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Rectangular Jets in a Crossflow

M. S. Kavsaoglu,* J. A. Schetz,f and A. K. JakubowskiJ
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

Rectangular jets injected from a flat plate into a crossflow at large angles have been studied. Results were ob-
tained as surface pressure distributions, mean velocity vector plots, turbulence intensities, and Reynolds stresses
in the jet plume. The length-to-width ratio of the jets was 4, and the jets were aligned streamwise as single and
side-by-side dual jets. The jet injection angles were 90 and 60 deg. Surface pressure distribution results were ob-
tined for jet-to-freestream velocity ratios of 2.2, 4, and 8. Mean flow and turbulence flowfield data were ob-
tained for the side-by-side dual jets, mainly for the jet-to-freestream velocity ratio of 4. The jets featured strong
negative pressure peaks near the front nozzle corners. The 60-deg jets produced lower magnitude negative
pressures, which are distributed over a lesser area when compared to the 90-deg jets.

Nomemclature
area
pressure coefficient
C — C
^P jet on CP jet off .
diameter of a same area circle
length
static pressure
dynamic pressure
jet-to-freestream velocity ratio
center-to-center spacing
velocity components

2 + W2

fluctuating velocity components

AC,
Aef
L

P
q
R
S
U, V, W
UTOT
u',v',w'
u,v,w
~~iw, ~uw, ~~i
Subscripts
j =jet
oo = freestream
T,TOT = total
S = static

Introduction

CROSSFLOW jet injection has a large area of application,
which includes industrial chimneys, sewage outfalls, fuel

injection into combustion chambers, film cooling, and
the transition flight of the VTOL aircraft. The present work is
a fundamental research study aimed primarily toward the ap-
plication to VTOL aircraft, although the results have broader
utility. This flow problem can be idealized as crossflow jet in-
jection from a slender body of revolution or from a flat plate.
Crossflow jet injection from a surface produces negative
pressures on the surface, particularly toward the downstream
and to the sides of the jet exit. There will also be a positive
pressure region due to crossflow deceleration. Negative
pressures on the bottom surface of a wing means loss of lift
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for an aircraft. When these negative pressures combine with
the positive pressure region in front of the jet, the resultant ef-
fect is to produce a nose-up pitching moment. This pressure
distribution is strongly dependent on the jet-to-freestream
velocity ratio, which is continuously changing during the tran-
sition flight.

The number of parameters involved in the general problem
of jets in a crossflow is large: jet-to-freestream velocity ratio,
jet exit geometry (circular, rectangular, etc.), jet injection an-
gle, single jet or side-by-side or tandem multiple jets, jet exit
velocity profile (uniform, nonuniform, swirling, etc.), jet exit
turbulence levels, temperature difference between jet and free-
stream, concentration profiles, two-phase flows, and buoy-
ancy effects, to name some. Ifv one or both of the streams is
supersonic, additional parameters would be involved. The
present work deals with low-speed, gaseous rectangular jets.
Available experimental information on rectangular jets is very
limited when compared to circular jets. Streamwise aligned
rectangular jets might have some practical advantages over the
circular ones for VTOL aircraft. For example, they can be
placed to the sides of an aircraft more easily, and they make
less blockage against the crossflow for the same jet exit area.

A list of selected publications and research papers related to
crossflow jet injection is given here as Ref. 1-23. A larger list
can be found in Ref. 22. General information on crossflow jet
injection can be obtained from Ref. 1. Reviews of the previous
works can be found in Refs. 3-5. Information on previous
works in a tabulated form can be found in Refs. 11 and 23 (or
Ref. 22). Previous researchers have usually presented their
results as surface pressure distributions, jet trajectories,
and/or mean velocity vector plots. Sparse temperature field
and turbulence information are also available.

