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ABSTRACT

Stereoscopic Particle Image Velocimetry
(PIV) has been used to measure all compo-
nents of the velocity vector and the Reynolds
stress tensor in several planes for a jet in cross-
flow. The Reynolds number based on the free
stream velocity and the jet diameter was 2400.
Jet-to-crossflow velocity ratios of 1.3 and 3.3
were investigated. The general structure of
the flow and turbulence is discussed. Data
obtained in two closely spaced parallel planes
were used to calculated the rate-of-deformation
tensor. This is used to demonstrate the extent
of failure of the Boussinesq approximation for
complex flow.

INTRODUCTION

Jets in a crossflow are of great practical rel-
evance in a variety of engineering applications
such as V/STOL aircraft, chemical unit oper-
ations, gas turbines and waste disposal into
water bodies or the atmosphere. The char-
acteristics of a jet in crossflow are primarily
dependent on the ratio of the jet to cross-
flow momentum R (or the velocity in case of
unheated and incompressible flows). As re-
ported by Andreopoulos and Rodi (1984), at
high velocity ratios R the near field of jets in a
crossflow is controlled largely by complex invis-
cid dynamics and the flow further downstream
is influenced by turbulence. In contrast, even
the near field is dominated by turbulence for
small velocity ratios. Experiments by Fric and
Roshko (1994) and Kelso et. al. (1996) show
that there exists a complex vortical flow struc-
ture in the near field of a jet in a crossflow.
In addition to the horse-shoe vortex, ring-like
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vortices (jet shear—layer vortices) and counter
rotating bound vortex pair, Fric and Roshko
(1994) observed up-right wake vortices which
extend vertically from the wall to the jet.

There is a scarcity of turbulence data for
the near flow field of a transverse jet. The
majority of existing experimental data were
obtained with hot-wire anemometry which is
insensitive to flow direction and can give large
errors in regions of high turbulent kinetic en-
ergy which may here be larger than the mean
kinetic energy of the cross flow. However, data
presented by Larsen et. al. (1994), Crabb et.
al. (1981) and Ozcan and Larsen (2001) give
good insight into physical structure of a jet in
crossflow. More recently velocity fields have
been studied by PIV (Kim et. al., 1999). Meyer
et. al. (2000) and Ozcan et. al. (2001) present
PIV/PLIF data for a water jet issuing into a
fully-developed flow in a water channel.

The present paper reports stereoscopic PIV
measurements carried out in a wind tunnel
near the exit of a jet in crossflow. The data
include three components of the mean velocity
and six components of the Reynolds stress ten-
sor for jet-to-crossflow velocity ratios of R =
3.3 and R = 1.3. Measurements were per-
formed at several planes. Data obtained in
two closely spaced parallel planes were used
to calculate all components of the rate-of-
deformation tensor. Results are discussed in
terms of topologies of sectional streamlines,
turbulent shear stress vector and shear defor-
mation vector.

EXPERIMENTAL SET-UP

Experiments were conducted in a wind tun-
nel with test section width equal to 300 mm
and height equal to 600 mm. The Reynolds
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Figure 1: Experimental set-up. Cameras and light sheet
optics are mounted on the same traversing unit.

number based on the free stream velocity
(U = 1.5 m/s) and the jet diameter (D =
24 mm) was nominally 2400. The jet issued
normal to a flat plate raised from the side wall
of the tunnel. The length of the pipe employed
to produce the jet flow was sufficiently large so
that fully developed pipe flow approached the
jet exit. The boundary layer on the flat plate
approaching the jet was also turbulent with a
boundary layer thickness of dg9y ~ 70 mm.
More details of the experimental set-up are de-
scribed in Ozcan and Larsen (2001) which re-
ports LDA measurements in the incoming pipe
flow and flat plate boundary layer. These mea-
surements show that characteristics of turbu-
lence in incoming flows agree well with experi-
mental and computational data available in the
literature. It was important to establish and
document well-defined incoming conditions of
this flow because computational studies have
been known to be fairly sensitive to the state
of turbulence in incomings flows (see Yuan et.
al., 1999).

