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(ABSTRACT)

In this experimental research, jets injected from a flat plate into a crossflow
at large angles have been studied. Results were obtained as surface pressure dis-
tributions and mean velocity vector plots and turbulence intensities and Reynolds
stresses in the jet plume. Rectangular jets (length/width =4) and circular jets
were tested. The rectangular jets were aligned streamwise as single and side-by-
side dual jets. For the rectangular jets, the jet injection angles were 90° and 60° .
The circular jet results were obtained for a single circular jet injected at a 90°
angle. Different types of the circular jets were studied with low exit turbulence,
high exit turbulence, 40 % swirl and 58 % swirl. The surface pressure distrib-
ution results were obtained for jet to freestream velocity ratios of 2.2, 4 and 8 for
most of the cases mentioned. Mean velocity vector plots were obtained for the
90° and 60° side-by-side dual rectangular jets and all the circular jet types, mainly
for the jet to freestream velocity ratio of 4. Turbulence results were obtained for
a jet to freestream velocity ratio of 4 for the 90° and 60° side-by-side dual rec-

tangular jets and for the circular jet with low exit turbulence cases. The results



showed that the higher exit turbulence reduced the penetration height, and it also
reduced the surface area influenced by the negative pressures. The swirl caused
asymmetric pressure distributions, and the swirl effects were more pronounced
for lower velocity ratios. The rectangular jets featured strong negative pressure
peaks near the front nozzle corners. The 60° rectangular jets produced lower
magnitude negative pressures which are distributed over a lesser area when com-

pared to the 90° rectangular jets.
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Chapter 1
INTRODUCTION

1.1 MOTIVATION

Fluid injection into another fluid, basically the subject matter of jet flows,
is one of the major subdivisions of fluid mechanics. The mixing of two or more
streams with different velocities and sometimes with different direction, concen-
tration, temperature, density, phase and other properties produces a complicated
turbulent (often 3D) flow field, and this introduces difficulties for theoretical and
computational workers. The subject is important, because there are numerous
practical applications involving such flows. Experimental determination of these
flowfields is also not routine, particularly when it comes to obtaining turbulence
information. Throughout the years there has been a lot of research work done in

the field, the majority of it being experimental. A recent monograph on the sub-
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ject (Ref.1) cites close to 250 selected references. It is not difficult to imagine that
the actual number of research works in the literature is much higher. Research is
still going on, because the number of parameters involved is large, and new ap-
plications are appearing continuously.

Looking at previous works, one sees that the majority deal with coaxial jet
injection. There are also quite a number of works on transverse jet injection at
large angles into a crossflow. Sewage outfalls and industrial chimneys are some
of the applications of that case related to the pollution problem. Fuel injection
into combustion chambers, film cooling and transition flight of VTOL aircraft are
among the aerospace applications of this type of jet injection. There are also nu-
merous industrial applications.

The present work is a fundamental research study aimed primarily to-
wards the application to VTOL aircraft, although the results have broader utility.
This flow problem can be idealized as crossflow jet injection from a slender body
of revolution or from a flat plate. Usually, both jet (or jets) and crossflow are
subsonic flows. During take-off, the jet to freestream velocity ratio changes from
infinity (when there is no forward motion of the aircraft) to zero (when the air-
craft is in horizontal flight, and the jets are off). During landing, just the opposite
happens. Crossflow jet injection from a surface produces negative pressures on
the surface, particularly towards the downstream and to the sides of the jet exit.
There will also be a positive pressure region in front of the jet due to crossflow
deceleration. Negative pressures on the bottom surface of a wing means loss of 1ith

for an aircraft. When these negative pressures combine with the positive pressure
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region in front of the jet, the resultant effect is to produce a nose-up pitching
moment. This pressure distribution on the surface is strongly dependent on the
jet to freestream velocity ratio, which is continuously changing during the transi-
tion flight. Of course, the aircraft designer wants the maximum possible lift with
minimum losses. He also wants maximum stability. This alone is enough reason
that crossflow jet injection should be studied extensively.

The number of parameters involved in the general jet in a crossflow prob-
lem is large - jet to freestream velocity ratio, jet exit geometry (circular, rectan-
gular, etc.), jet injection angle, single jet or side-by-side or tandem multiple jets,
jet exit velocity profile (uniform, nonuniform, swirling etc.), jet exit turbulence
level, temperature difference between jet and freestream, concentration profiles,
possibility of two phase flows, and buoyancy effects, to name some of these pa-
rameters. If one or both of the streams is supersonic, additional parameters
would be involved. Here, because of the main application of the present research,
subsonic jet injection into a subsonic crossflow has been considered. Indeed, the
flow has been idealized to the point where the jet and freestream flows are es-
sentially incompressible.

Even though the literature in this field is already rich, the present research
has some unique characteristics. First of all, single and side-by-side dual rectan-
gular jets aligned streamwise have been studied. Streamwise aligned rectangular
jets might have some practical advantages over the circular ones for VTOL air-
craft. 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. The rec-
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tangular jets studied had sharp corners, and the effects of two different injection
angles and three different velocity ratios have been studied. Next, the effects of
jet exit turbulence level and swirling exit velocity profile for a 90° circular jet have
been investigated. These effects are present in the jets formed by fans or jet en-
gines used for VTOL airplanes. In aircraft propulsion systems, swirl may be
permitted for noise reduction purposes. On the other hand, swirl is often elimi-
nated by using flow straighteners to increase thrust. The swirl ratios used for the
present research (40 % and 58 %) were strong enough to produce visible changes
in the pressure distribution and flowfield. These swirl ratios may be high for air-
craft applications, but the results have fundamental importance and may also be
useful for some other type of applications. To the best of the author’s knowledge,
these areas have received little or no previous attention.

Results are presented as surface pressure distributions and mean velocity
vectors. For the jet centerplane, turbulence intensities and Reynolds stresses ob-
tained for 90° and 60° rectangular dual jets and a 90° single circular jet for a jet
to freestream velocity ratio of 4 are presented. For the VTOL application, the
pressure distributions have the most direct use. The mean flowfield results are
helpful to interpret surface pressure distribution measurements and for other en-
gineering applications. The mean flowfield and turbulence data obtained can also
be useful for the turbulence modeller and computational fluid dynamicist.

This work was an experimental study. Even though they are expensive and
troublesome, experimental studies on flowfields of this complexity are still neces-

sary. Approximate prediction methods may not always be suitable to provide the
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information needed, and numerical solutions of the Navier-Stokes equations are
not yet routine even for the single circular jet. Such solutions will be much more
difficult for rectangular jets, multiple jets, high turbulence jets, and jets with

swirl.

1.2 GENERAL INFORMATION AND LITERATURE

SURVEY

A jet injected at a right angle into a crossflow bends towards downstream
under the effect of crossflow. The core of the jet takes a kidney-like shape. During
this process, two counterrotating bound vortices form in the jet. Going down-
stream, the two streams mix rapidly. There are similarities between a crossflow
passing a solid object and a crossflow passing a transverse jet. Let us assume that
the solid objéct is a circular cylinder, and the jet is a round jet. The crossflow
passing a circular cylinder will first decelerate in front of the cylinder, then ac-
celerate around and separate from the rear forming the wake region. The same
general type of flow will occur about a round jet, but entrainment between the
two streams further complicates the situation. If the solid object is sharp-
cornered such as a rectangular body, the crossflow will separate right from the
front corners, and there will be a base flow region at the rear. Replacing the rec-
tangular body with a rectangular jet will again introduce further complications

due to viscous entrainment of the two streams.
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In Fig.1.a (from Ref.2),the deformation of a round jet into a kidney shape
under the effect of the crossflow can be seen. In Fig.1.b, the form of the constant
total and static pressure contours and the diminishing of the potential core along
the arc length of the jet can be seen. In that figure, s is the arc length along the
centerline trajectory, and D is the jet exit diameter. Fig.2, taken from Ref.3, is
also helpful for an understanding of this complex flowfield. One must also con-
sider the possibility of periodic unsteadiness. Motion picture flow visualisation
studies using a tuft screen behind the jet (Ref.29) showed formation of periodic
eddies in the wake region for a blunt jet. The blunt jet used was a rectangular jet
with rounded corners, whose long axis was perpendicular to the crossflow direc-
tion. According to the same reference, the same phenomena were observed for a
circular jet, but the magnitude of the disturbances was less.

A list of selected publications and research papers related to crossflow jet
injection is given here as References 1 through 79. Due to the nature of the
present work, papers related to subsonic jet injection into a subsonic crossflow
were chosen. However, crossflow jet injection into supersonic flow is also a large
area of research because it has applications like fuel injection into ramjet
combustors. The interested reader on this subject should refer to Ref.1. General
information on crossflow jet injection can also be obtained from Ref.l1. This is a
recent book, and it is quite extensive in coverage. Crossflow jet injection is
treated as a separate chapter, and information on single phase flows, particle

laden jets, injection into supersonic flow as well as information on prediction
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metho&s are given. Reference 2 is a classic and comprehensive older book on the
subject that also covers the earlier work of Russian scientists.

Reviews of the previous works on jets in a crossflow can be found in Refs.
4, 5 and 6 and also in 16 and 19. Reference 6 which was prepared in 1981, ex-
tensively evaluates 27 of the previous works; it also tabulates the surface pressure
distribution information obtained from these works. References 23, 24 and 50
through 67 cited in the present work were also among the subjects of Ref.6. Ref-
erence 7 is particularly concentrated on prediction methods, and it contains 15
articles on experimental information together with empirical and potential flow
prediction methods.

The general features of the jet in a crossflow problem was described in

Ref.49 as follows:

a) A pair of diffuse, counter-rotating vortices is formed by the interaction of the
jet and the crossflow that lie on the concave side of the jet centerline. They are
the primary feature in the jet flowfield and are the dominant contributors to the
surface pressure distribution.

b) Air from the freestream is accelerated in the direction of the jet by the viscous
entrainment of surrounding fluid. A low-pressure region is created on the plate
surface. This effect becomes more pronounced as the jet velocity ratio increases.

c¢) The boundary of the jet acts like a solid cylindrical body placed in the cross-
flow. This blockage effect causes the flow to separate as it travels around the jet,

and a low-pressure wake region forms near the surface. Blockage also causes high

pressures in front of the jet.

INTRODUCTION 7



According to Ref.24, variation of the surface boundary layer thickness
may cause differences on the surface pressure distribution. The largest effects can
be seen for the region closest to and to the side and behind the jet. According to
Ref.6, jet to freestream density ratios lower than 1.5 do not effect penetration
significantly. Jets with swirl or high turbulence will have lower penetration due
to the weaker or no potential core. Swirl and high turbulence will also effect the
entrainment of the freestream into the jet, which is a major cause for the negative
pressures on the surface.

In Table 1 on page 11 some of the previous works can be seen compar-
atively. The first part of this table was taken from Ref.15, and some additions
were made here. A prediction method based on solution of the integral conser-
vation equations is presented in Refs. 8 and 9. This method can predict jet flow
properties and the jet path and effects of turbulence, entrainment, buoyancy and
heat transfer are taken into account. The method utilizes a fast iterative solution
procedure. This method was also applied to multiple jets in Ref.18. An example
of an exact numerical Navier-Stokes solution can be found in Ref.77. Calcu-
lations of this type even with a coarse grid are expensive and still rare.

The majority of the previous works deal with a single round jet injected
at a 90° angle into a crossflow. There are also limited studies involving some of
the other parameters mentioned above, e.g. multiple jets, jet injectibn angle,
heated jets, etc. Previous researchers have usually presented their results as sur-
face pressure distributions, jet trajectories and/or mean velocity vector plots.

Sparse temperature field and turbulence information are also available.
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The present work is most closely related to Refs. 10, 11, 12, 13 and 68,
because this work is actually a continuation of those. In Ref.10, single and tan-
dem dual circular jets injected into crossflow from a body of revolution were in-
vestigated. Surface pressure distributions and meanflow information were given
for jet to freestream velocity ratios ranging from 3.2 to 8.0. For tandem jets, the
ratios of center-to-center spacing to jet diameter (S/D) were 2, 4 and 6. Jet in-
jection angles were chosen as 90° and 60°. In Ref.11, side-by-side dual and tan-
dem dual jets injected into crossflow from a flat plate were considered. Results
were presented as surface pressure distribution plots. Both for tandem and side
by-side-jets, the S/D ratios were chosen as 2 and 4. The jet to freestream velocity
ratios (R) were 4, 6 and 8, and the jet injection angles were 105°, 90° and 75°. In
Ref.12, the effects of nonuniform velocity profiles on crossflow jet injection from
a flat plate have been studied. Side-by-side and tandem dual circular jets injected
at a 90° angle into crossflow were used. For both cases, S/D was 2 and jet to
freestream velocity ratios were 2.2 and 4. Information was given as surface
pressure distributions and mean velocity plots. The nonuniform profile had the
same mass flow as the uniform one, but it had lower velocities at the center and
higher velocities at the periphery. It was found that this type of nonuniformity
caused a behavior as if the jet to freestream velocity ratio was higher than what
it was. In Ref.13, single and side-by-side dual rectangular jets injected at a 90°
angle were studied. Those tests were repeated during the course of the present
work. The difference between the jets of Ref.13 and the present work is that the

jets of Ref.13 were found to have had some rotation in their center, but the jets
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of the present work had quite uniform exit profiles. Reference 14 is an example
of earlier experimental studies related to rectangular jets. In this reference, an
aspect ratio 4.0 (same as the present work) single rectangular jet was studied. The
jet was aligned across and streamwise, and the injection angle was varied from
15° to 90°. The injection was from a flat plate or from a faired body. Surface
pressure distribution and vortex data were obtained for velocity ratios of 4.0, 8.0
and 10.

