streamwise mean velocities normalized
by U,, are 1.1763, 1.2034, and 1.2622 for the
straight pipe, and 90° and 160° bend pipes, respec-
tively. These results show that the maximum
streamwise velocity increases as the angle of bend
increases. Therefore, the strength of secondary
motion and the degree of skewness can be deter-
mined in terms of the curvature and angle of the
bend. Case [ through II in Fig. 5 show the
streamwise mean velocity distributions at several
selected axial locations. case | and W illustrate



Turbulent Flow Field Structure of Initially Asymmetric Jets

1391

o worr
o X/pad
o s
o x/oes

o x/p=t
9 x/8m3
» X058
s x/0m

> X071

v/ y/D
Casel Case I
Fig. 7 v’ profiles for Case [, [, I
025 0.25 01y
o X/2=t :X/hat
w sl LS o o
 x/ps9 o kfom3
» X/dus2
0.3 0.15 013
K s R
N N N
S0 B0.10 EYT
208 0.05 eo0s
Reys V5 9% y/Dm 5% 730 Y rasenirrassatie oo y/na.sn TS 2.5 0% %3 v % y/bm T Tha
Casel Casell Case I

Fig. 8 v profiles for Case [, I, Il

the streamwise velocity skewness of 90° and 160°
bend pipes. These initially asymmetric jets show
higher decay rates of the maximum velocity
compared to the axisymmetric jet (Fig. 6). The
decay rates become equal for all three jets at an
axial distance of x/D=7. As the skewness level of
initial jet velocity distribution is increased, the
velocity decay rate increases for x/D<7. It is
difficult to measure accurately the cross-stream
mean velocity with a hot-wire sensor due to small
magnitudes of velocity encountered. Although the
accurate alignment of a hot-wire to the axis of jet
is helpful to minimize the experimental error,
there still exists large error margins in the distri-
bution of the entrainment velocity. Therefore, the
results for cross-stream mean velocity are not
presented in this report. However, the average
fluctuating velocity, v’, is much larger than its
mean counterpart, V, as will be seen in the follow-
ing section.

3.2 Turbulence intensity

Case | through I in Fig. 7 illustrate the
streamwise turbulence intensify distributions in
jets emerging from straight, 90° and 160° bend
pipes. Case | through [l in Fig. 8 are for the

turbulent velocity fluctuation distributions in the
cross-stream direction. Each distribution of tur-
bulence fluctuation is normalized by U,. In the
case of straight pipe jet, u’” and v’ are symmetric
about the x-axis as expected, and their center-line
values remain almost constant and equal beyond
x/D=6, which also verify the experimental
results of Corrsin(Townsend, 1956) and Gibson
(Trentacoste and Sforza, 1968) who observed
near isotropy of turbulence at the jet axis. These
results may be expected since there is no produc-
tion of turbulence at the x-axis especially in the
view of absence of a potential core, and the turbu-
lence presence is only due to transport by the
mean turbulence motion. It is also observed that
the near-field distribution of v’ has, on the aver-
age, slightly higher maximum values than those
for u. Yet, u profiles spread faster than the
profiles for v’ with increasing axial distance.
Overall, the v’ and v’ are quite comparable in
magnitude perhaps limiting to a global isotropy
of turbulence at least in the initial jet zone. In
Case [, v’ and v’ have non-symmetric distribu-
tions of turbulence due to the non-symmetric
mean shear distribution. At the exit, the normal:
ized minimum v’ and v’ are of 0.0047 and 0.0053
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at y/D=0.3339. These values become larger fur-
ther downstream of the flow. At the jet exit plane,
the magnitudes of u’ and v’ in Case [ are about
2394 larger than those in Case |, the difference
becomes smaller further down-stream. In Case [,
the maximum values of u’ and v’ are much greater
than those of Case | and 1. The maximum
values of u’ and v’ in Case [l are further away
from the jet center-line in comparison that with
Case [ and [ . The initial distributions of v’ and
v’ are asymmetric due to non-symmetric mean
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Fig. 9 Axial distribution of u’ along the center-line
of jet
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Fig. 10 Axial distribution of v" along the center-line
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shear distribution. Since the mean shear distribu-
tion is influenced by skewness of mean velocity, v’
and v’ are higher in the outer region than in the
inner region of the jet. Figures 9 and 10 show the
axial distributions of u” and v’ at the center-line
of the jets.

It shows that u” in Case [ is about 309 larger
at the jet exit plane than that of Case . In Case
I, both profiles of v and v’ show the rapid
increase rates up to x/D=7, and- the smooth
decay rates are shown after that. In Case I,
however, the values of u’ and v’ increase rapidly
up to x/D =28 and then decrease smoothly. As the
skewness increases, u’ and v’ increases. Also, the
overall turbulence increases with x/D in the ini-
tial region, up to about x/D=7 due to the diffu-
sion mechanism in jets. The rapid diffusion leads
to an increase of turbulence along the centerline,
making the jet stable to the growth of large eddies
in the initial region. However, the turbulence is
too large to permit the growth of large eddies,
diffusion is weak and the turbulence decreases
until the jet is unstable to the development of
large eddies. Accordingly, the turbulence in Case
[, I and I decreases beyond x/D=7.

3.3 Reynolds shear stress

As Case | in Fig. 11 illustrates, the profiles of
absolute values of Reynolds shear stress, u'v’, are
symmetric along the x-axis in Case ]. At the
exit, the normalized maximum value of shear
stress is 0.9, located at y/D=0.2671 and decrease
with downstream distance. However, as expected,
at y/D=0, the value of shear stress is always
almost zero giving credence to the current mea-

of jet surements of u’v’. Case [ gives the shear stress
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Fig. 11 Reynolds shear stress profiles for Case [, I, I
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distribution of 90° bend pipe at y/D=1, 3, 6, 9,
and 12. The distribution is no longer symmetric
along the x-axis due to skewness of mean velocity
distribution. Larger values of u’v’ occur in the
region of high mean shear.