According to previous researchers, some of the important
characteristics of these types of flows are known. A pair of
counter-rotating vortices is formed by the interaction of the jet
and the crossflow. These vortices are deflected downstream
and lie on the concave side of the jet center line.14 Air from the
freestream is accelerated in the direction of the jet by viscous
entrainment of surrounding fluid. A low-pressure region is
created on the plate surface. This effect becomes more pro-
nounced as the velocity ratio increases.14 The boundary of the
jet acts like a solid cylindrical body placed in the crossflow.
This blockage effect causes the flow to separate as it travels
around the jet, and a low-pressure wake region forms near the
surface.14 This background can be used to help interpret the
new results here.

The present work is most closely related to Refs. 6-10. In
Ref. 6, single and tandem dual circular jets injected from a
body of revolution were investigated. In Ref. 7, side-by-side



794 KAVSAOGLU, SCHETZ, AND JAKUBOWSKI J. AIRCRAFT

Table 1 Scope of the present research3

Jet type
90-deg single
rectangular

90-deg side-by-side
dual rectangular

60-deg single
rectangular

60-deg side-by-side
dual rectangular

Jet
velocity
profile

Uniform
nozzle

Uniform
nozzle

Uniform
nozzle

Uniform
nozzle

Jet
velocity,

m/s

66

66

66

66

Pressure
data

2.2, 4, 8

2.2, 4, 8

2.2, 4, 8

2.2, 4, 8

UI/U^.K

Mean flow Turbulence
data data

— —

2.2, 4 4

— —

4 4

a) View looking downstream

aFor rectangular jets: L = 86 mm, W= 21.5 mm, L/W= 4, and jet aligned streamwise. For side-by-side dual rectangular
jets: S/DTQf = 0.95 (£>ref: D of same area circle).

to-width ratio (L/W) was 4. For side-by-side 90-deg rectangu-
lar jets, the ratio of jet spacing to reference diameter (5/Dref)
was 0.95. The jet exit areas were equal to the jet exit areas of
Refs. 6-8 and 10 for a 90-deg circular jet. The 60-deg jets had
the same shape and dimensions as the 90-deg ones when cut
with a plane perpendicular to the jet axis. These quantities
were selected as representative of the VTOL cases. The rectan-
gular jets had uniform Velocity profiles and low exit turbu-
lence (approximately 3%). The jets were injected from a flat
plate that was large compared to the jet/crossflow interaction
area. Results were obtained as surface pressure distributions,
mean velocity vector plots, turbulence intensities, and
Reynolds stresses. Surface pressure distribution tests were
done for jet-to-freestream velocity ratios of 2.2, 4, and 8.
These tests were done for single and dual jets. Mean velocity
vector plots were obtained for dual jets and for R = 2.2 and 4
for the 90-deg case and R = 4 for the 60-deg case. Turbulence
intensities in the jet plume were obtained for R = 4 for 90 and
60-deg dual jets. More detailed information about the present
research can be obtained from Ref. 22.

Apparatus

Wind tunnel and Data Acquisition
The experiments were carried out in the 6 x 6-ft (1.83 x 1.83-

m) Stability Tunnel at Virginia Tech.24 The tunnel has a very
low turbulence flow. Tunnel speeds in the range of 24 to 102
ft/s (8.52 to 31.04 m/s) were used according to need.

Test Model
The flat-plate model is shown in Figs. 1 and 2. It is mounted

45.7 cm (18 in.) below the top of the test section with the jets
exhausting downward. The model has a rounded leading edge
and a tapered trailing edge. A 5.08-cm (2 s in.) wide strip of
sandpaper was glued to the plate 11.4 cm (4.5 in.) back from
the leading edge to keep the boundary-layer turbulent at low
tunnel velocities. Each nozzle is located in a 10.16-cm (4.0 in.)
removable brass square section and has an exit area of
2.16x8.57-cm (90-deg jets). The spacing between the center
lines of the nozzles is 10.16 cm (4.0 in.).

An area of 40.64 x 40,64-cm (16 x 16-in.) around the nozzles
is instrumented with pressure taps. The pressure taps were lo-
cated with a 0.64-cm (0.25 in.) spacing in nozzle sections and a
1.7-cm (0.67 in.) spacing in other locations. After ignoring a
few damaged ports, more than 900 ports were used for data
processing, and more than 400 of these ports were in the noz-
zle section.