References 15, 17 (or 16 with more details), 75 and 76 are examples of the
limited available turbulence measurements in the plume of circular jets injected
at 90° angle into a crossflow. In Ref.15, LDV was used for the upstream and a
hot wire was used for the downstream region. Measurements were done for a
single jet at jet to freestream velocity ratios of 1.15 and 2.3. In Ref.17, data was
obtained for the downstream region (X/D = 3) by using hot wire at a velocity
ratio of 2. Single, side-by-side dual and tandem dual jets were tested. For both
of the dual jet arrangements, the jet spacing was 4 jet diameters. For Refs. 75
and 76, the subject was a single jet, and hot wire techniques were used to obtain
data. For Ref. 75, the velocity ratios were 0.5, 1.0 and 2.0, and for Ref.76 the
velocity ratio was 0.5. Spectral analysis and conditional sampling of various tur-

bulence quantities were obtained.
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Table 1. Some of the Previous Experimental Investigations

Part | (From Ref.15)

jet jet cross-flow
diameter incident  velocity  velocity  velocity
Ref. (mm) angle profile (m/s) ratio measured
6.35,9.5 penetration
20 12.7, 159 90 orifice - - parameters
6.35,9.5 30, 45 72 correlation between
21 12.7, 15.9 60, 90 orifice 122 2-8 parameters
12.7 total pressures,
22 254 90 orifice - 4,68 flow directions
velocity, turbulence
23 9.5 90 pipe 1.5 4,68 intensity, entrainment
248 static pressure
24 254 90 pipe 18.3, 36.6 113 distributions
+ 15, % 30, jet, trajectory,
25 6.35 + 45, £ 90 pipe 1.6 4,68 entrainment
-180,30, 60, 90, trajectory by
26 25.4 120,150,180 nozzle - 1.18-10 photographs
27 50.8 90 pipe 7.6,15.2 4.12 wall static pressures
MACH
0.1,0.2 wall static
28 84 90 nozzle 0.4,0.6 1.4 pressures
turbulence in
29 50.8 90 nozzle 15.2 8,12 wake region
temperature,
30.5 velocity, turbulence
30 23.5 35,90 pipe 61 0.1-2 intensity contours
wall static pressures
248 turbulence intensity
31 254 90 nozzle 12.2 12,16,20 vorticity
23.5 30.5 adiabatic wall temperature,
32 11.8 35,90 pipe 61 0.1-2.18 film cooling effectivenes
velocity and temperature
33 6.35 90 pipe 6-9 2.8-8.5 distributions
adiabatic wall
30.5 temperatures,pitot
34 23.5 35,90 pipe 61 0.1-2.0 and static pressures
. 38.1 24,68 wall static pressure
35 76.2 90 orifice - 12 distribution
MACH dynamic
pressure
0.1,0.2 ratio floor static
36 84 90 nozzle 04,06 0-1000 pressures
2.37,3.95 velocity
37 40 90 pipe 34 6.35 distributions
38 101.6 90 orifice 304 53.3 velocity and vorticity
45,60,75 30.5
39 101.6 90,105 nozzle 55.3 8 velocity
static pressure, velocity,
40 19.05 90 pipe 26 0.046-0.1 film cooling effectiveness
3 23.6 90 pipe 8.5 348 velocity, vorticity
41 pipe flow 2-5-12.3
42 varied 90 orifice 15 2.45-7.75 temperature profiles
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Table 1.(continued)
Part 2 (Recent additions)

jet jet  cross-flow
diameter incident  velocity  velocity  velocity
Ref. (mm) angle profile (m/s) ratio measured remarks
single and tandem
dual ($/D =2,4,6)
surface pressures, from a body of rev.
10 492 90,7560 nozzle 14.5-38.5 3-8 velocity vectors D;/Dpp g, =1/2
side by side dual,
tandem dual from a
flat plate,S/D=2,4
11 49.2 10590,75 nozzle 14.5-38.5 4,68 surface pressures for both type
uniform,
high perip. side by side dual,
low center surface pressures, tandem dual from a
12 49.2 90 nonuniform 8.6-15.7 224 velocity vectors flat plate,S;D=2
single, side by side dual
rectangular,streamwise,
L/W =4 for side by side
L=86 surface pressures S/Dypr = 0.95
13 wW=21.5 90 nozzle 8.5-31 2248 velocity vectors D, or:D of eq. area circ.
surface pressures single rectangular
15,30,45 vortex strength jet, LiW=4
14 60,75,90  nozzle 48,10 trajectory blunt,streamwise
velocity,turbulence
Reynolds stress, LDV upstream,
15 254 90 pipe 12 1.15,2.3  vel. probability hot-w. downstr.
16 single,side by side dual,
or turbulence int., tandem dual, for dual
17 50.8 90 nozzle 15.2 2.0 Reynolds str. dual types S/D=4
trajectory,velocity, cold jet(amb.) and
19 50.8 90 nozzle 3 1,2 flow vis., temp. heated jet (177°C)
50 254 90 nozzle 37-124 1.5 surface pressures
swirling crossflow
A
=< = 100 swirler wane ang. =45,70
mean velocity six orientation
69 D, = 146.1 90 nozzle 4 components single normal hot-wire
‘Ij/%o = trajectory, paired jets from
reverse flow zone a plane slot
71 135 67 5,20,40  dimensiones T; = 288°K, T = 343°K
mean and RMS heated jet
temp. profiles, temp. diff. =28-42 °C
72 90 14,7 temp. contours fluids: water
trajectory
dispersion, solid-gas jet
73 S0 1.4-2.5  density PilPop = 12 — 23
mean vel, vectors,
74 50.8 90 nozzle 10.65 8 streamlines 3-D LDV
terms in TKE eq.,
75 50 90 pipe 13.9 0.5,1,2 turbulence, meanflow triple hot-wire
spectral anal., flow
vis.,conditional avgs.
76 50 90 pipe 13.9 0.5 of turb. quantitites
velocity vector,
45,60,75 pressures
78 101.6 90,105 nozzle 438 in the jet plume
79 90 2-9 flow vis. nonsymmetric jet, yaw ang.
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1.3 SCOPE OF THE PRESENT RESEARCH

The test matrix for the present research can be seen in Table-2. During
the course of the present study, 90° and 60° single and side-by-side dual rectan-
gular jets were studied. The rectangular jets were aligned streamwise and had
sharp corners. For 90°, the rectangular jet length to width ratio (L/W) was 4.0.
For side-by-side 90° rectangular jets, the ratio of jet spacing to reference diameter
(S/D,) was 0.95, where D, is defined as the diameter of a circle with the same
area. The 60° rectangular jets had the same shape and dimensions as the 90° ones
when cut with a plane perpendicular to the jet axis. These quantities were selected
as representative of the VTOL cases. The rectangular jets had uniform velocity
profiles and low exit turbulence ( = 3% ).

For a 90° single circular jet, the effects of different jet exit velocity profiles
were studied. These profiles were: 1) low turbulence, uniform; 2) high turbulence,
uniform and 3) swirling. The low and high turbulence, circular jets had uniform
exit mean velocity profiles. The exit turbulence intensity was around 3 % and
uniformly distributed for the low case. For the high turbulence case, the intensity
was around 10 % in the center and higher at the periphery. For the swirling jets,
swirl ratios of 40 % and 58 % were tested, where swirl ratio was defined as the
swirl component of the velocity at the periphery divided by the average total ve-
locity. All the jets were injected from a flat plate that was large compared to the

jet/crossflow interaction area.
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Results were obtained as surface pressure distributions, mean velocity
vector plots and turbulence intensities and Reynolds stresses. Surface pressure
distribution tests were done for jet to freestream velocity ratios (R) of 2.2, 4.0 and
8.0. These tests were for 90° and 60° single and side-by-side dual rectangular jets,
single circular jet, circular jet with high turbulence and circular jet with 40 % and
58 % swirl. For the circular jet with high turbulence case, R =8.0 was omitted
due to the very low freestream velocity needed. For meanflow measurements, a
five-hole, yawhead probe was used. Turbulence quantities were obtained by using
an X hot wire probe which was supported by a probe rotator mechanism. Pitch
and roll angles of the probe could be set as desired, and the probe axis was always
aligned with the flow direction. Mean velocity vector plots were obtained for
R =4.0, for 90° and 60° side-by-side dual rectangular jets, single circular jet, cir-
cular jet with high turbulence, and circular jet with 40 % and 58 % swirl. For the
90° rectangular jet case, data for R =2.2 was also obtained. Turbulence intensities
and Reynolds stresses in the plume of the jet were obtained for R =4.0 and 90°
and 60° dual rectangular jets and a single circular jet. These data were obtained

for the jet centerplane only.

INTRODUCTION 14



Table 2. Scope of the Present Research

jet jet U Uy
velocity velocity pressure | meanflow | turbulence
jet type profile (m/sec) data data data
90° single uniform
rectangular nozzle 66 2248 - -
90° side-by-side
dual rectangular ” y 22,48 22,4 4
60° single
rectangular ” . 2.248 - -
60° side-by-side
dual rectangular ~ ” 2.24,8 4 4
90° single
circular ” 62 2.2,4,8 4 4
90° single
circular,high turbulence ” 35 224 4 -
90° single swirling
circular, 40 % swirl nozzle 62 2248 4 -
90° single
circular, 58 % swirl " ” 2248 4 -
Remarks
For rectangular jets, L=86mm, W =21.5mm, L/W =4, jet aligned streamwise.
For side-by-side dual rectangular jets, S/D,,, = 0.95 ( D,,,: D of same area circle ).
For circular jet, D=49.2mm.
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Chapter 2

APPARATUS

2.1 WIND TUNNEL AND DATA ACQUISITION

The experiments were carried out in the 6ft. by 6ft. (1.83m by 1.83m)
Stability Tunnel of Virginia Tech. This is a closed circuit tunnel with 24ft.
(7.32m) long interchangable test section. The tunnel has a very low turbulence
flow (less then 3/100 of a percent at low speeds). A 600 H.P. D.C. motor drives
a 14 foot (4.27m) propeller and provides up to 220 ft/sec (67 m/sec) continuous
velocity in the test section. During these experiments, tunnel speeds in the range
of 24 ft/sec (8.52 m/sec) to 102 ft/sec (31.04 m/sec) were used according to need.
The facility is equipped with appropriate sensors and transducers for measure-

ment of atmospheric pressure , tunnel temperature and dynamic pressure. This
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tunnel can be seen in Fig.3, and more detailed information about the tunnel can
be found in Ref.80.

The tunnel is equipped with a two component probe traverse system. It
is also equipped with an HP 9836 microcomputer, HP 2763A printer , HP 9872A
plotter and a 200 channel HP 3052A Automatic Data Acquisition System. This
data acquisition system included an HP 3495A Channel Selector (Scanner) , an
HP 3455A Digital Voltmeter and an HP 59306A Relay Actuator. The voltmeter
has about a 20 sample per second sampling rate. This data acquisition system can
obtain readings from various transducers and can command up to six relays. By
using these facilities, many of the experiments can be run fully or partly auto-
mated. Collected data can be stored on floppy discs and also transfered to the

mainframe computers of the university.

2.2 TEST MODEL AND JET NOZZLES

Photographs of the médel in the wind tunnel can be seen in Fig.4. This is
actually a flat plate mounted 18in (45.52cm) below the top of the test section. Jets
are injected downwards from the surface. The model has a rounded leading edge,
and a tapered trailing edge. At 4.5in (11.43cm) downstream of the leading edge
there is a 2in (5.08cm) wide 100 grit sandpaper glued to the surface of the model
to create a turbulent boundary layer on the model surface at the injection station.

The model was a little bit wider then the width of the wind tunnel. For that rea-
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son, neccesary adjustments have been made to the wind tunnel to allow part of
the model to be out of the test section. Before starting an experiment, all the
openings on the wind tunnel walls were sealed by tape.

A special section at the center of the model was instrumented with pres-
sure taps, and this section had an L-shaped cut where jet nozzles could be
mounted with different spacings (see Figs.4b and 5). The dimensions of the flat
plate model can be seen in Fig.5, and in Fig.6 the experimental set up is shown.

Two D.C. blowers (Filtron Type FA 1734B) mounted at the top of the test
section were used to provide jet air as shown in Fig.6. These blowers were rated
at 1400 CFM, and the maximum permissible voltage was 28 volts. An arc-welder
power supply was used to generate D.C. power for the blowers. Air from the
blowers passed through a flexible tubing and a nozzle assembly before being in-
jected. Some heating of the jet air by the blowers was observed, and some prec-
autions were taken to reduce it such as replacing the blower bearings and
minimizing the friction generating parts (screens, etc) inside the nozzle assembly.
Finally, the jef exit temperature could be reduced down to about 100°F. The di-
mensions of the flat plate model can be seen in Fig.5, and in Fig.6 the exper-
imental set up is shown.

For this research, three different types of jet nozzles were used: 90° rec-
tangular, 60° rectangular and 90° circular. The 90° jets were injected perpendic-
ular to the freestream, and the 60° jets were inclined downstream. Rectangular
jets ( 90° and 60° ) were tested as single jets and side-by-side dual jets. Circular

jet measurements were only done for single jets. For single jet experiments, one
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of the nozzle exits was closed with a plexiglas piece flush with the surface of the
model. A 4in x 4in (10.16¢m x 10.16c¢m) area in the immediate vicinity of each
jet was instrumented more densely then the rest of the instrumented section. In
these areas, there was a pressure tap at every 0.25in (0.64cm) for rectangular jets
and at every 0.33in (0.85cm) for circular jets. The rest of the instrumented section
was covered with pressure taps at every 0.67in (1.69cm). The diameter of each
pressure tap was about 0.5 mm. Each pressure tap was connected to an approxi-
mately 0.5 mm inner and 1.0 mm outer diameter steel tubing 0.375in (0.95cm)
long. Then, flexible plastic tubing was used to connect these ports to the
Scanivalves. In Fig.7, the locations of the pressure taps for the 90° rectangular
jets can be seen. For this configuration, a total of 926 ports distributed over a
16in by 16in (40.16cm by 40.16cm) area were used for data reading, and 425 of
these ports were in the 8in by 8in (20.32cm by 10.16cm) region covering the im-
mediate vicinity of the jets. The locations of pressure taps were almost the same
for the 60° jets, and in Fig.8 pressure tap locations for the circular jet experiments
can be seen. For circular jet experiments, an area of 12in X 12in
(30.48cm x 40.64cm) was covered with pressure tabs.

In Figure 9, the dimensions of the 90° rectangular jet exits are given. There
was a 4in (10.16cm) spacing between' the two jets. In this figure, we also see the
flow direction and the coordinate system chosen. The Z coordinate (not shown)
completes the right hand system. The dotted lines show the measurement planes
for the mean flowfield experiments. The 60° jets had the same center-to-center

spacing and jet width, but the exit lengths of the 60° jets was longer. However,
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when cut with a plane perpendicular to the jet axis, the 60° and 90° jets had the
same crossectional area. The exit diameter of the circular jet was 1.95in (4.95cm).

In Fig.10, the nozzle assembly for rectangular jets is shown. This is same
for the 90° and 60° jets except for the nozzle section. A plastic honeycomb was
used with about 0.188in (0.476cm) spacings. In Fig.11, the nozzle assembly for
the circular jet can be seen. In this case, a honeycomb was made of 0.25in
(0.64cm) diameter soda straws cut 2in (5.08cm) long. Also in this figure, two
0.625in (1.59cm) pieces of copper tubing are shown. These were used to produce
swirl by tangential air injection for swirling jet experiments. For other cases, the
exit areas of these tubes were closed. These tubes were connected to a larger
tubing and that was connected to the 120 PSI air tanks of the VPI&SU Aero-
space and Ocean Engineering Department, which are normally used to run the
supersonic tunnel. Air pressure was adjusted by using valves. Also seen in Fig.11,
" is an insert section after the nozzle chamber. This insert is actually a thin-walled,
open-ended cylinder. However, for the high turbulence jet experiments, there was
a screen at the nozzle chamber side of this insert. This screen was made of about
0.313in (0.079cm) wires with 0.125in (0.32cm) spacing. In Fig.12, the contraction
section for the rectangular jets is shown. This was made of aluminum, and the
curved part was of thin copper sheet of 0.313in (0.079cm) thickness. Details of
the nozzle geometries for the 90° and 60° rectangular jets and 90° circular jet can
be seen in Figs. 13, 14 and 15. The rectangular jet nozzles were mainly made of

brass to prevent corrosion, and their thin walls were from copper sheet. The cir-
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cular jet nozzle was from steel. Further information about that nozzle can be

found in Refs.10,11,12.