Measurements of components of mean ve-
locity and Reynolds stress were carried out by
using a digital stereoscopic PIV system as il-
lustrated in figure 1. The system consisted
of two Kodak Megaplus ES 1.0 cameras with
60 mm Nikon lenses mounted in Scheimpflug
condition. The angle between the cameras was
approximately 80° and the recordings used an
F-number of 2.8. The light sheet was created
with a double cavity Nd-YAG laser delivering
100 mJ light pulses. A light guiding arm was
used to connect the laser with the light sheet
forming optics. Both the light sheet forming
optics and the cameras were mounted on the
same traversing unit. The light sheet thickness
was 1.5 mm.

Seeding consisting of 2-3 pm droplets of
glycerine was added to both the main flow and

the jet. The seeding density in main flow and
jet was adjusted to be equal based on visual
evaluation of the PIV images. The measuring
system was controlled by a Dantec PIV2100
processor and the data was processed with
Dantec Flowmanager version 3.4 using adap-
tive velocity correlation. A 25% overlap was
used between interrogation areas. The geomet-
rical information needed for the reconstruction
of the three components of velocity was based
on images of a calibration target. Images of
the target (aligned with the light sheet) were
taken with both cameras in five different planes
in the out-of-plane direction. The reconstruc-
tion was performed by a linear transformation
using the calibration. The final vectors map
typically contained 33 by 36 three-component
velocity vectors.

Image maps were recorded with an acqusi-
tion rate of about 0.5 Hz. 1000 instantaneous
vector maps were used to calculate the pro-
cessed data. Two configurations of the cameras
and light sheet were used. The first config-
uration had the light sheet perpendicular to
the wall and parallel with the free stream as
illustrated in figure 1. This gave data in y-
constant planes. The second configuration had
the light sheet parallel to both the side wall and
the free stream. This gave data in z-constant
planes. For both configurations the area cov-
ered by both cameras was approximately 100
by 80 mm.

RESULTS AND DISCUSSION

Results will be presented in terms of the
time-averaged velocity vector (U, V, W) and all
six components of the Reynolds stress tensor
uu, vU, ww, uv, vw, vW.

Figure 2 shows the flow in the plane of
symmetry (y = 0) for velocity ratios of R =
1.3 and R = 3.3. Mean velocities in this
plane are shown both as vectors and stream-
lines. Streamlines are irregularly spaced be-
cause they are started from points in a grid.
The streamlines started close to the jet are all
drawn into the jet. This gives an indication
of the jet trajectory. A streamline started at
the center of the jet is therefore used to find
the jet trajectory indicated with the symbol o
in all plots. Yuan and Street (1998) report
that among various methods used for defin-
ing the jet trajectory, the streamline trajectory
is the best indicator. For R = 1.3 the jet
bends into the main flow direction within 1-
2 jet diameters. For R = 3.3 the jet penetrates
several diameters into the main flow before a
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Figure 2: Data in the plane of symmetry (y = 0). Upper and lower are R = 1.3 and R = 3.3, respectively. Plots on the left show
velocity vectors together with sectional streamlines. Plots on the right show contours of the turbulent kinetic energy k/(Uso)?.

The symbol ¢ indicates the jet trajectory.

significant bend is noticed. For both velocity
ratios, velocity vectors and streamlines show
a region with negative U-velocity component
behind the jet.

In figure 2, the first one or two rows of veloc-
ity vector inside the jet (closest to the jet exit)
are clearly too small. Particle images found
in this region on the second PIV image are up-
stream in the jet and therefore outside the first
PIV image. This caused a strong velocity bias
towards zero velocity. However, data in the re-
maining field are reliable and unbiased. Data
for the first two rows of the measurement grid
between —0.5 < z/d < 0.5 (16 points) are cor-
rected by extrapolation from the third row in
the rest of the figures.