Jet Nozzles
Figure 2b shows the layout of the nozzles. Each jet is pro-

duced by means of an electric blower. Air coming from each
blower follows a circular pipe of 8.6-cm (3.38 in.) diam. It
passes through a circular-to-square adaptor section, and then
it runs into a 8.57 x 8.57-cm-square channel of length 25 cm.

b) View of the instrumented section
Fig. 1 Photographs of the model in the wind tunnel.

and tandem dual circular jets injected into crossflow from a
flat plate were considered. In Ref. 8, the effects of noriuni-
forrh velocity profiles on crossflow jet injection from a flat
plate have been studied. In Ref. 9, single and side-by-side dual
rectangular jets injected at a 90-deg angle were studied. Those
test were repeated during the course of the present research.
The difference between the jets of Ref. 9 and the present work
is that those jets were found to have had some rotation in their
center, but the jets of the present work had quite uniform exit
profiles. Reference 18 is an example of earlier experimental
studies related to rectangular jets. In that reference, a single
rectangular jet with an aspect ratio of 4 was studied; The jet
was aligned across and streamwise. References 11, 12, 20, and
21 are examples of the limited turbulence measurements
available in the plume of crossflow jets.

The test matrix for the present research can be seen in Table
1. Both 90 and 60-deg single and side-by-side dual rectangular
jets were studied. The jets were aligned streamwise and had
sharp corners. For the 90-deg case, the rectangular jet length-
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J_
a) Pressure tap locations for 90 deg rectangular jets

2.0 in

0,85 in

4,0 in
b) Rectangular jets; dimensions and coordinates

Fig. 2 Model details.

Following this channel, there is an 8-cm long contraction,
which reduces the cross-sectional area to 2.16x8.57 cm2 of
the jet exit (90-deg jets) and provides a smooth acceleration to
the jet exit velocity. When blowers run at maximum power, jet
exit velocity was 68.48 m/s (225 ft/s), and the corresponding
mass flow rate was 0.134 kg/s for each jet.

Instrumentation
Twelve transducers each connected to a 48-port Scanivalve

were used for the pressure distribution experiments. This
made it possible to connect 552 pressure ports to the
Scanivalves at a time.

A three-dimensional yawhead probe was utilized to obtain
mean flowfield measurements in the plumes of the jets. A nor-
mal, single hot-wire probe was used for measuring the jet exit
turbulence levels when there was no crossflow. These measure-
ments were done without using a linearizer. Turbulence inten-
sities and Reynolds stresses in the plumes of the jets were
measured by an X-wire probe. Two constant-temperature ane-
mometers, two linearizers, and a turbulence correlator were

used. It is known that for good accuracy with X-wire probes,
the probe should be aligned with the mean flow direction at
least within 10 deg. Since the probe angle varies considerably
for the jet in a crossflow situation, a probe rotator mechanism
was necessary. Also, in order to measure all six of the turbu-
lence intensities and Reynolds stresses, and X-wire probe must
be rotated around its axis at three different angles—0, 90, and
45 deg. For these reasons, a probe rotator mechanism that also
controlled the roll and pitch angles of the probe was designed
and built.

A computerized data-acquisition system was used to gather
the various experimental data and store them on magnetic
disks for subsequent reduction. The computer automatically
recorded the tunnel dynamic pressure and temperature, the
barometric pressure, the surface pressures induced on the flat
plate, and the outputs coming from pitot, yawhead, and hot-
wire probes. The computer also controlled the sequential
switching of the Scanivalves and the motors of the probe rota-
tor mechanism for the X-wire experiments. The temperature
of the jets was measured by a thermocouple and entered into
the system manually.