2.3 INSTRUMENTATION FOR PRESSURE

DISTRIBUTION MEASUREMENTS

Two groups of six (total of 12) Scanivalve-transducer systems were used
as the main instrumentation. Each transducer was manufactured by Druck Ltd.
England, model: PDCR 22, range: 1 PSI and required 12 volts of D.C. power.
The Scanivalves were manufactured by Scanivalve Corporation, San Diego,
California model: 48SGM. These Scanivalve-transducer systems are shown in
Fig.16. Each scanivalve had 48 ports, and the 48th port was connected to a 1 PSI
constant pressure source and 47th port was open to ambient. This made it possi-
ble to calibrate the transducers continuously during the experiments. The rest of
the ports were connected to the pressure taps on the model surface. The 1 PSI
constant pressure reference was obtained by using a nitrogen bottle and a dead
weight tester. The dead weight tester was also employed to check the integrity of
every pressure lead connecting the flat plate model with the Scanivalves. A
known pressure was applied to every pressure tap on the model surface and
compared with the corresponding output from the transducers. This made it
possible to ignore damaged ports during data reduction. During the experiments,

after the test conditions are obtained and stabilized, the rotation of the
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Scanivalves, data reading and storage were done by computer through the data
acquisition system as a fully automated process. In Fig.17, instrumentation for
these tests is shown schematically. The computer program which was used to scan
transducers, rotate Scanivalves, and gather data can be found in Appendix A.
This program (SCANNERI1) required about a 24 minute run time when all 12

transducers were used.

2.4 INSTRUMENTATION FOR MEAN FLOW

MEASUREMENTS

A three dimensional yawhead probe (United Sensor DC 125) was used for
the mean flowfield measurements. The probe had a blunt conical head with five
pressure ports. The central hole was surrounded by the remaining four ports lo-
cated at 90° intervals around the head of the probe. Pitch and yaw angles and the
magnitude of the velocity vector were determined by processing the data coming
from all five ports. Geometrical details and coordinate directions of this probe
can be seen in Fig.18. More information about this probe can be found in Ref.86.
During the experiments, referring to the previously defined coordinate system, Y
and Z locations of the probe were changed by a two dimensional traverse mech-
anism, and X location of the probe was changed by hand adjustment of the po-
sition of the strut which supported the probe. The X-Z plane of the probe was

always parallel to our X-Z plane. However, the probe made a 45° angle with the
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model surface in order to cover the maximum possible range of flow angularities.
During the data reduction process, necessary corrections have been applied due
to the differences between coordinate systems. If the calibration given in Ref.381
was used, this probe was capable of determining velocity vectors staying in a 42°
cone from probe axis. When the calibration given in Ref.82 was used, this cone
angle was 60°. The five pressure ports of this probe were connected to a
Scanivalve (Model J Scanivalve Corporation) and read by a transducer. A com-
puter and data acquisition system, which was explained above, were also used for
these experiments. Schematical description of this instrumentation is given in

Fig.19.

2.5 INSTRUMENTATION FOR TURBULENCE

MEASUREMENTS

A normal single wire probe (TSI 1210) was used for measuring the jet exit
turbulence levels when there is no crossflow. These measurements were done
without using a linearizer.

The main part of the turbulence measurements was turbulence intensities
and Reynolds stresses in the plumes of the jets in a crossflow. For these meas-
urements, an X-wire probe (TSI 1241-T2)was used. The sensors were 0.00058 cm
in diameter and 0.127 cm in length and made of Tungsten. Two TSI 1050 con-

stant temperature anemometers, and two TSI 1052 linearizers were used. Data
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~ coming from the linearizers passed through a TSI 1015C turbulence correlator
and were read by a DISA 55D35 RMS voltmeter and a TSI 1076 integrated D.C.
voltmeter.

It is known that for good accuracy with X-wire probes, probe should be
aligned with the flow direction at least within 10° . Since for the jet in a crossflow
situation the flow angle varies considerably, a probe rotator mechanism was nec-
essary. Also, in order to measure all six of the turbulence intensities and Reynolds
stresses, an X-wire probe must be rotated around its axis at three different angles,
basically 0° , 90°“ and 45° . For these reasons, a probe rotator mechanism was
designed and built. Mechanical and electrical manufacturing of this device was
done by the VPI&SU Department of Aerospace and Ocean Engineering shops.
This device changed the pitch and roll angles of the hot wire probe. A motor
changed the pitch angle, and a potentiometer read this angle. Another motor and
potentiometer did the same for the roll angle. The potentiometers were calibrated
before putting the device into service. The Z coordinate of the probe was changed
by a one dimensional traverse mechanism, which supported the probe rotator
mechanism rigidly. The X location of the probe was changed manually. To save
weight, most parts of the probe rotator mechanism were made of aluminum. A
6in (15.24cm) long TSI 1155 probe support for X-wires was removed from its end
box and mounted to the shaft of the roll motor of this mechanism. Individual
parts and most corners were streamlined, and the probe was not subject to vi-
brations at least for the wind tunnel speeds of our interest. The maximum tunnel

speed for turbulence measurements was about 50 ft/sec (15.24 m/sec). The testing

APPARATUS | 24



of this device above 100 ft/sec wind tunnel speed did not show vibrations. The
same was true for jet in a crossflow situations for our velocity ranges. The hot
wire probe and the probe rotator mechanism can be seen in Fig.20. More details
about this mechanism are given in Appendix C. The computer and data acquisi-
tion system, which was mentioned before, were also used for these experiments.
The computer read the R.M.S. and D.C. outputs coming from hot wire sensors
and set pitch, roll angles and Z locations by reading potentiometer outputs, re-
ceiving manual information and commanding the pitch, roll and Z motors. Data
reduction was also done by the same computer, and the data was stored on
floppy discs. A schematic diagram of the instrumentation for the turbulence
measurements can be seen in Fig.21. The computer program which was used for
this experiments is given in Appendix B. In Fig.22, the coordinate system of the
X-wire probe and sensor numbering with this coordinate system can be seen.
Linearized output of the sensor#l is proportional to (U + V) and of sensor#2 to
(U-V). A sample linearized calibration curve is given in Fig.23, and the effect of
temperature on the linearized output can be seen in Figure 24 taken from Ref.16.
Note that temperature change affects the gain of the curves, but it has less effect

on the zero shift.
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2.6 TEST CONDITIONS

Throughout the experiments, different jet to freestream velocity ratios were
obtained by keeping the jet velocity constant and adjusting the freestream veloc-
ity. This is done because accurate adjustment of the freestream velocity was much
easier than the jet velocity. During the experiments the freestream velocity was
changed from 28 ft/sec (8.52 m/sec) to 102 ft/sec (31.04 m/sec), depending on jet
exit velocity and the jet to freestream velocity ratio chosen. The freestream tur-
bulence intensity was about 0.04 %. The Reynolds number based on the jet exit
diameter (or D, for the rectangular jets) and the freestream velocity was
2.56 x 10* for 28 ft/sec freestream velocity and 9.36 x 10* for 102 ft/sec
freestream velocity. The Reynolds number at the nozzle, based on flat plate
length up to this point was 2.5 x 10°% for the 28 ft/sec freestream velocity and
9.1 x 10° for the 102 ft/sec freestream velocity. However, the boundary layer
profile at the jet exits was always turbulent due to the early transition caused by
the sandpaper strip glued to the flat plate. Moore (Ref.96) obtained boundary
layer profiles at the nozzle location for the same model and found that the
boundary layer thickness was 0.75 in (1.91cm) for 28.31 ft/sec (8.63 m/sec)
freestream velocity and 0.56 in (1.42 cm) for 51.47 ft/sec (15.69 m/sec). His re-
sults are shown in Fig.25. Freestream temperature varied according to seasonal
atmospheric conditions, ( 40°F - 90°F ). Since the jet temperature was around

100°F, hot wire measurements were done during the summer and warm fall days,
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when the temperatures changed from 65 to 90° F to minimize temperature vari-
ations in the flow.

In Figs. 26 through 31, jet exit velocity profiles which were obtained when
there is no crossflow are presented. These are the jet exit profiles for 90° rectan-
gular jets, 60° rectangular jets, circular jet with low exit turbulence and no swirl,
circular jet with 40% swirl, circular jet with 58% swirl and circular jet with high
exit turbulence. These profiles were obtained by using the five hole yawhead
probe except for the circular jet with high exit turbulence case, which was ob-
tained by using a Pitot tube. All the circular jets were injected with a 90° angle
to the freestream. In order to obtain 40% swirl, air pressure at the larger tube,
which fed two tangential tubes connected to the circular jet nozzle was kept at 5
PSI. This pressure was 30 PSI for 58% swirl. For jets with swirl, the swirl ratio
was defined as the ratio of the swirl component of the velocity at X/D=0.41 to
average total velocity. As can be seen from the figures, uniformity of the profiles
were quite satisfactory. For most cases, jet exit velocities were in the 200-220
ft/sec (61-67 m/sec) range. Jet exit velocity for the circular jet with the high exit
turbulence was about 115 ft/sec (35 m/sec) due to the additional drag caused by

the turbulence generating screen.

Pressure distribution and mean flowfield measurements were done while
running the blowers at maximum speed. For these cases, jet exit temperature

reached up to 110°F. ( 43°C ). Turbulence measurements were done at a little

lower blower speed. This helped to reduce the jet exit temperature to 100°F (
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38°C ) as mentioned before. This also caused about 5 % reduction in the jet exit
velocity. The tunnel speed was adjusted accordingly.

In Fig.32, the jet exit turbulence profile for the 90° rectangular jet is given.
As can be seen from this figure, exit turbulence intensity was about 3%. Since
they had quite similar nozzle geometries, the turbulence profile for the 60° rec-
tangular nozzle was about the same.

In Fig.33, circular jet exit turbulence profiles are given compared with the
cases of Refs.10,11 and 12. The no swirl, low turbulence case had about 3% exit
turbulence, which was close to the case of Ref.12. For the case of that reference,
turbulence was a little higher at the center due to an additional inner pipe used
inside the nozzle. The exit turbulence of Refs.10 & 11, which was measured about
1 cm from the exit, was about 8 to 9 % and had a uniform profile. For the high
exit turbulence case of the present research, the turbulence level was about 10 to
12 % for the inner region, but it was considerably higher at the edges due to the

way the turbulence generating screen was manufactured.
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Chapter 3
EXPERIMENTAL TECHNIQUES AND DATA

REDUCTION

For each run, first the jet blowers were turned on, and then the tunnel

speed was adjusted for the required jet to freestream velocity ratio.

3.1 PRESSURE DISTRIBUTION MEASUREMENTS

The part of the model surface which was instrumented with the pressure
taps was divided into a number of subdivisions, and each of these subdivisions
contained 46 or less pressure taps. Every pressure tap in the same subdivision
was connected to a certain connector, which could be connected to one of the

Scanivalves. There were 23 subdivisions for the 90° and 60° rectangular jets, and
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the number of subdivisions was 16 for circular jets. Since there were 12
Scanivalves available, not all of the pressure ports could be scanned in one run.
First, the connectors belonging to the first 12 subdivisions were connected to the
Scanivalves, and the rest of the connectors were sealed to prevent air leakage into
the test section. The remaining subdivisions were scanned later.

At each run after reaching the required velocity ratio, the computer pro-
gram, which was written for scanning the pressure ports, reading and storing
data, was started on its run. This program first connects the first transducer to
the digital voltmeter through the channel selector. After opening each port, the
program waits 1 second and then takes a sample from the digital voltmeter. This
first sample will be thrown away. Then, the program takes 25 more samples,
takes their average and keeps this in the memory. After this process, the program
opens another port. After completion of the first Scanivalve, the program con-
nects the second transducer to the digital voltmeter, and this goes on until all the
Scanivalves have been scanned. Storage of the data onto a floppy disc completes
the run. As mentioned before, each Scanivalve had 48 ports. The 47th port was
open to the atmosphere (reference pressure), and the 48th port was connected to
a 1 PSI constant pressure source. These two ports were needed for the calibration
of the transducer which was connected to that particular Scanivalve. For each
velocity ratio, tare readings were also obtained by running the tunnel at the same
speed but with the jets off and the jet exit areas closed flush with the model sur-

face.
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Nondimensionalized pressure coefficients have been obtained for jet(s) on

and off cases by the following formula;

_ P~ Po
G = == 3.0

and the data is plotted as

AC, = (Cpjeton = Cpjet off) (3.2)

Before plotting, AC, values were transferred to the mainframe computer of the
university and matched with their corresponding coordinate locations. The resuits
are plotted as isobars by a computer program by California Computer Pro-
ductions, Inc.. Information about this program is given in Ref.83. The computer
programs used for data gathering and reduction and an example input file for the
plottting program can be seen in Appendix A.

An aspect about these experiments is in the measurement of tare (C, . 0p)
and calculation of AC, . Sometimes jet(s) on and jet off cases might have slame
freestream velocity but different ¢, due to slight changes in ambient conditions.
However, ¢, seems more fundamental then the freestream velocity. In such cases,
4. should match rather than U,, or the jet off case should be normalized with the
g- Of the jef on case. This may particularly be important for low freestream ve-
locities, like for R=8 cases where the pressures generated on the surface were

low. Care was taken about this issue.
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3.2 MEANFLOW MEASUREMENTS

Mean flow measurements have been carried out by using the yawhead
probe described in Chapter 2. A computer program scanned the five ports of the
yawhead probe for each location. After opening a port, the program waited 6
seconds, then sampled 25 readings from the digital voltmeter and took their av-
erage. The program also recorded the freestream dynamic pressure and temper-
ature. Three components of the velocity vector are first obtained in probe
coordinates, and then the necessary coordinate corrections were made for plot-
ting. Probe coordinates and flow angles with respect to probe are defined in
Fig.18. In this figure, the locations of the five holes can also be seen. The

dimensionless pressure coefficients for data reduction are given as;

Copier = (Pa = Ps5)I4 = fi(a, B)
Corw = (P2 — P3)ld = fo(a, )
Cowmt = (P1 — P4 = f3(a, B)
Croaie = (Ps.avg = Ps)lA = fo(@, B)

(3.3)

where,

A=P — Ps,,

Pspy =(Py+ Py + P, + é,)/4
P; = Total pressure

Pg = Static pressure

a = Pitch angle
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B = Yaw angle

C

Pyaw

Since P, through P, are measured, C,

pitch * Ps., and 4 can be calculated im-

mediately. Then, a and 8 can be found from the available calibration curves f; and

and C,

Pstatic

f»» Next, C, can be found from the calibration curves f; and f;. After

total

this, the total and static pressures can be calculated by

Pr=P —AxGCp,, (3.4)
PS=PS,avg—A x Cl’mae

The total velocity can be found from the Bernoulli’s equation for incompressible

flows.