The turbulent kinetic energy is calculated as
k = 0.5(uu + U0 + ww) and plotted in figure 2.
For R = 1.3, the maximum value of & is found
slightly downstream (i.e. in z-direction) of the
jet trajectory, while for R = 3.3 it is found
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Figure 3: Velocities in the z,y-plane perpendicular to the
jet, z/D = 1.33, R = 3.3. Velocity vectors are projected on
the plane together with sectional streamlines.



slightly upstream of the jet trajectory. The
maximum value of k is about 4.5 times greater
for R = 3.3 than for R = 1.3.

Figure 3 shows mean velocities in an z,y-
plane perpendicular to the jet. The sectional
streamlines reveal the counter rotating vortex
pair which causes a reversal of the U velocity.
The vortex pair is located just downstream of
the jet core indicated by merging streamlines
in figure 2. The sectional streamlines indicate
a slight deviation from symmetry with respect
to the y = 0 plane. This could be caused by
inaccuracies in the calibration.

Figure 4 shows the velocity vectors pro-
jected onto a y-constant plane situated one
jet diameter away from the symmetry plane
(y = D). The vectors are shown together with
sectional streamlines. Velocities are larger near
the jet. The out-of-plane velocity component
V is positive (directed away from the jet) in the
upper-left part and negative in the lower-right
part. Both the magnitude of velocities and ve-
locity gradients are much smaller than seen in
figure 2. The flow has direction towards the
wall just upstream of the jet and away from
the wall at the jet and further downstream. A
contour plot of k is also shown in figure 4. The
maximum value of k is located nearly one jet
diameter downstream of the jet trajectory at
the y = 0 plane. The position of the maximum
value of k coincides with a region of large ve-
locities indicating large interaction between jet
and free stream. The magnitude of the maxi-
mum value of k£ is almost as high as that of &
found at the symmetry plane (y = 0).

One way to present a part of the Reynolds
stress tensor is the projection of the shear
stress vector of a coordinate-plane onto the
plane. On a y-constant plane, this is given by
the shear stress vector

Ty =vui+ 7wk (1)

Here, i and k are unit vectors in the z and z
directions, respectively. A vector plot of 7 in
the y = D plane is shown in figure 5 (left).

The shear stress vectors can be compared
to a similar vector, called shear deformation
vector. This vector is based on the Boussi-
nesq eddy viscosity model. The Boussinesq hy-
pothesis assumes that the deviatoric Reynolds
stress is proportional to, hence aligned with,
the deviator of the rate-of-deformation tensor,
which for incompressible flow becomes

oU;  9U;
3.’12]' + 8.7)1) (2)

—pu; + §pkdij = (

where u; denotes the eddy viscosity. The shear
deformation vector Dy on the y-constant plane
is defined as

oV oU\. oV oW

or Oy
In order to calculate D, gradients in the y-
direction have to be evaluated. For this pur-
pose, data have also been taken in the y/D =
1.125 plane.

If the Boussinesq eddy viscosity model were
valid then 7y and —D, should be aligned while
the ratio of their magnitudes may vary in
space. Figure 5 (right) shows a vector plot
of =D, for the y = D plane. Comparing di-
rections of stress and deformation vectors in
figure 5 show them to not be aligned, except in
some limited regions of the flow. Also, calcula-
tions of eddy viscosity ¢ from eq. (2) produces
negative p; values in some regions of this flow.
This is due to inadequacies of the Boussinesq
approximation to be expected for such a com-
plex flow. However, Ozcan et. al. (2001) show
that eddy viscosity could be determined with
sufficient accuracy if the velocity and Reynolds
stresses are transformed into a jet trajectory
based coordinate system for the mid-plane.