Test Conditions
In order to permit comparison of the results of these experi-

ments with previously obtained results for circular jets (Refs.
6-8, 10, among others), jet-to-freestream velocity ratios of
R = 2.2, 4, and 8 were chosen for surface pressure distribution
experiments. During the experiments, the freestream velocity
was changed from 28 to 102 ft/s (8.52 to 31.04 m/s) depending
on the jet exit velocity and the jet-to-freestream velocity ratio
chosen. The freestream turbulence intensity was about 0.04%.
The Reynolds number based on the reference diameter Dref
and the freestream velocity was 2.56x 104 for a 28-ft/s frees-
tream velocity and 9.36x 104 for 102-ft/s freestream velocity.
The Reynolds number at the nozzle, based on flat-plate length
up to this point, was 2.5 x 105 for the 28-ft/s freestream velo-
city and 9.1 x 105 for the 102-ft/s freestream velocity. How-
ever, the boundary-layer profile at the jet exit was always tur-
bulent due to early transition caused by the sandpaper strip
glued to the flat plate. In Fig. 3, an example can be seen of jet
exit velocity profiles that were obtained with the yawhead
probe when there is no crossflow. Note that good uniformity
and symmetry were obtained. Jet exit turbulence intensity was
about 3%.

Experimental Techniques and Data Reduction
Throughout the experiments, different jet-to-freestream

velocity ratios were obtained by keeping the jet velocity con-
stant and adjusting the freestream velocity. For the surface
pressure distribution tests, tare readings were first obtained by
running the tunnel with the jets off and the jet exit areas
covered flush to the model surface with an appropriate free-
stream velocity corresponding to the desired velocity ratio.
Pressure readings were then obtained by again running the
tunnel with the jets on. The tare readings served to zero out
flow disturbances caused by any small irregularities on the sur-
face of the model. Nondimensional pressure coefficients

(1)

were obtained for jet-off and jet-on cases for each R, and the
data is presented as

ACP = (Cp.o-C 7> jet off' (2)

Results were plotted as isobars with a computer program,
which is explained in Ref. 26.

Mean velocity vector plots were obtained by using the
yawhead probe. These tests were done for side-by-side dual
jets only. Only one of the Jets was surveyed, and it was
assumed that the flow was symmetrical. In order to minimize
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flow angularity with respect to the yawhead probe at different
measurement locations, the yawhead probe was kept at a 45-
deg pitch angle with respect to the model surface. A computer
program taken from Ref. 25 was used for data reduction. This
program is based on calibration of the probe and is valid up to
60-deg flow angularities with respect to the probe.

Turbulence measurements in the jet plume were made with
the X-wire probe. At each measurement location, the flow di-
rection was known from the previously made yawhead meas-
urements. Before a measurement, the X-wire probe was
aligned with the flow direction by changing the pitch angle of
the probe. Then data was read at 0-, 90-, and 45-deg roll

angles of the probe. The turbulence quantities were first ob-
tained in the probe coordinates; they are then transferred into
the usual Cartesian coordinate system for plotting. The nor-
malization was with the local total mean velocity.

Results

Pressure Distributions
The results of the surface pressure distribution tests will be

presented as ACp isobars. In the figures, thin isobar lines are
drawn at ACp = 0.2 intervals, and thick isobar lines are drawn
at ACpl.O intervals. An exception to this rule is Fig. 7, where

SIDE BY SIDE
(JET EXIT PROFILES)

RECTRNGULRR JETS (90 DEC!
X=0.5 IN

8
(NJ

Fig. 3 Jet exit velocity profiles.
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Fig. 4a Surface pressures, 90 deg rectangular jet, R - 2.2; single jet.
Fig. 4b Surface pressures, 90 deg rectangular jet, R - 2.2; side-by-
side.
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Fig. 5a Surface pressures, 90 deg rectangular jet, R = 4.0; single jet. Fig. 5b Surface pressures, 90 deg rectangular jet, R = 4.0; side-by-
side.

Fig. 6a Surface pressures, 90 deg rectangular jet, R = 8.0; single jet.

thin lines are drawn at ACP = 0.4 intervals, and thick lines are
drawn at ACP = 2.0 intervals. All of the results are plotted with
the same scale (except Fig. 7), so the dimensions and areas are
comparable.

90-Deg Rectangular Jets
Results for 90-deg rectangular jets can be seen in Figs. 4-7.