Pr—Pg= %pw v+ -;'poo? (3.5)

The turbulence term can be neglected; the error caused by this assumption is
around 1 % for up to 14 % turbulence intensity. Thus

_ APr— Py

4 Peo

(3.6)

gives the total velocity. Finally, the components of this velocity in the probe co-

ordinates can be found as

=~
]

.= | V] cosacosP
V,=1|V|sinB (3.7)

V,= |V|sinacosp
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There were two different set of calibration curves and corresponding data
reduction programs available for data reduction. The first calibration was made
by Lee (Ref.81), and his approach was influenced by the method of Treaster and
Yocum (Ref.84). Lee defined the probe angle of attack and bank angle for easy
calibration. His calibration was valid up to + 42° flow angles with respect to the
probe axis. His data reduction program used a two dimensional interpolation
subroutine called IBCIEU of the International Mathematical and Statistical Li-

C from the calibration

total ' “Pstatic

braries (IMSL) for obtaining flow angles and C,
curves. This provided good accuracy at the cost of CPU time. The second cali-
bration was made by Sung (Ref.82). Sung calibrated the yawhead probe up to
60° flow angles and developed a method based on that of Gerner et a/ (Ref.85)
for determining flow properties. Sung divided his calibration curves into five dif-
ferent regions based on flow angularity with respect to the probe and obtained
different data reduction equations for each region. For example, if for a partic-
ular data, P, is the maximum pressure, this data should be reduced by the data
reduction equations of zone#li. If P, was the maximum pressure, equations of
zone#2 should be used, etc. In his program, fourth order polynomial equations

are used in the following form;

0 ( a for zone#l) = f1(By, By)
@ ( B for zone#l) = f(B,, By)
Corea = /3(B1, B)
Corraric = Ja(Bys By)

(3.8)
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0 = cone angle
(see Fig.18)
¢ = roll angle

For the first zone (lowest flow angularity zone), B, was equal to C,,p and B,

itch?

was equal to C,&aw. For other zones, B, was the cone angle coefficient, and B, was

the roll angle coefficient defined as (for ith zone);

Ceone = hoh _, i
q
P,. — P,
Cprvll = __ac_c__,___ic_ (3.9)
q
P+ P,
¢ =p- ic > icc
where
P, : highest pressure from P, to P;
P, : pressure from the port next to P, in clockwise
P, : pressure from the port next to P, in counterclockwise.

Sung’s program was much faster in CPU time when compared to Lee’s program.
Also, because of its advantage of handling flow angles up to 60°, this second
program was preferred for reducing the majority of the data of the present re-
search. However, some of the earlier data was reduced with the first program.
Both of the programs were tested for a group of data, and no practically impor-
tant differences were observed.

Using a five hole probe is a good way of obtaining mean flow information.

It provides magnitude and direction of the velocity vector accurately in a cheap,
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easy and fast way. It also measures total and static pressures which can not be
measured by hot wire or LDV. Sistla (Ref.19) investigated the temperature sen-
sitivity of the yawhead probe by conducting measurements in cold air and at
200°F (93° C) for low velocities (10-20 ft/sec) and couldn’t see any sensible ef-
fect. Uncertainities of the five hole probe, which was used for our experiments,
were reported by Sung (Ref.82) as follows:

1. The RMS (root mean square) error of the pitch angle 3.93°

2. The RMS error of the yaw angle 2.36°

3. The RMS error of the total pressure was 4.82 % of the actual total pressure
4. The RMS error of the dynamic pressure was 5.33 % of the actual dynamic
pressure.

According to Ref.87, the error in G, , due to turbulence is 0.67 % for 10 %

ltch
turbulence intensity and 2.68 % for 20 % turbulence intensity. From the same
reference, the error in total velocity is 0.33 % for 10 % turbulence intensity.
Again, according to same reference, there were no Reynolds number effects. As
far as wall effects are concerned, a yawhead probe should be kept at least two
probe diameters away from a solid wall (Ref.87). This condition was always sat-

isfied for the present research. More information about these type of probes and

error sources can be found in Refs.87 and 88.
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3.3 TURBULENCE MEASUREMENTS

The jet exit turbulence levels presented in Chapter 2 were measured with
a single normal hot wire probe without using a linearizer. Data reduction formula

for these measurements can be obtained from the following hot wire response

equation.
2 _ 2 n
E°=Fy + BU (3.10)
U : velocity
E : voltage corresponding to U
E, : voltage corresponding to U = 0

n : constant, its value is approximately 0.45 for most applications.

Differentiating eq. 3.10

2EdE = BnU"~'dU

and writing eq. 3.10 in the form

E* - E} = BU"
gives

2EdE _ _ ,dU
E* - E} v
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Finally this can be written as

U

=2
n

Ez — 2 epMS (3.11)

When using this formula, one should be carefull about measuring E and E; at the
same fluid temperature. Otherwise, for small temperature differences, a cor-

rection given in Ref.89 can be applied by multiplying E by

1
=g \2
( = ts) (3.12)

t : sensor temperature

Ik

) : fluid temperature when E, was measured

te : fluid temperature when E was measured.

Turbulence in the plumes of the jets was measured with an X-wire probe
which was supported by the probe rotator mechanism mentioned in Chapter 2.
An overheat ratio of 1.8 was used. Before and after each run, the probe was
placed in the freestream with zero pitch and zero roll angle, and a calibration
check was made. At zero pitch and zero roll angle, the probe coordinates were
parallel to the coordinate system chosen for this research, and the probe axis was
aligned with the freestream direction. At zero pitch but 90° roll angle, the probe
X coordinate was parallel to the main X coordinate, but the probe Y coordinate
was parallel to the main Z coordinate. What is meant by checking the calibration
is checking if the linearized outputs of sensor#1 and sensor#2 were linear func-

tions of U, both passing through zero and both having the same gain for the same
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U. In other words, it was checked if the calibration curves in the form given in
Fig.23 could be obtained. The matter of what voltage corresponds to what ve-
locity was actually not important, because turbulence intensities were obtained
as ratios of R.M.S. voltages to D.C. voltages, and it was not our intention to
measure the magnitude of the mean velocity by hot wire. If at the end of a run
there was an important change in the calibration such as the gain of sensor#l
was different than the gain of sensor#2, which happened once, that data was
thrown away.

All the measurements were done for the Y =0 plane. After calibration
check, the X location of the probe was set by hand. Then, the smallest Z location
was set by using the Z traverse. The next step was turning the jet(s) and wind
tunnel on and obtaining the desired velocity ratio. Then, the computer program
named XWIRE was started (see Appendix B for details of this program). This
program actually sets the Z location and the pitch angle of the probe and reads
data for three different roll angles. Then, it reduces this data and stores the re-
sults onto a floppy disc. At each measurement point, the pitch angle of the ve-
locity vector was known from the previously made yawhead measurements. This
helped to align the hot wire probe with the probe direction in the X-Z plane. This
was necessary because it is known that serious errors can happen if the flow
makes more than about a 10° angle with the probe axis. Data readings were made
at 0°, 90° and 45° roll angles. Before each reading, the stability of D.C. and
R.M.S. voltmeters were checked by eye. After the READ command, the com-

puter waits an additional three seconds and takes the average of 20 samples for

EXPERIMENTAL TECHNIQUES AND DATA REDUCTION 39



each voltage being read. Before each reading, the range of the R.M.S. voltmeter

was checked and adjusted, if necessary, for the maximum possible accuracy.

Defining D.C. output of sensor#l as A and of sensor#2 as B and R.M.S.

output of sensor#l as “a” and of sensor#2 as “b”, the following formulas were

used for obtaining turbulence quantities. These formulas were written for probe

coordinates and normalization was made with the local total mean velocity.

U, =[(4 + B)y + (4 + Bgg + (4 + Blysi3.
Vp,=1(4 — B)

W, = (4 — By

UT=\/U3 + V2 + Wl

0,90,45: roll angles
P : probe

Ur : total mean velocity

Ju" =@+ ) + (a+ bl + (a+ bsl.

\/? =(7le330

T _ 2 _ p2
w'v, =d — by
_ 7 _ 2
w'w, = ag — byo

(3.13)

(3.14)

Now, these quantities can be written in the coordinate system of this research, y

being the pitch angle of the probe:
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\/ \/ u? costy + ;;2 sin’y — 2u,'w,’ cosysiny

N

\/;2 = \/up sin’y + Wz cos’y — 2u,’'w,’ cosysiny (3.15)

wv' = w'v, cosy — v,'wp’siny

uw' = ?cosysmy + u'w, (cos v — sin y) - w, 2 cos y sin y

Piay? ==
vw' = upvp siny + vap cosy

Equations 3.15 can be nondimensionalized by dividing the first three equations
by Ur and the last three by UZ. After this these equations can also be obtained
in the form normalized with the freestream velocity ( U, ). For this, the first three

equations should be multiplied by

Yr
Uso

and the last three equations should be multiplied by

(@) -

The value of U,/U, was known from the previously made yawhead measurements.
U4U, could also be measured with hot wire, but this was not done in order to
eliminate effect of any temperature differences at the measurement locations of
Urand U,

For hot wire measurements, changes in the mean temperature field may
cause important errors on the magnitude of the mean velocity, but such errors
are not important for turbulence intensities (see Ref.92). For example, the effect

of temperature on the calibration curves of Fig.23 can be shifting the zeros and
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drifting of the gains. Zero shift effect was checked and found to be negligible. If
the temperature drift of the gains are the same for both wires (normally it should
be), then there will be no error due to temperature for the turbulence intensities
normalized with the local total velocity. This fact allowed us tb permit some
temperature difference between jet(s) and freestream, jet(s) being hotter. How-
ever, the temperature in the plumes of the jet(s) was continuously monitored by
a thermocouple which was placed about 2.5in behind the hot wire probe. It was
observed that there was not much temperature difference between the jet plume
and freestream due to rapid mixing of two streams. Particularly, for the rear
stations this difference was less then a few °F. On the other hand, temperature
fluctuations might be an important source of error, especially for the regions very
close to the jet exit where the correlation between temperature and velocity fluc-
tuations may be significant (see Ref.95). Since the probe was always aligned with
the flow direction with the aid of the pitch mechanism, the errors which could
occur due to flow angularity were also minimized. For reference, according to
Ref.91 for a 10° angle, the error is less then 1.5 %. However, one should be
cautioned for the locations with more then 30 % turbulence. The hot wire is not
a very suitable technique for this type of situation due to the possibility of reverse
flow. However, in our case, the flow direction was known. There is a considerable
Iiterature available on hot wire measurements and errors. Some of the earlier ones
(up to 1969) are listed in Ref.93, and a review article published in 1979 (Ref.94)

is also useful.
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Chapter 4

RESULTS

In this chapter, experimental results obtained from surface pressure dis-

tribution, mean flow field and turbulence measurements will be presented.

4.1 PRESSURE DISTRIBUTION MEASUREMENTS

As also mentioned in Chapter 3, the pressure distribution resuits will be

presented here as;

ACP = (Ccht on CP/« oﬂ) 4.1)
and C, is defined as;
C - P = P * (4.2)

P 9o
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Here CPjet on 1S the pressure coefficient obtained when the jet(s) and freesream
were on. C is the pressure coefficient when the jet(s) off and their exit area

Plet off

closed flush with the model surface, but freestream was on at the same velocity
with the jet(s) on case. This method of presentation eliminates the small effects
which might be due to model details and irregularities, etc. The surface pressure
distribution tests were carried out for rectangular jets which are aligned at 90°
or 60° angle with respect to the freestream as a single jet or side-by-side dual jets.
Tests were also carriéd out for a single circular jet at a 90° angle with respect to
the freestream. Circular jets with low exit turbulence, with high exit turbulence,
and with two different swirl ratios were the different configurations tested. For
most of these configurations pressure distributions were obtained for jet to
freestream velocity ratios of 2.2, 4.0, and 8.0. The only exception is the circular
jet with high exit turbulence. For this case, tests were carried out for R=2.2 and
4.0.

For most of the pressure distribution results presented in this chapter thin
isobar lines are drawn with AC, = 0.2 intervals, and thick isobar lines are drawn
with AC, = 1.0 intervals. Thin lines are omitted when the lines are very close to
each other, but thick lines are not. An exception to this rule is Fig.40. For this
figure thin lines are drawn with AC, = 0.4 intervals, and thick lines are drawn
with AC, = 2.0 intervals. All the results are plotted with the same scale (except

Fig.40), so the dimensiones and areas are comparable.
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4.1.1 90° Rectangular Jets

Pressure distribution results for 90° rectangular jets are presented in Figs.
34 through 40. In Fig.34, one can see the results for a single jet with R=2.2.
Observe the large area influenced with negative pressures which extends towards
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 corners, which should be due to sharp
and sudden changes in the magnitude and direction of the velocity vector and
flow separation. Although lower in magnitude, there is another high negative
pressure region around the rear corners. This should also be due to flow sepa-
ration and other effects. The pressure distribution is quite symmetrtic, and the
high negative pressures in the close vicinity of the jet decays rather fast. By in-
creasing jet to freestream velocity ratio to 4.0, the downstream extent of the neg-
ative pressures reduces, but their upstream extent increases. This can be seen by
observing the shift of the pressure line labeled "0.0” from Fig.34 to Fig.35. Neg-
ative peak pressures at the front corners are also larger. The effect of the rear
corners reduces. The decay of negative pressures is slower, and this is why the
AC, = —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 when compared to R=2.2. In-
creasing the velocity ratio to 8.0 as shown in Fig.36, further reduces the down-
stream extent of the negative pressures and increases their extent towards the

sides and upstream. Again, there is a positive region in front of the jet, which is

RESULTS 45



surrounded by the negative pressure region from all sides. Decay of the negative
pressures is even slower (see the larger area covered by AC, = —0.2 line). How-
ever, the sharp peaks at the front corners seem to be less in magnitude when
compared to the R =4.0 case.

For 90° rectangular jets, the flow structure in the close vicinity of the front
corners is quite complicated. In particular, the magnitude and location of the
peak negative pressures are interesting to observe. For these reasons, these areas
are enlarged in Fig.40. At the right hand side of Fig.40, compare the front corner
regions of the single jets for R =2.2, 4.0 and 8.0. Unfortunately, there were only
one or two pressure taps available to measure the location and magnitude of these
peak negative pressures in these small areas. The asymmetry seen for R =4.0 and
8.0 can be due to imperfections of the jet exit velocity or they can also be due to
uncertainity caused by an insufficient number of pressure taps. However, the
general trend is observable. The locations of the negative peaks are a little closer
to the front edge for R =4.0 and R =8.0 when compared to R =2.2. The magni-
tude of the peaks increases when the velocity ratio increases from 2.2 to 4.0. They
decrease again when the velocity ratio is increased to R =8.0.

The experimental results for 90° rectangular jets given in Appendix D and
also in Ref.13 are actually the earlier versions of these tests, and they also show
the same trend for the region around front corners. The only difference between
those earlier results and these new ones is, the jet exit velocity profile had some
nonuniformity for the earlier tests. However, this difference wouldn’t effect the

flow structure near the front corners. One argument is quite helpful to under-

RESULTS 46



stand what is happening by changing the velocity ratio. The R =2.2 case is closer
to the case of R=0, and for R =0, the jet is off, and the freestream is the only
stream. Assuming the jet exit area is closed flush with the surface, there would
be no negative or positive pressure regions on the flat plate surface. The case
R=8.0 is closer to R= o, and for R= o, the jet is the only stream and
freestream is off. For R= oo, there will be negative pressure areas around the jet
exit which are distributed symmetrically towards upstream, downstream and
sides. However, there will not be sharp negative corner peaks based on inter-
action of two streams. The case R=2.2 has the highest freestream dominancy
when compared to R=4.0 and R=8.0. That is why for this case, one doesn’t
observe upstream extension of negative pressure areas. Increasing the velocity
ratio to 4.0 reduces the dominancy of the freestream and increases the dominancy
of the jet. Thus, negative pressure areas start moving upstream. It seems like this
also increases the degree of interaction between the two streams, which causes
higher negative pressure peaks around the front corners. For R =8.0, dominancy
of the jet is quite observable on the pressure distribution. Also, the degree of
interaction between two streams starts reducing again, and this causes front cor-
ner peaks with lower magnitudes.