The shear stress vector 7, in figure 5 has the
largest magnitude in the region located slightly
downstream of the jet trajectory for z/D > 2.
Here, T, is pointing upwards indicating that
the shear is acting on the strong velocity gra-
dient of W in the y direction. The region is
slightly upstream of the region with the largest
velocity vectors and the maximum value of &
shown in figure 4. Further downstream from
the jet trajectory, 7, is pointing upstream.
This is probably due to the interaction be-
tween the low velocity region downstream of
the jet in the y = 0 plane (see figure 2) and
the free stream velocity found further away in
the y-direction. Close to the jet trajectory at
z/D = 1.5, T, is no longer pointing upwards,
but is turning towards the upstream direction.
At this point the velocities shown in figure 4
are changing direction. For larger z, W is pos-
itive while for smaller z, W is negative. This is
a region where the flow is changing from hav-
ing large Reynolds stresses to be dominated by
pressure distribution.

Overall, the shear deformation vector field
—Dy shown in figure 5 has similarities to the
the shear stress vector field. Both fields have
the largest magnitudes in region slightly down-
stream of the jet trajectory with the direction
directed upwards. However, for z/D < 1.5
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Figure 4: Data in the plane y =
spacing 0.1Uso, V = 0 solid, V < 0 dotted, V > 0 dashed). Right: turbulent kinetic energy k/(Uco)?. Symbol o indicates jet

trajectory at y = 0 plane.
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Figure 5: The shear stress vector (vw,vw) (left) and shear deformation vector

Symbol ¢ indicates the jet trajectory at y = 0 plane.

—D, has a strong component in the down-
stream direction. This is the opposite effect
as found for 7,. There are therefore signifi-
cant deviations in the alignment of the vector
fields. This indicates that numerical calcu-
lations based on Boussinesq model will have
difficulties in the complex flow of a jet in cross
flow.

Figure 6 shows the shear stress vector
(ww,wv) in the z/D = 1.33 plane also shown
in figure 3. The large shear stresses are found
at the border of the jet core. The direction is
here pointing away from the jet core acting to
expand the jet. The largest values of the shear
stress vector is seen at the border between the
jet core and the counter rotating vortex pair
shown in figure 3. The vortex pair is trans-
porting fluid with low W velocity towards the
jet core and therefore creating extra exchange
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Figure 6: Shear stress vector (wu,wv) in the x,y-plane per-
pendicular to the jet, z/D = 1.33 for R = 3.3.



of W-momentum.

The PIV data presented in this paper gen-
erally agree well with the LDA data reported
by Ozcan and Larsen (2001) and the compu-
tational data by Yuan et. al. (1999). A com-
parison of these three data sets will be made
in a separate paper. Due to differences in in-
coming flows, the experimental jet trajectory
is slightly steeper than the computational jet
trajectory of Yuan et. al. (1999).

CONCLUSION

The data presented demonstrate some of the
capabilities of stereoscopic PIV. The availabil-
ity of all components of mean velocity and
Reynolds stress facilitates a more detailed in-
terpretation of the complex flow features possi-
ble. As an example, turbulent kinetic energy k
is calculated without the need of assumptions
about missing components of the Reynolds ten-
sor. The presented data are only a subset of a
larger database covering many planes and the
two velocity ratios 1.3 and 3.3. More data from
this database will be presented in coming pa-
pers.

Besides giving insight into details of the
complex flow of a jet in cross flow, the database
can be a valuable tool for evaluation of nu-
merical calculations using different turbulence
models. The comparison of shear stress vec-
tors and shear deformation vectors suggests
the degree of failure to be expected for tur-
bulence models based on the Boussinesq eddy
viscosity model for this flow. The comparison
also demonstrates that the availability of all
velocity components and Reynolds stresses in
a closely spaced grid makes it possible to ex-
amine other turbulence models in detail.

The combination of laser light intensity, par-
ticle size and camera does not give optimal
conditions for accurate recording of particle
positions. The calculated particle image size
is somewhat smaller than one camera pixel.
This results in some uncertainty in the esti-
mated particle displacements. The uncertainty
of estimated velocities is therefore probably 3-
4 percent compared to the about one percent
of the maximum velocity, that can be obtained
under optimal conditions.
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