In the upper part of Fig. 4, one can see the results for a single
jet with R = 2.2. There is a large area influenced with negative
pressures that extends toward the sides and downstream from
the jet leading edge. In front of the jet, there is a positive
pressure region due to deceleration of the freestream. There
are very high negative pressures at both sides of the front cor-
ner, which are due to sharp and sudden changes in the magni-
tude and direction of the velocity vector and local flow separa-

Fig. 6b Surface pressures, 90 deg rectangular jet, R = 8.0; side-by-
side.

tion. Although lower in magnitude, there is another negative
pressure region around the rear corners. This should also be
due to flow separation and other effects. The pressure distri-
bution is quite symmetric, and the high negative pressures in
the close vicinity of the jet decay rather fast. By increasing jet-
to-freestream velocity ratio to 4.0, the downstream extent of
the negative pressures reduces, but their upstream extent in-
creases. This can be seen by observing the shift of the pressure
line labeled "0.0" from Fig. 4a to Fig. 5a. The negative peak
pressures at the front corners are also larger. The effect of the
rear corners reduces. The decay of negative pressures is slow-
er and this is why the ACp = - 0.2 line covers a larger area.
There is again a positive region in front of the jet; however,
this region has a smaller area compared to R = 2.2. Increasing
the velocity ratio to 8 as shown in Fig. 6a further reduces the
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Fig. 7 Surface pressure, 90 deg rectangular jets, enlarged front area.

Fig. 8a Surface pressures, 60 deg rectangular jet, R = 2.2; single jet. Fig. 8b Surface pressures, 60 deg rectangular jet, R = 2.2; side-by-
side.

downstream extent of the negative pressures and increases
their extent toward the sides and upstream. Again, there is a
positive pressure region in front of the jet, which is sur-
rounded by the negative pressure region from all sides. Decay
of the negative pressures is even slower. The sharp peaks at the

front corners seem to be of less magnitude compared to the
R = 4 case.

For 90-deg rectangular jets, the flow structure in the close
vicinity of the front corners is quite complicated, so these
areas are enlarged in Fig. 7. At the right-hand side of Fig. 7,
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Fig. 9a Surface pressures, 60 deg rectangular jet, R = 4.0; single jet.

compare the front corner regions of the single jets for R = 2.2,
4, and 8. The asymmetry seen for R = 4 and 8 can be due either
to imperfections of the jet exit profile or to uncertainty caused
by an insufficient number of pressure taps. The locations of
the negative peaks are a little closer to the front edge for R - 4
and 8 when compared to R = 2.2. The magnitude of the peaks
increases when the velocity ratio increases from 2.2 to 4. They
decrease again when the velocity ratio is further increased to
R = 8. One argument is quite helpful to understand what is
happening by changing the velocity ratio. The R = 2.2 case is
closer to the case of R = 0. For R = 0, there would not be posi-
tive or negative pressure regions on the flat-plate surface. The
case R = 8 is closer to R = <x>, and for R = oo there would be
negative pressure areas around the jet exit that are distributed
symmetrically. However, there would not be sharp negative
corner peaks caused by the interaction of two streams. The
case. R = 2.2 has the highest freestream dominancy when com-
pared to R = 4 and 8. That is why, for this case, one does not
observe upstream extension of negative pressure areas. In-
creasing the velocity ratio reduces the dominancy of the frees-
tream and increases the dominaney of the jet on the pressure
distribution.

Results for 90-deg side-by-side, dual rectangular jets are
presented in Figs. 4b, 5b, and 6b for R = 2.2, 4, and 8. Again,
enlarged front corner regions can be seen in Fig. 7. Most of the
arguments made for the single jets are also valid for this con-
figuration. Dual jets produce a larger negative pressure area,
particularly toward the downstream. Again, the decay of neg-
ative pressure slows down by increasing velocity ratio. This is
clear when one observes, for example, how the area covered
by the ACp = - 0.2 line enlarges with increasing velocity ratio.
Also, the upstream extent of negative pressures increases with
increasing velocity ratio.