Results for 90° side-by-side, dual rectangular jets are presented in Figs.
37, 38 and 39, for R=2.2, 4.0 and 8.0. Most of the arguments made for the single
jet are also valid for this configuration. Dual jets produce a larger negative pres-
sure area particularly towards the downstream. This is quite clear when one ob-

serves how the “"0.0” line in the downstream area moves by changing the
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configuration from single jet to dual jets. Again, the decay of negative pressures
slows down by increasing velocity ratio. This is clear when one observes, for ex-
ample, how the area covered by AC, = —0.2 line enlarges with increasing veloc-
ity 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 complication on the flow structure for dual jets. These effects increase
with increasing velocity ratio. Looking at Fig.37 for R =2.2, 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=4.0 and 8.0. For these cases, symmetry is valid with respect to a line
passing from the middle of the two jets and parallel to the freestream. However,
the inner and outer sides of each jet are not symmetric. For example, if one
compares the inner corner peaks to the outer corner peaks for R=8.0 in Fig.40,
the inner peaks have magnitudes like -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 magni-
tude and larger area effect the surface. Comparing the areas covered by the -1.0
line for a single jet (R =4.0) and for dual jets (R =4.0), one can see that for dual
jets, the -1.0 line covers an area larger than twice the area covered for single jets.
One thing that should be remembered is that by further increasing the velocity
ratio (even more than 8.0) the effects of channel flow between the jets will start
reducing, but the effect of one jet on the other area will continue to increase due

to weaker crossflow and stronger jets.
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4.1.2 60° Rectangular Jets

Pressure distribution results for 60° injection are presented in Figs. 41
through 46. These results are qualitatively similar to the 90° rectangular jet re-
sults. The same things can be said about the effects of velocity ratio or the dif-
ferences of single and dual jets. However, the interaction of 60° jet(s) with the
freestream is smoother, and this produces lower magnitude negative pressure
areas in the near vicinity of jet exits. Comparing single jet results for R =4.0 for
90° and 60° (Figs. 35 and 42), one can see that the areas covered by 0.0 line
haven’t been influenced much. However, the area covered by -0.2 line is lesser,
and the area covered by -1.0 line is even less for 60° jets.

For the 60° 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° jets, the maximum peak for 60° jets is abaut -4.0. The importance of the rear
corners seems to increase for the 60° jets. One observes higher magnitude negative
pressures around these corners. One can compare dual rectangular jets for R =4.0
from Figs. 38 and 45. Again, the area covered with lower magnitude negative
pressures doesn’t seem to be influenced too greatly. However, the area covered
by the -1.0 line is clearly lesser for 60° jets, and the area covered by the -2.0 line
is much less. Inste‘ad of peak negative pressures of -16.0 for 90° jets, the peak
pressure for 60° jets is about -4.0 around the front corners. On the other hand,
the inside rear corners of the 60° dual jets produce negative pressures of roughly

-5.0 in magnitude, which is not found for 90° jets at R =4.0. It seems that there
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is a strong flow interaction around the rear corners for 60° jets. These same things
can be said for the other velocity ratios too. However, for R=2.2, éven the low
magnitude AG, lines, like 0.0 and -0.2, cover a smaller area (compare Fig. 34 to
41 and Fig. 37 to 44). This might be due to stronger crossflow effects. Like the

90° jets, the 60° jets also produced symmetric pressure distributions.

4.1.3 90° Circular Jet

Pressure distribution results for the 90° single circular jet in the baseline
configuration are presented in Figs. 47 through 49. As explained in Chapter 2,
this jet had a uniform exit velocity profile with low turbulence ( = 3 % ). The jet
exit area was the same as the exit area of the single rectangular jet. The circular
jet causes more blockage of the freestream, and the negative pressures extend to
a larger area towards the sides and downstream (compare Figs. 34-37 to 47-49).
However, the circular jet has a smoother interaction area with the freestream.
Since it doesn’t have sharp front corners, one doesn’t observe the sharp negative
peak pressures of rectangular jet front corners. The negative pressures are dis-
tributed more evenly around a circular jet, but they cover larger areas (compare
the -1.0 line for 90° circular and rectangular single jets). There are similarities
with rectangular jets on the development of the pressure field with increasing
velocity ratio. There is always a positive pressure region in front of the jet due to
flow deceleration. For R =8.0 these positive pressures are surrounded with nega-

tive pressures from all sides. The downstream extent of negative pressures de-
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creases with increasing velocity ratio, and their upstream extent increases. Higher
magnitude negative pressures are produced around the jet for R=4.0 and 8.0
when compared to R=2.2. The decay of negative pressures becomes faster to-
wards the downstream but it gets slower towards sides when increasing velocity
ratio (compare the distances between -0.2 and -1.0 lines). Maximum magnitude
negative pressures are produced either on or a little rear of the largest width of
the circle. To understand this phenomena, one should consider the effects of
crossflow acceleration towards these locations and flow separation.

The pressure distribution can be judged as symmetric, particularly when
looking at the areas a little away from the jet exits. For R=2.2, the -1.0 line
shows some asymmetry. The reason for this might need further investigation, but
there are also some clues. Some geometries are not always suitable for producing
symmetric loads. A cylindrical missile body may produce asymmetric loads due
to asymmetric vortex shedding under a crossflow, while a sharp edged delta wing
wouldn’t do the same thing under the same conditions. Perhaps there is an

analogous situation for jets in a crossflow with low R.

4.1.4 90° Circular Jet With High Exit Turbulence

The results presented in Figs. 50 and 51 for R=2.2 and 4.0 belong to a
circular jet with a uniform velocity profile but high exit turbulence. Information

about this jet was given in Chapter 2. Exit velocity and turbulence profiles were

given in Figs. 31 and 33. At the central part of the jet, turbulence was around 10
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%, but at the edges it was considerably higher. By increasing the jet exit turbu-
lence, the size of the negative pressure area was reduced (compare 0.0, -0.2 and
-1.0 lines for the same velocity ratios from Figs. 47 and 48 vs. Figs. 50 and 51).
It seems increasing exit turbulence also helped to produce more symmetric pres-
sure distributions (compare the -1.0 lines for R =2.2). The maximum magnitudes
of negative pressures didn’t seem to change for R=2.2 which are between -3.0
and -4.0 for low and high exit turbulence cases. The same is true for R =4.0. For
this velocity ratio, the maximum magnitudes are between -5.0 and -6.0 for both
cases. Since the maximum values did not change, but the area around them re-
duced, the decay of negative pressures is, obviously, faster for the high turbulence

case.

4.1.5 90° Circular Jet With Swirl

Results for the circular jet with swirl are presented in Figs. 52 through 57.
These tests were carried out for two different swirl ratios (40 % and 58 %) and
for three different velocity ratios (R =2.2, 4.0 and 8.0) for each swirl ratio. Jet exit
profiles and the definition of the swirl ratio were given in Chapter 2. In Figs. 52
through 57, the swirl direction is shown. Swirl is more influential on the areas
close to the jet exit. It is also more influential for the low velocity ratios. The

R =2.2 case shows the highest swirl effect. Naturally, 58 % swirl produces more

swirl effect than the 40 % swirl.
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Now, for R=2.2 look at the results for low turbulence, high turbulence,
40 % swirl, 58 % swirl together (Figs. 47, 50, 52 and 55). At the left rear side
of the jet, the swirl flow and crossflow run together. They accelerate each other
to a higher velocity, thus producing higher magnitude negative pressures around
this location. It is logical to think that swirl even delays the separation of the
crossflow. For the right rear side of the jet, the swirl flow runs against the
crossflow. They decelerate each other and cause a reduction in the magnitude
of negative pressures. For 40 % swirl, the maximum negative pressure around the
left rear side is between -5.0 and -6.0. This value is about -3.0 for the right rear
side. For 58 % swirl, the maximum negative pressure at the left rear side is be-
tween -8.0 and -9.0, and this value is between -2.0 and -3.0 for right rear side.
For 40 % swirl, the area covered by -0.2 line seems to be close to the area for the
low turbulence, no swirl case. However, an asymmetric pressure distribution is
visible even for the far field. For 58 % swirl, the asymmetric pressure distribution
in the far field is even more pronounced (see the shape of -0.2 line or 0.0 line).
Now, if one looks at the circular jet results for R =4.0 (Figs. 48, 51, 53, 56) there
is little difference between the low turbulence, no swirl data and the 40 % swirl
data. Swirl effects are still visible for 58 % swirl at a reduced rate when compared
to R=2.2. For R=8.0, the pressure distribution around the jet is nearly sym-

metric, indicating a lessened direct influence of the swirl.
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4.2 MEAN FLOWFIELD MEASUREMENTS

Mean flowfield measurement results are presented in Figs. 58 through 85.
These measurements were done for 90° and 60° side-by-side dual rectangular jets,
single circular jet, single circular jet with high turbulence, single circular jet with
40 % swirl and single circular jet with 58 % swirl. Most of the data was obtained
for a jet to freestream velocity ratio of 4.0 chosen as representative. For 90° rec-
tangular jets, data for R=2.2 is also available. The results are presented in
X =constant, Y =constant, and Z =constant crossections. A velocity vector pre-
sented in X =constant crossection represents the Y and Z components of the total
velocity vector. All the figures representing the X =constant and Y =constant
planes are plotted with the same scale, so geometric dimensions are comparable.
All the figures representing the Z =constant planes also have same scale. How-
ever, their scale is about 64 % of the scale of X =constant and Y =constant fig-
ures. As mentioned before, meanflow data presented here was taken with the

yawhead probe described in Chapter 2.

4.2.1 90° Side By Side Dual Rectangular Jets

Results for 90° side by side dual rectangular jets are presented in Figs.

58-61 for R=2.2 and in Figs. 62-65 for R =4.0. During the tests, both jets were

on, but measurements were made only for the jet at the Y=0.0 in. location.
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From Fig.58, one can see that penetration height of the center of the jet plume
for R=2.2 is about 6 inches. Little actual flow reversal is seen at these measure-
ment stations. From the X=0.0 in. and X =2.0 in. crossections, vortical flow
formation at both sides of the jet is quite clear. When looking at these figures one
should imagine that the same type of flow structure also exists for the jet at
Y =4.0 in. location. At low Z locations, the jet sucks in the outside air, and for
the high Z locations, the jet spreads out. The same type of flow can be observed
for R =4.0. For that case, the penetration height is about 12 inches, and some-

what more flow reversal is evident right behind the jet column.

4.2.2 60° Side By Side Dual Rectangular Jets

These results are given in Figs. 66-70 for R =4.0. Data were taken for the
jet at Y =4.0 in. location, when both jets were on. Of course, interaction of two
streams is smoother, and the jet penetrates to a lower Z distance compared to
90° injection. From Fig.66, one can say that the penetration height is about 9
inches. There is no flow reversal. A plot of velocity vectors in the Y =2.0 in.
plane given in Fig.67, which is the plane at the middle of the two jets, shows how
crossflow is drawn down for low Z locations and bent up for high Z locations
under the effects of the vortical flow. The vortices in the plume are much smaller

than for the 90° case.
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4.2.3 90° Circular Jet

Results for a single circular jet with low turbulence and no swirl injected
into a crosstream with a 90° angle are given in Figs. 71-74. From Fig.71, the
penetration height seems around 10.5 in. (Z/D =5.38). Lower penetration when
compared to 90° rectangular jets is logical, because a circular jet has a larger area
against the freestream, which increases the bending power of the freestream. It
should be remembered that the rectangular jet results presented earlier in this
section were obtained for side-by-side, dual jets. Here, there are larger regions of
stronger reverse flow observable. The flowfield might be judged as symmetric by
the cross-plane results. Again, flow separation and vortex formation in the jet is
clear. In Fig.74, for Z/D locations lower than 2.0, one observes small right-left
asymmetry at X/D = 1.0. However, this small difference might well be a true

feature of the flowfield rather than a result of some small defect.

4.2.4 90° Circular Jet With High Exit Turbulence

These results are presented in Figs. 75-77. Jet exit velocity and turbulence
were given in Chapter 2. It seems increasing the turbulence reduced the pene-
tration height. Penetration height can be said to be about 9.5 in. (Z/D =4.87) for
R =4.0. It seems increasing the turbulence reduced the penetration height. Also,

it is interesting to note that comparison of Fig.71 with Fig.75 shows that the
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highly turbulent jet entrains more air in from the rear. This can be seen by com-

paring velocity vectors around X/D =0.5.

4.2.5 90° Circular Jet With Swirl

These results are presented in Figs. 78-81 for 40 % swirl and in Figs. 82-85
for 58 % swirl. The direction of the swirl is clear in the Z/D =constant figures.
For the X/D =constant figures, the swirl velocity is in the same direction as the
freestream for negative Y/D’s, and in the opposite direction for positive Y/D’s.
For 40 % swirl, the penetration height is about 10 in. (Z/D=35.13), and for 58
% swirl, the penetration height is around 7 in. (Z/D =3.59). It is clear that the
swirl effect is very strong for 58 % swirl. For this swirl ratio, there is more than
a 30 % reduction in penetration height when compared to the no swirl case. In
Fig.84, asymmetric vortex formation can be observed. The vortex on the left hand
side of this figure has higher velocities, and its core is closer to the flat plate sur-
face when compared to the other one. The left hand side of this figure is the side
where the swirl velocity and crossflow velocity accelerate each other, and the right
hand side of this figure is the side where they decelerate each other. From the
Z/D =constant plots in Fig.85 these accelerated and decelerated velocity vectors

can be seen clearly.
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4.3 TURBULENCE MEASUREMENTS

Results of turbulence measurements are presented in Figs. 86-103. These
measurements were done for 90° and 60° side-by-side dual rectangular jets and
for a 90° single circular jet. For all the cases, data was taken for only one plane,
i.e. Y=0.0 in.. Jet exit velocity and turbulence profiles were presented earlier.
The circular jet measurements were done for the jet with low exit turbulence and
no swirl. All the data were obtained for jet to freestream velocity ratio of 4.0.

Meanflow results which were obtained by hot wire are also presented with
the turbulence data. The magnitudes of the mean velocity vectors, which are
presented in Figs. 86, 92 and 98 were taken from previously made yawhead
measurements and their direction came from hot wire measurements. Here, the
main reason for presenting meanflow data obtained by hot wire, is to help reader
to better understand turbulence information. Because for every data point pre-
sented in turbulence figures there is a corresponding mean flow vector. For ex-
ample if one wants to know mean velocity vector of a data point presented in
Fig.87, he can just look for it in Fig.86 at the same X and Z location. There is
not much difference between this meanflow data and the mean flow data pre-
sented in the previous section and obtained using yawhead probe.

There are sevéral ways to normalize turbulence data. Here, the data is
presented in two different ways - normalized by local total velocity, and normal-
ized by freestream velocity. Normalizing turbulence intensity in one direction

with the component of the local mean velocity vector in that direction is not very
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suitable for the jet in a crossflow problem, because, for some locations, this will
give infinite values. Data normalized by the local total velocity should be judged
as having better meaning than the data normalized by freestream velocity. Be-
cause, as explained in Chapter 3, data normalized with local total velocity is ac-
tually the ratio of the R.M.S. and D.C. outputs of the hot wire, it is not subject
to effects of calibration changes due to temperature, etc. In order to obtain data
normalized by the freestream, one needed to know the ratio of freestream velocity
to local total velocity, and this information came from previously made yawhead
measurements. However, presentation of the data normalized by the freestream
velocity is also useful, because this gives a chance to compare results with some
of the other researchers data. Also, this helps to compare the magnitudes of the

turbulence intensities for regions with different total mean velocities.