It may also indicate the high degree of develop-
ment of turbulence and the “nearequilibrium”
state which is due to the lack of strong energy
production, usually driven by large scale orga-
nized structures. Of course, this point can’t be
substantiated at the present and further study is
needed into the organized structure of flow. The
location of maximum value of shear stress is
shifted toward the outer region of the jet. At x/D
=1, the maximum positive value of shear stress is
0.0115 at y/D=0.6678 and the maximum negative
value is —0.0059 at y/D=0.5008, respectively.
The maximum value of shear stress is decreased
with the downstream distance because the effect
of initially skewed mean velocity decreases. The
point of zero shear stress is also shifted toward
the x-axis and stays at y/D=0 after 7 diameters
indicating a tendency toward a symmetric turbu-
lent flow structure. However, the distribution of
W'V’ is not yet symmetric at this location. At x/D
=9, the distribution is symmetric about x-axis
which provides an evidence that the flow is reach-
ing symmetric conditions from initial three-
dimensional perturbation.

Case I illustrates the shear stress distribution
for the different axial locations. At x/D=1, the
positive and negative maximum values of shear
stress are increased slightly compared to those of
90° bend pipe case. At the same axial location, the
location of maximum (u'v’) is found to be y/D=
0.5008 which is about the same for 90° bend pipe.
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The maximum value on the positive y-direction
increases up to x/D=4. On the other hand, the
maximum value on the negative y-direction does
not change. After 6 diameters, the maximum
positive value of shear stress is rapidly decreased,
while the maximum negative value is decreased
slowly. The distribution is symmetric after 10
diameters also in Case [I. Therefore, it may be
assumed that the effects of initially skewed mean
velocity are overcome beyond 10 diameters from
the jet exit.

3.4 Vorticity

In order to calculate the vorticity at each data
point, measurements are taken on the symmetric
plane and the increments in x and y directions are
kept constant. The vorticity component normal to
the measurement plane is defned as

Q__Q(AV AU)

z 7 Ub AT T A

dx  dy

Case [ in Fig. 12 shows the vorticity distribu-
tion of the straight pipe at x/D=1, 3, 6, and 9. At
x/D=1, the maximum vorticity of inner side of a
jet is —0.248 and has approximately the same
value of its counterpart of outer side, which is 0.
252. The positions of positive and negative maxi-
mum vorticity show .symmetrical distribution.
Figure 12 also shows the vorticity distributions of
Case [ and Case II. In Case [, an asymmetric
profile is shown at x/D=1 because of skewed
streamwise mean velocity. However, the asym-
metric distributions become symmetric after x/D
=7. The point of minimum vorticity stays at y/D
=0 for x/D>7 which is in accord with the result
of Reynolds shear stress. This result indicates that
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the profile of streamwise mean velocity becomes
symmetric and the jet approaches a fully devel-
oped turbulent flow state. The value of the posi-
tive maximum vorticity at x/D=11 which is 0.
0897, is approximately the same magnitude of the
maximum negative vorticity which is —0.0916.

In Case I, the maximum positive and negative
values of vorticity are larger in comparison that
with Case [ . The negative maximum value at x/
D=1 is increased by about 209 as compared to
the value of Case [I. The profile of negative
vorticity has more rapid decay rate than the
positive vorticity, but the decay rates of both sides
become equal after x/D=7. Moreover, the magni-
tude and the entire profile of two distributions in
Case [ and Case [l are approximately the same
after x/D=9.

4. Conclusions

The present investigation is conducted to study
the near field structure of asymmetric, incompress-
ible turbulent jets. The asymmetry of the exit
profile is controlled by adjusting the circular
pipes with a upstream bend of the exit. The radius
of curvature of the pipe bend is kept constant.
Mean velocity, turbulence intensity, shear stress,
and vorticity data are presented and compared to
those obtained from an axisymmetric round jet.

The results show that the near field structure of
turbulent jet is significantly modified by the ini-
tially asymmetric mean velocity distribution and
the decay rate of the maximum mean velocity is
increased when the skewness level of the exit
profile is increased. For the distribution of turbu-
lence intensity, a strong asymmetry is obtained
because of the imbalanced mean shear distribu-
tion in Case [ and M. The values of turbulence
intensity in Case [I are greater than those in Case
I. The distribution of turbulent shear stress is
also influenced strongly by skewness of the veloc-
ity profile. The profile of Reynolds shear stress
becomes symmetric at approximately 9 and 10
diameters downstream from the exit for the 90°
bend and 160° bend jet cases, respectively. The
profiles of streamwise mean velocity also become
symmetric at x/D=9 and 10. The vorticity distri-
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butions in Case | and [l are also symmetric after
x/D=7 and 9. Although there is no information
on the jet flow field after 12 diameters, it seems
that the influence of the initial skewness of mean
velocity almost disappears beyond pipe diameters
from the exit plane.

The experimental results indicate that the asym-
metric jets have significantly different mean and
turbulent velocity structures than those for the
axisymmetric jet, especially in the initial jet devel-
opment region. The mean shear distributions are
also modified due to skewness of the initial mean
level
increases, the structure of turbulent jet is further
modified. Therefore, the results may lead to the
possibility of using the asymmetric skewed turbu-
lent jet as a device to enhance the mixing control
mechanism.

velocity profile. As the of skewness
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