The flow between two jets and the influence of each jet on
the other causes additional complications of the flow structure
for dual jets. These effects increase with increasing velocity
ratio. Looking at Fig. 4b for R = 2.29 one can still say that
there is some symmetry on the inner and outer sides of each
jet. This is no longer true for R = 4 and 8. For these cases,
symmetry is valid with respect to a line passing from the mid-
dle of the two jets and parallel to the freestream. However, the
inner and outer sides of each jet are not symmetric. For exam-
ple, if one compares the inner corner peaks to the outer corner
peaks for R - 8 in Fig. 7, the inner peaks have magnitudes like

Fig. 9b Surface pressures, 60 deg rectangular jet, R - 4.0; side-by-
side.

- 25.3 and - 30.2 and the outer peaks - 10.5 and - 14.7. The
outer side of each jet behaves more like one side of a single jet,
which is not true for the inner sides. Also, negative pressures
with higher magnitude and larger area occur over the surface.
Comparing the areas covered by the ACp = - 1.0 line for a sin-
gle jet (R = 4), one can see that for dual jets, the line covers an
area larger than twice the area covered for a single jet. By fur-
ther increasing the velocity ratio (even more than 8), the ef-
fects of channel flow between the jets would start reducing,
but the effects of one jet on the other will continue to increase
due to weaker crossflow and stronger jets.

60-Deg Rectangular Jets
Pressure distribution results for 60-deg injection are pre-

sented in Figs. 8-10. These results are qualitatively similar to
the 90-deg rectangular jet results. The same things can be said
about the effects of velocity ratio or the differences between
single and dual jets. However, the interaction of 60-deg jet(s)
with the freestream is smoother\ thus producing lower magni-
tude negative pressure areas in the near vicinity of jet exits.
Comparing single jet results for R - 4 for 90 and 60 deg (Figs.
5a and 9a), one can see that the areas covered by ACp = 0.0
line have not been influenced much. However, the area
covered by ACp = - 0.2 line is lesser, and the area covered by
ACp = — 1.0 line is even less for 60-deg jets.

For the 60-deg jets, one no longer sees dramatically high
negative pressure peaks around the front corners. Instead of
negative pressure peaks to - 16.0 as for 90-deg jets, the maxi-
mum for 60-deg jets is about -4.0. The importance of the
rear corners seems to increase for the 60-deg jets. One ob-
serves higher magnitude negative pressures around these cor-
ners. Compare dual rectangular jets for R = 4 from Figs. 5b
and 9b. Again, the area covered with lower magnitude nega-
tive pressures does not seem to be influenced too greatly.
However, the area covered by the ACP = -1.0 line is clearly
less for 60-deg jets, and the area covered by ACp = - 2.0 line is
much less. The inside, rear corners of the 60-deg dual jets pro-
duce negative pressures of roughly - 5.0 in magnitude, which
is not found for 90-deg jets at R = 4.0. It seems that there is a
strong flow interaction around the rear corners for 60-deg jets.
These same things can be said for the other velocity ratios,
too. However, for R = 2.2 even the low magnitude ACp lines,
such as 0.0 and - 0.2, cover a smaller area (compare Fig. 4a to
Fig. 8a, and Fig. 4b to Fig. 8b). This might be due to stronger
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Fig. lOa Surface pressures, 60 deg rectangular jet, R = 8.0; single
jet.
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Fig. 11 Mean flowfield, 90 deg side-by-side dual rectangular jet,
#=2.2;

Fig. lOb Surface pressures, 60 deg rectangular jet, R = 8.0; side-by-
side.
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Fig. 12 Mean flowfield, 90 deg side-by-side dual rectangular jet,
R= 2.2; X/Z>ref= 1.026.

crossflow effects. As with the 90-deg jets, the 60-deg jets pro-
duced symmetric pressure distributions.

Mean Flowfield Measurements
Mean flowfield measurement results are presented in Figs.