4.3.1 90° Side By Side Dual Rectangular Jets

These results are presented in Figs. 86-91. In Fig.87, turbulence intensities

in the X, Y and Z directions normalized with the local total velocity are presented

(JZ7 [Uror, \/v_—'z——/um.,,\/wf2 /Uror). One can see that \/u’? Uy and

J w'?  JUror have a similar behaviour, while JVT /Uror behaves differently. It

seems in jet dominated regions, \/u’> [Uror and \/w'? Uy, are higher, and in

wake dominated regions, \/;'2_ /Uror is higher. Both the jet and the freestream

are actually low turbulence flows. Therefore, the jet core and freestream domi-

nated regions have low turbulence intensities. Turbulence increases with in-
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creased mixing and interaction of each stream. For X=0.0 in., all three
turbulence intensities increase with increasing Z, and they have peak values

around Z=35.5 inch. Then, they start decreasing to their freestream values. Peak

values are around 40 % for \/u’? /Uror, 30 % for /w2 [Urer and 15 % for

JY? [Uror- J¥* [Uror has considerably lower values than the other two. For
low Z locations, turbulence intensities are below 5 %. These areas actually cor-
respond to the core of the jet. The same type of argument is true for X =1.0 inch;

More data points fell into the core of the jet. Peak turbulence intensities shift to

around the Z=7.5 in. location. Peak values are about 45 % for \/Z_’Z— /Uzors 40
% for \/;—'—7-:/ Uror and 15 % for \/;?/ Uror- These peak values occur at the
outer edge of the jet in the mixing layer between jet and freestream. At X=2.0
in., one can’t observe the effect of jet core any more. Instead, low Z locations are
now under the influence of the wake flow behind the jet and also under the in-
fluence of the vortex flows separated from both sides of the jet. In this wake-

dominated region, all three turbulence intensities have values around 20 to 30

%. By coming closer to the jet-dominated region, \/172— /Uror and \/wf2 /Uror

start increasing, and \/VT [Uror starts decreasing. All the turbulence intensities

again have their peak values in the outer mixing region of the jet and freestream.

The peak for /"2 /Uy is less pronounced. Peak values for J#? |Uror and

JW? [Uror are about 45 % and for ,/v?/ Usror about 20 %, which is lower than

the value of JVT /Uzror in the wake region. For X =4.0 in., JVT [Uror is con-

siderably larger then \/u”? [Uyor and /w2 [Uper in the wake region, and it de-

creases smoothly when coming to the jet region. For ./u? [Ur,r and
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\/w’_z /Uror, two peaks are pronounced - one at the lower edge of the jet and
other at the outer edge of the jet. The peaks at the lower edge are about 40 %,
and the ones at outer edge are about 35 %. By going further downstream, the
differences between jet and wake regions diminish. These two actually start be-
coming the same region. Turbulence intensities decay further, and they start be-
coming isotropic. Peak values become less pronounced.

Reynolds stresses normalized by the square of the local total velocity are
presented in Fig.88. In Fig.89, — u w'/UTOT is presented again after being en-
larged, since -— uw'/ Ui,y is usually smaller in magnitude compared to
- ;4'—v;/ Ui,y and - W/U%or. It is seen that — u_'v_'/ U,y usually takes negative
values, and — v'w’/ U2, usually takes positive values. If one looks at the plots for
X =0.0 in., 1.0 in. and 2.0 in. from Fig.88, one can see that — u v’/ U, makes a
negative peak and — vw'/ UZ,r makes a positive peak. For X=4.0 in., the situ-
ation is a little more complicated because of the increased effect of the wake. By
going further downstream, the curves get smoother. From Fig.89, one can see
that — uw’/UmT makes a negative peak for X=0.0 in. and X=1.0 in. For
X =6.0 in., 8.0 in. and 10 in. there is one negative peak which corresponds to the
lower edge of the jet and one positive peak which corresponds to the outer edge
of the jet. The situation is a little more complicated for X =2.0 in. and 4.0 in.
probably due to more pronounced wake effects.

Data normalized by the freestream velocity can be seen in Figs. 90 and

91.
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4.3.2 60° Side By Side Dual Rectangular Jets

Hot wire results for the 60° rectangular jets can be seen in Figs. 92-97. In
Fig.92, meanflow data, in Fig.93 turbulence intensities normalized by local total
velocity, and in Fig.94 Reynolds stresses normalized by the square of local total
velocity can be seen. In Fig.95, — w'w'|U2or is presented again with a finer scale.
Turbulence data normalized by freestream velocity is présented in Figs. 96 and
97.

From Fig.97, one can see that the functional behaviour of turbulence in-
tensities are quite similar to that for the 90° rectangular jets. The profiles are a
little compressed in the Z direction, because the 60° jets have lower penetration
height. The jet has higher velocities than the freestream even for the downstream

locations like X =8.0 in. and X =10.0 in.. For that reason, the shear layer be-

tween jet and freestream produces observable peak values for \/u_’z— /Uror and

\/F /Uror at these stations. Again, \/5?/ Uror 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 presumed to be the symmetry plane for two counter rotating vortices. Two
flows with opposite direction Y component velocities meet each other in this
plane, therefore velocity fluctuations in Y direction are high. For the jet domi-
nated region, two flows with almost no Y component velocities hit each other (jet
and freestream). The directions and magnitudes of these two flows in the X-Z

plane are different. This causes higher fluctuating velocities in the X and Z di-
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rections. From Fig.94, one can see that the functional behaviour of — u'v'/UZo;
and — v'w'/ Ui, Reynolds stresses are again quite similar to that for 90° jets.
From Fig.95, one can note some differences for — W/ Ulor, e.g. for X=1.0 in.
and 2.0 in., the profile makes one positive and one negative peak. This behaviour
is not very clear for 90° jets. Data normalized by freestream velocity amplifies the
apparent turbulence intensities and Reynolds stresses for locations where the lo-
‘cal total mean velocity is higher than the freestream velocity and reduces them
where the total mean velocity is lower than the freestream. It is interesting to
observe the Reynolds stress results normalized by the square of the freestream
velocity. Looking at the results from Fig.97, one can observe that for X locations
like 6.0 in., 8.0 in. and 10.0 in., - «v/U:, makes two negative peaks and
- vw'|U%, makes two positive peaks. These peak values occur in the mixing and

shear layers at the lower and upper edges of the jet.

4.3.3 90° Circular Jet

Results for the 90° jet can be seen in Figs. 98-103. In Fig.98, mean flow
information, in Figs. 99-101 turbulence data normalized by the local total velocity
and in Figs. 102 and 103 turbulence data normalized with freestream can be seen.
Looking to the turbulence intensity results from Fig.99, one can see similarities
with the rectangular jet results. However, the turbulence intensity profiles for the
circular jet are closer to isotropy, at least, the Y component of the turbuience in-

tensity does not differ so much from the X and Z components. For X stations like
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X=1.0 in. and 2.0 in. (X/D=0.53 and 1.05) \/w’? [Ur,; makes higher peaks

than \/ u'? |Uror and \/V’T /Uror- There are also similarities and differences for
Reynolds stresses when compared to rectangular jet results. Again — W/ Ulor

usually takes negative values and — v'w’/UZ,, takes positive values.
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Chapter 5
DISCUSSION

5.1 COMPARISONS

In Table-3 all single jet pressure distribution results of the present work
are compared. In this table, the ratios of the areas covered by the AC, = —1 line
and the AC, = —0.2 line to jet exit area are presented. For the 60° rectangular
jet, instead of the jet exit area, the projection of this area on a plane perpendicular
to the jet axis is taken. These comparisons were made for R =4.0. As can be seen,
the negative pressure areas were smallest for the 60° rectangular jet and largest

for the circular jet with low exit turbulence.
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Table 3. Comparison of surface pressures, single jets, R=4.0.

jet type A_ [ Aexie | A 0.2/ Aoxir
90° rectangular 1.90 14.33
60° rectangular 0.68 10.86
90° circular 4.31 22.66
90° circular (high turbulence) 2.45 13.30
90° circular (40 % swirl) 3.94 18.72
90° circular (58 % swirl) 3.94 15.52

In Figures 104 through 110, the pressure distribution results of the present
work are compared with some of the earlier results, and in Table-4, some infor-
mation is given about the works compared. In Figures 104 and 105, the low
turbulence and high turbulence circular jet results of the present work are com-
pared with the single jet results obtained during the course of Ref.11. These
comparisons were made for R=2.2 and 4.0 and for the AC, = —0.5 and —1
lines. The high turbulence case of the present work compared very well with the
case of Ref.11. This is expected, because both cases had high exit turbulence
levels. Also, the jets of the present work and Ref.11 were injected from the same
flat plate model, but the tests were conducted in different wind tunnels. In figure
106, the present results (low turbulence, circular, R =4) are compared with the
results of Ref.24. The good agreement between the two cases can be seen clearly.
Comparison with the results of Ref.55 can be seen in Fig.107. Agreement is good
for the upstream locations, however the negative pressures extended to a larger
downstream area for the case of Ref.55. In Figure 108, comparison is made with
the results of Ref.57. Agreement is good except for the downstream locations. In

figure 109, a comparison is made with the results of Ref.52 as it appeared in
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Ref.14. The negative pressures of Ref.52 extended upstream as if the velocity ra-
tio was higher than 4. In Fig.110, the 90° rectangular jet result for R=4 of the
present work is compared with that of Ref.14. The results of Ref.14 behaves like
the circular jet results of Ref.52, i.e. as if the velocity ratio is higher and the neg-
ative pressures extend upstream. Results agreed better for the downstream lo-
cations. Note that there is a jet exit Mach number difference between the cases
of the present work and Ref.14. Mach numbers are 0.1 and 0.5 respectively for
this two cases. Differences among the the results of the various studies can be
attributed to the effects of differences in jet exit velocity profile, jet exit turbulence
level, Mach number, surface boundary layer, wind tunnel, pressure tap density
etc. Some of these items are not documented in other studies. Also, the present
work had the highest density of pressure taps, so the results are presumably the

most reliable.

Table 4. Description of tests for data comparison

jet exit jet exit C port port
surface velocity  turbulence oe Mjel # of density, density,
Ref b.L profile (%) ACp ports nearfield farfield
11 turb. uniform 10 ACp 0.3 high med.
(1984) nozzle
24 turb. uniform Cp 0.24
(1965) nozzle
55
(1970)
57 turb. uniform ACp 04 226 high med.
(1978) nozzle
52 ACp
(1975) nozzle
14 ACP 0.5 217
(1979)
rectangular
present turb. uniform 3 AC P 0.2 > high med.
low turb. nozzle 450
present turb. uniform > ACp 0.1 >
high turb. nozzle 10 450 high med.
present turb. uniform 3 ACp 0.2 930 very med.
rectangular nozzle high
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In Fig.111, the jet centerline trajectories are compared for the various cir-
cular jets. The low turbulence, high turbulence, 40 % swirl and 58 % swirl cases
of the present research are compared with each other and with the experimental
results of the Refs. 22 and 23, as well as with the prediction of Ref.9. The low
turbulence data of the present work agreed well with the results of Refs. 22 and
23. Lower penetration heights for the high turbulence and 58 % swirl cases are
visible. Ref.9 predicted higher penetration. In Fig.112, the low turbulence single
circular jet mean flowfield result of the present work is compared with the
Navier-Stokes solution of Ref.77. Ref.77 predicted faster bending of the jet.
There is only qualitative agreement; the largest differences are mainly at the
transition regions between the jet and wake.

In Figures 113 through 119, the turbulence data of the present research is
compared with that of Ref.16. In these figures, the distance from the flat plate
surface (Z) is normalized with the distance to the jet center from the flat plate.
Qualitatively, the shape of the profiles agrees. Quantitative agreement shouldn’t
be expected because, the results of Ref.16 are for R=2, and the results of the
present work are for R=4. Also the results of Ref.16 were normalized with the
X component of the local total velocity, and the results of the present work were

normalized with the local total velocity.
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5.2 CONCLUSIONS

A jet in a crossflow induces negative pressure regions, which extend towards
downstream and sides. The downstream extent of these negative pressures de-
creases by increasing velocity ratio while their upstream extent increases. A single
rectangular jet aligned streamwise, and injected at 90° angle caused less blockage
to the freestream when compared to a same exit area circular jet. This caused an
important reduction in the downstream extent of the negative pressures. The
rectangular jets tested here had sharp front and rear corners. Particularly around
the front corners, sharp increases in the magnitude of the negative pressures were
observed. The rear corners also produced high negative pressure regions in their
immediate vicinity with lesser magnitudes. For a circular jet, the distribution of
the negative presssures around the jet is smoother, and the highest magnitudes
appear on or rear of the maximum width of the circle. The sharp peak pressures
around the corners of a rectangular jet may be reduced by rounding the front and
rear corners. A rectangular jet injected at 60° angle into the crossflow produced
lesser magnitude ﬂegative pressures, distributed more smoothly over a lesser area.
For this case, the magnitude of the negative pressures around the front corners
reduced, but the magnitude of the negative pressures around the rear corners in-
creased. The side-by-side dual rectangular jets caused more. blockagé to the
freestream, and the negative pressures extended to a larger downstream area.
These effects were less for 60° side-by-side dual rectangular jets. On the other

hand, a major advantage of the streamwise rectangular jets over the circular jets
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could be for the side-by-side arrangements. For the side-by-side dual rectangular
jets tested here S/D,,,was 0.95. Two circular jets cannot be brought that close to
each other.

Testing of circular jets with two different exit turbulence levels showed
that, for the high turbulence jet, the area covered by the negative pressures was
lesser. The maximum magnitudes of the negative pressures didn’t change much.
The high turbulence jet produced more symmetric pressure distribution.

The circular jet with swirl produced an asymmetric pressure distribution.
The magnitudes of the negative pressures increased at the rear side of the jet
where the swirl velocity and the crossflow velocity were in the same direction. The
magnitudes of the negative pressures decreased for the other rear side. Swirl ef-
fects were more pronounced for lower velocity ratios. The effect of swirl is an
important function of the swirl ratio. The 58 % swirl produced considerably more
swirl effects than the 40 % swirl. As far as the VTOL application is concerned,
the jets with swirl can best be used inr side-by-side dual arrangements, where the
two jets have opposite swirl directions.

Meanflow results showed that for the 90° jets, the streamwise aligned rec-
tangular jet had a higher penetration ratio than the circular one for the same ve-
locity ratio and same jet exit area. Among the circular jets, the circular jet with
low turbulence and no swirl had the highest penetration. Increasing the turbu-
lence level reduced the penetration. The effect of swirl was also to reduce the

penetration height. In particular, the 58 % swirl case caused more than a 30 %
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reduction in penetration height when compared to the low turbulence, no swirl
case.

Turbulence intensities and Reynolds stresses in the jet centerplane were
obtained for R =4.0, for the 90° and 60° side-by-side dual rectangular jets, and
for the 90° circular jet with low turbulence, no swirl. Most of the other turbu-
lence data in the literature belongs to cases with R < 2, where flow angularities
in the jet plume are less. Since at some locations turbulence intensities above 40
% were observed, it will be interesting to compare these results with a possible

future 3-D LDV investigation.

For the rectangular jets turbulence intensities, \/-172— /Uror and

JW? [Uror behaved similarly, and \/v'? /U,y differed in behavior. For the

upstream stations, two regions are observable- jet core and jet/freestream mixing
region. For the downstream stations, there are also two regions- wake region and
jet/freestream mixing region. In the jet core, all the turbulence intensities are very

low. In the wake region, Jv’ [Uror is higher than \/u /Uror and

JW? |Uror, because in this region, two bound vortices meet each other with

opposite direction v velocities. In the jet-freestream mixing region, \/u /Uror

and J w'?  [Uror are higher than \/75- [Uror , because in this region, two flows
(jet and freestream) with different magnitude and direction velocities in the X-Z

plane hit each other. Going downstream, the turbulence intensities decay, and

isotropy increases. Peak values, particularly for \/uT [Uror and \/w'_2 {Uror OC-

cur at the outer and sometimes at the inner edges of the jet. Similar things can
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be said for the 90° circular jet. For this case, the differences in \/W [Uror from

Ju? |Uror and \/w'? [Upor are less.

Based on these results some suggestions for future studies can be made.
First, it will be useful to study dual rectangular jets with other length to width
ratios and spacings. Second, more turbulence results of the type obtained here are
clearly needed to aid basic physical understanding and turbulence modeling.
Third, higher jet Mach numbers should be studied for VTOL application and
others. Last, a more detailed understanding of the effects of high turbulence and

swirl in the jet on the surface pressure distribution should be pursued.
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Figure 1.

FIGURES

Description of the flowfield.: a) Diminishing of the potential
core and formation of the kidney shape (from Ref.2).
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Figure 1. b) Cross-sectional pressure contours in a transverse
jet with U/U, = 2.2 (from Ref.2); solid and

dashed lines correspond to constant total and static pressure,
and the shaded areas denote the potential core.
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a) Model in the Test Section. View looking downstream.

b) Instrumented Nozzle Section.

Figure 4. Photographs of the Model.
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Figure 11.
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Figure 16. Scanivalves and Transducers.
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Figure 25.
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Figure 34. Surface pressures, 90° single rectangular jet, R=2.2.

FIGURES 132



Figure 35. Surface pressures, 90° single rectangular jet, R =4.0.
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Figure 36.
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Surface pressures, 90° single rectangular jet, R =38.0.
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Figure 37. Surface pressures, 90° side-by-side rectangular, R =2.2.

FIGURES 135



Figure 38.
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Surface pressures, 90° side-by-side rectangular, R =4.0.
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Figure 39. Surface pressures, 90° side-by-side rectangular, R =38.0.
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Figure 41. Surface pressures, 60° single rectangular jet, R =2.2.
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Figure 42. Surface pressures, 60° single rectangular jet, R =4.0.
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Figure 43. Surface pressures, 60° single rectangular jet, R=38.0.
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Figure 44. Surface pressures, 60° side-by-side rectangular, R =2.2.
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Figure 45. Surface pressures, 60° side-by-side rectangular, R =4.0.
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Figure 46.
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Surface pressures, 60° side-by-side rectangular, R =8.0.
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Figure 47.
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Surface pressures, 90° circular jet, R =2.2.
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Figure 48. Surface pressures, 90° circular jet, R=4.0.
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Flow

Figure 49. Surface pressures, 90° circular jet, R =38.0.
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Figure 50. Surface pressures, 90° circular, high turbulence, R =2.2.
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Figure 51. Surface pressures, 90° circular, high turbulence, R =4.0.
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Figure 52. Surface pressures, 90° circular jet, 40 % swirl, R =2.2.
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Figure 53. Surface pressures, 90° circular jet, 40 % swirl, R =4.0.
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Figure 54. Surface pressures, 90° circular jet, 40 % swirl, R=8.0.
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Figure 55. Surface pressures, 90° circular jet, 58 % swirl, R=2.2.
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Figure 56. Surface pressures, 90° circular jet, 58 % swirl, R =4.0.
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Figure 57. Surface pressures, 90° circular jet, 58 % swirl, R =38.0.
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Figure 72. Mean flowfield, 90° circular jet, R=4.0.: X/D=0.0.
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Figure 73. Mean flowfield, 90° circular jet, R=4.0.: X/D=1.026.
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Figure 78. Mean flowfield, 90° circular jet, 40 % swirl, R=4.0.:
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Figure 81. Mean flowfield, 90° circular jet, 40 % swirl, R=4.0.:
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Figure 82. Mean flowfield, 90° circular jet, 58 % swirl, R=4.0.:
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Figure 83. Mean flowfield, 90° circular jet, 58 % swirl, R=4.0..
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Figure 87. Turbulence, 90° side-by-side dual rectangular jets, R =4.0.

FIGURES

m=lu-2/mor

o=[v:Zuror

X /u *2,uT0T

SBS RECTANGULAR JETS(SODEG)
Ra4.0 ¥20.0IN

it}

4
2Dygf

10IN

4IN

2IN

1IN

OIN

Xm

105 2.1 3.16 4.1 528

053

XIDpgy 0.00

185



Figure 88. Turbulence, 90° side-by-side dual rectangular jets, R =4.0.
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Figure 89. Turbulence, 90° side-by-side dual rectangular jets, R =4.0.
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Figure 90. Turbulence, 90° side-by-side dual rectangular jets, R =4.0.
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Figure 91. Turbulence, 90° side-by-side dual rectangular jets, R =4.0.
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Figure 92. Mean flowfield, 60° side-by-side dual rectangular, R =4.0.:
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Figure 93. Turbulence, 60° side-by-side dual rectangular jets, R =4.0.
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Figure 94. Turbulence, 60° side-by-side dual rectangular jets, R =4.0.
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Figure 95. Turbulence, 60° side-by-side dual rectangular jets, R =4.0.
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Figure 96. Turbulence, 60° side-by-side dual rectangular jets, R =4.0.
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Figure 97. Turbulence, 60° side-by-side dual rectangular jets, R =4.0.
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Figure 100. Turbulence, 90° circular jet, R =4.0.
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Figure 103. Turbulence, 90° circular jet, R =4.0.
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Figure 104. Surface pressures comparison with Ref.11, circular jet, R =2.2
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Figure 105. Surface pressures comparison with Ref.11, circular jet, R=4.0
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Figure 106. Surface pressures comparison with Ref.24, circular jet, R =4.0
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Figure 107. Surface pressures comparison with Ref.55, circular jet, R=4.0
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Figure 108.
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Surface pressures comparison with Ref.57, circular jet, R =4.0
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Figure 109. Surface pressures comparison with Ref.52, circular jet, R =4.0
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Figure 110. Surface pressures comparison with Ref.14, rectangular jet,
R=4.0.
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Figure 112. Mean flowfield comparison with Ref.77, circular jet, R =4.0.
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Figure 113. Turbulence comparison with Ref.16, circular jet.

FIGURES 211



.5
l_.
o .4
-
AN
N .3
3 .
.2
+
5 .1
AN
,‘3 %
X

: + PRESENT
- (X/D=3.16 R=4)
-
] + * REF.16
- (X/D=3 R=2)
. +
N ++
1 i % Ky
] + *
] +
] * x T
] *+
. +
] *heo o
T T T T '*"—I"*"—'_"—'_*
% .9 1 1.5 o c .
Zs7Z2j.c.

Figure 114. Turbulence comparison with Ref.16, circular jet.
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Figure 115. Turbulence comparison with Ref.16, circular jet.
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Figure 118. Turbulence comparison with Ref.16, circular jet.
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Appendix A
THE COMPUTER PROGRAMS USED FOR
PRESSURE DISTRIBUTION

MEASUREMENTS

In this appendix two programs and one sample data file will be presented.
The programs were written for the HP 9836 computer in BASIC language. The
data file was prepared for the GPCP plotting program (Ref.83). The first pro-
gram (SCANNERI1) was used during experiments for rotation of the Scanivalves,
data gathering and storage. The first six Scanivalves were rotated by a common
motor, and the first six transducers were connected to the channels 21 through
26 of the channel selector. The second six Scanivalves were rotated by another
common motor, and the second six transducers were connected to the channeis

27 through 32 of the channel selector. In this program device numbers 709, 722,
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and 716 correspond to éhannel selector, digital voltmeter and relay actuator re-
spectively. A command like OUTPUT 716;"A1” activates the channel | of the
relay actuator and another command like OUTPUT 716,"B1” deactivates the
same channel, etc.. The second program (CPP) was used for the calculation of

AC, =G, , — G

’jet on Pjet off *
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! SITNNERI
(M KLY 4 LAEL S0P G010 Finito
O Pressure(GOD)
! CREATE ASCIT “DATR:INTERNAL 4,1, 25
CREATE ASCII “DATA: INTERNAL 4,1, 75
FISE‘{IGN #Filel T0 “DRTA:INTERNAL 4,1

FOR N1 1050
CALL AdvI(D
NEXT N
C MRKEA TR
120 ! IF ©24 THEN GOT0 Datastore
10 (A0
10 AL AviKD
150 QT 20808
160 CALL Trigl(],Pressure(+))
K

NEXT
190 FIRN1TDSD
190  CALL Adv2(®)
200 NXIN
20 FRK-2Z TR
20 (S-S
L 20 AL AvXD
20 QNPT 708;Cs
%)  CAL Trig([,Pressure())
X0 NEXTK
270 Datastora; !
(N ERRIR GOT0 340
fR N-1 [0 [
LUIFUI # ilel ;N,Pressure(N)

F&'»XGN #¥ilel 10 »

K010 Finito

ASSIGN #Filet TO »

PLRGE ""DATA: INTERWL ,4
Dﬂﬂ“PlHRKHUISC’N)HlT RETURN" 118
CREATE ASCIT “DATA: INTERMAL,4,1",75
ASSIN BFilet 10 'mm:uum.a.r'
GOT0 23)

ZE883BLEBYS

BREGWSEEE

SEBSEIEQNISBES
B

=
3
N

BESBEEEE
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g

QB Trig2(I,Pressure(»))
FR T &

Suse0

WIT 1

TRIGEER 722

o
=74
=

2@EIETTES
3
>

i
i

Sl A1

IF P THEN QUTPUT 716;n2"
Wi 716;'m"

W11 .04

WTAIT 716;"81"

QUIPUT 716582

BN

B gv2(P)

IF P THEN IUTRUT 71G;0¢°
IPT 716;A3"

Wl .04

wiPg 716;'83"

WIRUT 716584

SUBEND

EBSESRESSeysZAzaY
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R

A0 HIS UG NS TIE PRESSIAE TAIR SLRTRACIS 1IE TRRE R10
0! CILOLAIES THE NNOMENSIONY. PRESIR OXFICNT

9 DIN ACG00),BCEN0)

3 INUT "PREFACIN HD=7" 'rafa

#1] INPUY “PREFB(IN HD)=7" Prefb

N Prefa=Prefa~ 0351111

%20 Prefbebrefbe, (361111

90 ! HEAD PRESSIRE DAIA

100 INPUT “FIRST UATA FILE AND # OF PCINES 10 BE READT",FSN

10-  INUT “SEQND DAIA FILECTARE) 7°,G8
12 INPUT "APUT FLLE NRE AND ST7E 7°)B
130 ASSIEN &athl 0 Fsa": INTERNAL ,4,1"
140 FOR I=1 10 1

130 ENIER @athl ifa,D

160 AD=100,4CD

17 NXT f

180 fESIGN #atht 10 «

1901 R0 THE (A DA

A0 PSSIGN WPath 10 Gsa": INTFRMAL 4,1
210 R 141 TO K

20" [NIER #ath?;bb,0(D

) 8(D=100.+D

a0 NXT I

') ASSIGN @ath? 10 +

0 CLOLME GG (D

20 CAL Cp(A(») N, refd)

00 CLOLRE (PCET (HF)

23 QAL CotBC0) N, Prefb)

300 ¢ CALOLATE LELTA (P AN STCRE

Jn FR [=1 TON

0 AMD=ARMD-B(D

Re 1] NEXS [

K. 1] (REATE ASCIT HS, M

0 ASSIGH @PathG 1) HE

0 FRI-1TION

RP] QUTPUT @athd; D

20 NXT 1

m ASSIGN @athd TO »

900 Pa=Prefa/ 036111

a0 Ph=Preft/ 036111

120 PRINT F$,G8,Pa,Pb,HS
Q) a0

L 9B Cp(A(*) N,Prefa)
) N=4/

L 1] =8

a0 Payda=(AQR)-AN1) ) Prefa
) FOR [+1 N

o0 AD=RD-AN) Payda
500 IF T2 THEN GOTD Exitl
510 G010 Exit2

520 Exitl: 1

e ] Ni=N1+48

540 N2+

%0 IF NN THEN GO0 Exit2
560 Payda=(RID-AN1) ) *Prufa

0 Exit2:  NXT ]
80 BN
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//7A291IMEHM JOB 44EB2 ,MEHMET ,REGION=1500K
/%PRIORITY IDLE

/%*JOBPARM LINES=8, CARDS=5000
//STEPL EXEC GPCP

//SYSIN DD

JOB  064C

FLEX

REF 10.0

SIZE 2.3 2.3 1.0 2.0 -6.0 0.25 6.0 -6.0 0.25 10.0

CNTL 0.02 0.04 2 6 8 8

Eﬁ;t (F11i7,2XéF11.;,ZX:F11.7,3F8.0,14,12,T73,8A1)
-1.6667004 -1.666700¢ -0.0740111 11
-1.2333673 -1.6667004 0.0162720 1 2
-1.000033¢ -1.6667004 0.1675187 Sobeliviiion 1 3 Port ne.

y . s C ! /]O ) . !

J X . A P . ,//ﬂ
-1.6666651 8.3333321 0.0724239 16 3¢
-1.6666651 8.9999981 0.0584492 16 35
-1.6666651 9.6666641 0.0729440 16 36

BEND snel
PRNT ep
PHSG

SKIP 0.03

BLEV 0.2

BRDR

LINE 1-0.95 0.0 0.0 -0.95

LINE 1 0.0 -0.95 0.95 0.0

LINE 1 0.95 0.0 0.0 0.95

LINE 10.0 0.95-0.95 0.0

END

STOP

7%

/7

An example data file for the GPCP plotting program of Ref.83.
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Appendix B
THE COMPUTER PROGRAM USED FOR
X-WIRE MEASUREMENTS

In this appendix, the computer program named XWIRE will be presented.
First there will be a description of the program. A schematic program structure,
program listing and the calibration data of the pitch, roll and Z potentiometers

will follow this.

DESCRIPTION OF THE PROGRAM

This program controls the pitch and roll angles and the Z location of the

hot wire probe. It also reads data from the R.M.S. and D.C. voltmeters and re-
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duces and stores this data. This program was written in BASIC for the HP 9836
computer.