11-16. These measurements were done for 90- and 60-deg side-
by-side dual rectangular jets. For 90-deg jets, the data were
obtained for R = 2.2 and 4.0 and for 60-deg jets forJ? = 4.0.
From Fig. 11 for JR = 2.2 and for 90-deg jets, one can see that
the penetration height of the center of the jet plume is about
15 cm (6 in.) (Z/Dref = 3). Little actual flow reversal is seen
at this measurement station. From the X-5 cm (2 in.)
(X/Dref = 1) cross section in Fig. 12, vortical flow formation at
both sides of the jet is quite clear. At low Z locations, the jet
sucks in the outside air, and for high Z locations, the jet
spreads out. The same type of flow can be observed for R = 4

from Figs. 13 and 14. For that case, the penetration height is
about 30 cm (12 in.) (AT/Dref = 6.5), and somewhat more flow
reversal is evident right behind the jet column.

In Figs. 15 and 16, the results for 60-deg jets at R = 4 can be
seen. Of course, interaction of the two streams is smoother,
and the jet penetrates to a lower Z distance compared to 90-
deg injection. From Fig. 15, one can say that the penetration
height is about 23 cm (9 in.) (Z/Dref = 4.5). There is no flow
reversal. The vortices in the plume are much smaller than for
the 90-deg case.

Turbulence Measurements
Results of turbulence measurements are presented in Figs.

17-20. The measurements were done for 90- and 60-deg dual
jets and R = 4. For both cases, data were taken for only one
plane, i.e., Y/Dref = 0.0. Local total mean velocity was used
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Fig. 13 Mean flowfield, 90 deg side-by-side dual rectangular jet,
/?= 4.0; X/Dref = 0.0.
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Fig. 15 Mean flowfield, 60 deg side-by-side dual rectangular jet,
R= 4.0; X/Dnt = 2.051.
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Fig. 14 Mean flowfield, 90 deg side-by-side dual rectangular jet,
R= 4.0; X/Dref = 1.026.
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Fig. 16 Mean flowfield, 60 deg side-by-side dual rectangular jet,
R= 4.0; X//>ref= 1.026.

for normalization of the turbulence data. If one looks at these
turbulence data together with the previously presented mean
flow data, the understanding of the results can be easier.

90-Deg Side-by-Side Dual Rectangular Jets
In Fig. 17, we show turbulence intensities in the X, Y, and Z

directions (u, t;, w). One can see that u and w have a similar
behavior, whereas £ behaves differently. It seems that in jet-
dominated regions, u and iv are higher, and in wake-
dominated regions, tJ is higher. Both the jet and the freestream
are actually low turbulence flows. Therefore, the jet core and
freestream-dominated regions have low turbulence intensities.
Turbulence increases with increased mixing and interaction of
each stream. For X/DTef = 0.0, all three turbulence intensities
increase with increasing Z, and they have peak values around
Z/Dref = 3. Then, they start decreasing to their freestream
values. Peak values are around 40% for «, 30% for w, and

for £. The £ has considerably lower values than the other

two. For low Z locations, turbulence intensities are below 5%.
These areas actually correspond to the core of the jet. The
same type of argument is true for X/DTef = 0.53. More data
points fell into the core of the jet. Peak turbulence intensities
shift to around the Z/Z>ref = 4 location. Peak values are about
45% for u, 40% for w, and 15% for £. These peak values oc-
cur at the outer edge of the jet at the mixing layer between the
jet and freestream. At X/DTef = 1.05, one cannot observe the
effect of a jet core anymore. Instead, low Z locations are now
under the influence of the wake flow behind the jet and also
under the influence of the vortex flows separating from both
sides of the jet. In this wake-dominated region, all three turbu-
lence intensities have values around 20-30%. By coming closer
to the jet-dominated region, u and w start increasing and f;
starts decreasing. All of the turbulence intensities again have
their peak values in the outer mixing region of the jet and
freestream. The peak for £ is less pronounced. Peak values for
u and w are about 45% and for £ about 20%, which is lower
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Fig. 17 Turbulence intensities, 90 deg side-by-side dual rectangular
jet, R = 4.0.

Fig. 18 Turbulent stresses, 90 deg side-by-side dual rectangular jet,
/?=4.0.

than the value of v in the wake region. For X/Dref = 2.11, tJ is
considerably larger than u and w in the wake region, and it de-
creases smoothly when coming to the jet region. For u and w,
two peaks are pronounced—one at the lower edge of the jet
and the other at the outer edge of the jet. The peaks at the
lower edge are about 40%, and the ones at the outer edge are
about 35%. By going downstream, the differences between the
jet and wake regions diminish. These two actually start be-
coming the same region. Turbulence intensities decay further,
and they start becoming more isotropic.

In Fig. 18, Reynolds stresses are presented. The - uw is usu-
ally smaller in magnitude compared to - uv and - vw. It is
seen that - uv usually takes negative values, and - uw usually
takes positive values. For X/Dref = 0.0, 0.53, and 1.05, -uv

makes a negative peak, and - vw makes a positive peak. For
X/PTef = 2.11, the situation is a little more complicated be-
cause of the increased effect of the wake. By going further
downstream, the curves get smoother.

60-Deg Side-by-Side Dual Rectangular Jets
In Fig. 19, turbulence intensities are presented for the 60-

deg jets. The functional behavior of the curves are quite
similar to that for the 90-deg jets. The profiles are a little com-
pressed in the Z direction, because the 60-deg jets have lower
penetration height. The jet has higher velocities than the free-
stream even for the downsteam locations such as
X/DTef = 4.21 and 5.26. For that reason, the shear layer be-
tween the jet and the freestream produces observable peak
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Fig. 19 Turbulence intensities, 60 deg side-by-side dual rectangular
jet, R = 4.0.

values for u and w at these stations. Again, v takes higher
values in the wake-dominated region and lower values in the
jet-dominated region. This can be judged as logical, because
for the wake-dominated region the measurement plane is pre-
sumed to be the symmetry plane for two counter-rotating vor-
tices. Two flows with opposite direction Y mean component
velocities meet each other in this plane, therefore velocity fluc-
tuations in the Y direction are high. For the jet-dominated re-
gion, two flows with almost no Y mean component velocities
hit each other (jet and freestream). The directions and magni-
tudes for these two flows in the X-Z plane are different. This
causes higher fluctuating velocities in the X and Z directions.

In Fig. 20, results for the Reynolds stresses can be seen. The
functional behavior of - uv and - vw are again quite similar
to that for 90-deg jets. For X/DTef = 0.53 and 1.05, -uw

0 2 4 6
Z'°ref

Fig. 20 Turbulence stresses, 60 deg side-by-side dual rectangular jet,
R = 4.0.

Table 2 Comparison of surface pressures for single jets for R = 4.0.
________Circular jet data is taken from Ref. 23 ____

Jet type A_l/Aejiii

90-deg rectangular

60-deg rectangular

90-deg circular

1.90

0.68

4.31

14.33

10.86

22.66

makes one positive and one negative peak. This is not very
clear for 90-deg jets.

Discussion
In Table 2, single-jet pressure distribution results are com-

pared for R = 4. In this table, results for a 90-deg single circu-
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lar jet from Ref. 23 are also included. The ratios of the areas
covered by the ACP = — 1 line and the ACP = - 0.2 line to jet
exit area are presented. For the 60-deg rectangular jet, instead
of the jet exit area, the projection of this area on a plane per-
pendicular to jet axis is taken. Negative pressure areas were
smallest for the 60-deg jet and largest for the circular jet of
Ref. 23. The circular jet of Ref. 23 had uniform velocity pro-
file and low exit turbulence like the present rectangular jets.
Comparisons can also be made with other previous circular jet
results, such as, the present dual jet results can be compared
with the dual circular jet results of Ref. 2. The main difference
of rectangular jets from the circular ones is the sharp negative
peak values of ACp around the front corners. The maximum
negative pressures are lower for circular jets, and are located
at the left and right sides of the jet. For the side-by-side dual
configuration, the streamwise rectangular jets can be brought
closer to each other with less blockage to the free-
stream than the circular ones. The negative pressure area be-
hind the circular jets extends further downstream. However,
the decay is smoother. Streamwise-aligned rectangular lift jets
can provide the same thrust with less surface interaction. The
sharp negative pressure peaks around the front corners of the
rectangular jets can likely be reduced by rounding the corners.
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