After being started, this program first asks the current Z location, which
should be used as a reference value. Then, the program creates two data files onto
a floppy disc; one for storing the raw data, and the other for storing the reduced
data. Before each data point, the user has access to three subroutines. He also
has a choice to stop the program if all the data points have been finished. First
subroutine (UP-DOWN) sets the Z location of the probe. The Z traverse goes
down for increasing Z. The user chooses if he wants to go up or down. Then he
inputs a time interval in seconds for which the electric current will be applied to
the traverse motor. Before this he must be sure that a special switch was set to
correct position (up or down). Then the computer activates the traverse motor
and at the end of the specified time, reads the new Z location from the Z
potentiometer and informs the user. If the user is satisfied with this value, he can
go out of this subroutine. This procedure was necessary because there was only
one relay available for Z traverse, and a drill motor was used to power this
mechanism rather than an expensive step motor.

The second subroutine (PITCH) sets the pitch angle of the probe. It first
asks the required pitch angle. Then it decides the direction of the movement and
activates the pitch motor. During the motor run, the program continuosly triggers
the pitch potentiometer and stops the motor when the required pitch angle is set.
| This ends the run of this subroutine. Subroutine PITCH should be called before

the first data point, even if the pitch angle was set correctly because, this is the
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way to input the pitch angle to the computer. For other data points, if the user
doesn’t want to change the pitch angle, he can omit calling this subroutine. The
required pitch angle for each data point was known from the previously made
yawhead measurements.

The third subroutine (READDATA) reads and reduces the X-Wire data.
This subroutine can be called if the Z location and the pitch angle is set correctly.
This subroutine first asks the user a parameter called UUF. This parameter,
which is the ratio of Uror. to U, and is known from the previously made
yawhead measurements, will be used during the data reduction. Subroutine
READDATA uses a fourth subroutine (SETROLL) for setting the roll angle of
the probe. Subroutine READDATA calls the subroutine SETROLL with the
required potentiometer output for the specified roll angle. After receiving the in-
formation, the subroutine SETROLL decides on the direction of the movement
and gives power to the roll motor for a certain time interval. After each step, this
subroutine checks the roll angle from the roll potentiometer. If the specified roll
angle is not reached, it commands another step with the same time interval and
direction. If the specified roll angle is passed, then the next step will be in the
opposite direction with the time interval reduced by half. Therefore, this subrou-
tine uses the interval halving method until the roll angle is set with the required
accuracy. Subroutine READDATA actually sets the roll angle of the probe as
0°, 90°, 45° and for each roll angle reads data. If one calls the D.C. output of
sensor#l as "A” and of sensor#2 as “B”, and if one calls the R.M.S. output of the

sensor#l as "a” and of sensor#2 as "b”, for each roll angle the program reads a,
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b, (A +B), (a+Db), (A-B), (a-b). After setting each roll angle the program tells the
user to switch the correlator to “A” and asks the range of the R.M.S. voltmeter
in volts. If the range was not changed since the previous reading, he can just hit
the ENTER key. However, before hitting this key he should be careful about
seeing that both voltmeters, particularly the R.M.S. voltmeter, has stable output
and the range is the one which gives the best accuracy. Entering the range of the
R.M.S. voltmeter is important because, for all the ranges the R.M.S. voltmeter
gives 1 volt output at the maximum deflection. Therefore, if the range is 1 volt
no correction will be necessary but, if the range is different than 1 volt, then the
output of the R.M.S. voltmeter should be multiplied by the range. After “A” this
procedure will be repeated for “B”, “A + B” and "A-B”. The program assumes the
output of the D.C. voltmeter is connected to channel 11, and the output of the
R.M.S. voltmeter is connected to channel 12 of the channel selector. After one
of these channels is connected to the digital voltmeter, the program first waits
three seconds, then takes a sample and throws it away. Then it takes 20 more
samples, takes their average and stores in the memory. When all the data is read
for all three roll angles, the program asks the user if he wants to store data. If the
answer is no, the subroutine returns to the main program. If the answer is yes,
the program stores the raw data in the first file then makes data reduction with
the formulas given in chapter 3 and stores the reduced data in the second file.
Then it returns back to the main program where the user can call one of the three

subroutines (UP-DOWN, PITCH, READDATA) for another data point or stop
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the program. Raw data is stored only for security reasons, and the reduced data

is ready to be transferred to the mainframe computer for plotting.
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MAIN

UPDOWN PITCH READDATA— SETROLL
TRIG3 TRIG2 TRIG TRIG1
(Reads Z) | |[Reads Pitch)||(Reads DC &| [(Reads Roll)
RMS volts)

Schematic program structure.
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Xk

JlY 8 1900, MUY SERIF KIWSPORLY
INRUT *PRINTER=7

1eUT "BEGINING RN #7* N

INUE 2007, 20

=8

(AL Trig3QRD)

INPUY D0 YOU WANT 10 STORE DRATR2CYAD™ A8
Ir As=N" THEN QI 150

100 TNPUT 'TILE NAE MWD SIZE7" S, M

110 (REATE ASCIT F38":INTERNAL ,4,1" 4

120 CREATE ASCII Fa"DR°N":INTERMAL,4,1" M
1)  ASSIGN &ile) TO F58“:INTERNL,4,1"
140 ASSION #ile2 10 FS&‘W'&":MEM.".!"

A
160 (N KEY O LABEL "UP-DOWN" GOTB 210
N XEY 4 L. “PTICT G0 23)
180 (N KLY S LAEEL "SEAD DAIA" G0 250
N KEY 9 LABEL “S10P GOI) Finito

LRABLEWES

240 €010 190

2‘.:0 CALL Readdata(N,Filel,Gama,2,8F i}e2,f2)
Q01 19

2'/0 Flruto !

?bll}l &ilet 0~

N

E&l& Reccata(, B 1 1el ,bama,Z,% 116 R
[&I:H Pa:tb(!!) Fhlbb(B) pb(D ,Aab(3) /KD, B R Rx(D

R(D=2
RN
RC)=47
Rx(D)
x(2)~9
(4
INUT *2000=7",2
INUT "l.lf-?".lhf 1T0TAL VEL TO FREESTREAM RATID FROM YRHHERD
Uuf2=thuf uf
OfLL Trig¢"02",Teap) -
Tosp=Teap*100.
Iwm(lap)
asp~Tamp/ 1556

Fl'R =103 -
CALL Setrol1R(D)
::lﬂ‘l) "RLL=" Re<D)

=1
INPUT "SHITCH A AND ENTER RANGECRMS VLTS fRr
IF ReO0 THEN 2+
OfLL Trig(*12*,KD)
AD-A(DR
INPUT “SHITCH B AND ENTER RANGECRMS VLTS Re
oL TragC12',8(D)
1F Re<>0 THEN R2*Rr
K D-A(D=R2
weut "SJIT(H RGB AN ENTER AANERYS VOL1S)" Re
IF frcl
(AL lrig("ﬂ" Pa:tb(l))

§§§§§@§§§2§§§

E .3

=

()
-

§§§5§§§§§

BT EESHE EWLS
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S3EBIBERER

g3Zzaay

8

! ORI REDCTICN
" Udep™(Rapbb(1) Hapbb(D Hapat D)/,
Veicp-famib(1)

CALL Trig(*12* Ad(IN

flantb(1)=Rapbb(1)~R1

Aob(D=heb( D)2

INPUT "SHITCH A-B AND  ENTER RANGERMS WOLTS)™,Re

IF ReC) THEN R2=e

QUL TeigC'11",Aambb(1)) ‘
QAL Trig(*12" A D)

Pambb(1)=fasbb(I)+R1

Aa(D=mb( DY

NXT I

‘F?g‘"l[ t]ﬂ],ﬂ,j.u.N'uz(m)-u'z'lw-’]w'ummu’Gm'luf_u‘u‘f

%I(P]fl IUSIM; +'S00.L0E X, 00 COE , X, S00. D0E X S0 P0E X, SD0. DDE , X, SD0. 00E" s Aapbb(1) , AasbbX 1) , Acb<I) , Ak D),
INPUT *D0 YOU HANT TO STCRE DRTRCY/NY",R8

IF As="¥" THEN (00} 1499)

(UTPUT & i)el;N,2,Teap,Coma, Uiuf

FB (s1 103

L?:JZ}(?HI & 1)el ;Rapbh(1) ,Rasbo(T) , Apb(T) , fab( 1), ACD) BCD)

Hdcp-lambh(2)

Uudcpe» Udcp24Udep™24Hdep™2
Uy =30 Undcp2)

Up=(Fpb(1) +ph(2)+Ap0(30) /3.
Vp=Aaa(1)

Hp=fwb(2)

U ACD=A) -B(D#B(1)
Uup=ACInH(2)-B()*H(2)
Wap=-Uo=o-HosHofiah (3) e (D)
UpsUp/Uudcp

Uo=lbo/Uksdcp
Hp=Ho/Ludep
Uvp=p/ludcp?
LU/ Laoep?

Ua=UhepAadcp?

CaeCUS(Gan)

Sq=5 IN(Gana)
U=SIR((UpnCg) "2+ (HpeSg) "2-2hupSgeCa)

V=

W=SOR((Lip=Sg) "24CHp=Cg) “2-2+p=Sa=(q)
Uvlhop~g-thpSq .
UumUprelip(igeSgHUup=(CgnCg- SgvSg)-HoHp=o=Sg

Vu=UvpeSg Hhepn(y

te-ly

Ug=the

]

PRINI

! PRINT TURB. DATA NDRMALIZED WITH LOCAL [DTAL WELOCITY
N ERRR Q)TC 1180

PRINT LSING **30.9D,X,30.5D,X,30.5D,X,30.50,4,30.5D,X,30. 50" ;U V  H,Uv, U, Vs

OFF ERAN

(UTPUT 8 i1e2;N,2,U,V Hylv e,V
Utisluf

Velintf

Hebiliuf

Uvelhmlpsf2
20 Ugmthanhuf2
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Wrholhaf2

! PRINT TURB [ATR NCRMALIZED WITH FREESTREAM ‘EL,

(N ERAR Q010 1270

PRINT {EING "30.50,X,30.50,X,30.5D,X,30.5D,X,30.5D,X,30.50" sV 4, U, U, U
OFF 6NN

QUTPUT 8 i1e2;U,V,H, Uy, lu, W

Hdc

! PRINT MEAN VELOCITIES NORMALIZED WITH FREESTRERM WKL,
(N ERAR Q)T 141)

PRINT LSTHG “*30.50,X,30.50 X, 30. 50" Udc Vo, wdc

FF ERN

QUTPUT ¥ i le2;Udc,Vde, ide

PRINT

NNt

100 _SUEN)

1r1(RS,B)
QUTRIT 722; 71"
QUTRUT 709:08
TRIGHR 72
ENTER 722;xm
i)
WIT 3
AR 102
TRIGGER 722
ENIER 72;C
B=8¢C
NXT I
BB/

Ul Setroll(R)

WA 72;'%¢"

QUTPUT 208;'21*

(AL Trigl(R2,R,DifP)

[I)F H,S(lef)ﬂ THEN GOTO Finito
t=.2

IF R>R THEN (,mU Decrease

16/0 [ncrease

1760
70
1780
19
1800
1010

1820
1830

WiPul 7165 R

WAL Ot

wien 716; 8

CUL [rigi(R2R,DifF)

TF ABSQIFF)<1 THEN GOTO Finito
IF R2R THN

Di=0t/2
(OTO Decreass
N IF
GOT0 Increase

Decrease: !
QUTAUT 716;"M1”

AT Dt

WTATT 16381

CALL Trigh (2R Dif P

T ASMIENA THN G Finlto

THE COMPUTER PROGRAM USED FOR X-WIRE MEASUREMENTS

232



1840 IF RO THEN
1850 0t=0t2
1860 G010 Increase
1870 B8O IF
1880 GOT0 Decrease
zatn Finito: !

200 _JHN
1910 9B 1righCR2,R,biff)
20 R4

1930 FOR N=1 T0 20
199 WIGER 72

(N KEY D
(N KEY 4 LABEL "UOWN" GUT0 Uown

EYER

Y
210 INUT “SHITCH P AND ENTER TIME",0t
22 ON KEY 1) LABEL "SI0 GO Stoswe
A0 QuTPUT 716;"18"
214) N={NT(Ot/. 02>
A% FIR Is1 TON
200 WAIT .02
a0 NEXT 1
219) Stopun:  QUTAUT 716505
AD (FF KEY
2m CALL Trigd(R)
210 2=10-118.54136«(R-R0)
22) PRINT “2¢H=",2
20 GOT0 2050
24) Ooun: !
20 OFF KEY
2250 INPUT “SHITCH DOWN AND ENTER TIME",Dt
210 ON KEY 4 LABEL "SINPOOWN" QJTI) Stondown
200 UIPUT 716;"5"
23 N=INT(0t/ .02
2300 FRI=1 TON
AL} WALT .02

30 NEXT 1
2330 Stopdown:  UIPUT 716;"H5"
2340 OFF KEY

OALL Trigd®®

PALY

60 1=20-118.54136=(R-R0)
23 PRINT “2(MD=",Z
B0

[
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269 QUIRA 722;74*
2560 wip 2092 .
2000 INPUT *YITOE ANLE=T" Gama
2980 IF Gama<=25 THEN Re=-,168%Gamart24. 40
209 IF Gaadd?5 THEN R=-,24nGamaths..)
00 PRINI *R=" R
S0 OLL Trigl(R2,R,0iFF)
50 IF ABS(Diff)<.2 THEN GOTD Finito
33 IF AR THEN QD10 Decrease
. 2540 Increase: !
259) ON KEY 4 LAEL "STIPINC' QDTG Stapine
500 QnPa 716; 04
570 CALL Frig2(R2 R,DifF)
580 IF RDR THEN GOTD Stopinc
oy | G010 570
600 Stopirc: !
510 OFF %Y
60 PN 716;84"
PO GO Finito
2640 (ecreate: !
X9 ON KEY 4 LABEL “STOPOEC™ GOTIN Stomer:
%60 - . QUIPUT 716;'R3"
2670 CAL Irig20R2,3,0iF0
2680 - IF R2R THIN GUTD Stondec
269) Qo &M
2700 Stoodec: !
20 OFF 1KY
a0 {uTPUT 716,83
2730 Finito: !
a4 PRINT 'R0=" 2
_% S}
¢ SE TR R
an R2+)
2100 FIR Wi TO 10
M) TRIGER 722
2800 ENTER 722:X
210 421
2820 NEXT N
20 =20
240 R2=R2/1000
p..o 1] D1fFF-2-R
— .
2870 U8 Tragi(R)
200 ' TRIGGERS UP-DOWN POTANTIDMETER
289) Tt 722;'%74°
200 (uTPUT 709;°23°
P [} TRIGGR 72
20 ENTER 722;R
2 Sum=)
2940 FORI-1 10 20
25 TRIGGR 722
260 ENTER 722;R
2N Sum=5mif
280 NEXT 1
29 RSuw)
2000 R=R/1000
— JEN)
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for ¥ < 25°....R(KQ) = —0.168 x y + 24.40
for ¥ > 25°....R(KQ) = —0.240 X y + 26.20

Calibration of the Pitch potentiometer.

¢(°) R(KQ)

0 T30
45 47
90 70

Calibration of the Roll potentiometer.

THE COMPUTER PROGRAM USED FOR X-WIRE MEASUREMENTS

235



Z CAHLIBRATION

— — ——
8] —
llllllllllllllllllllllll

R(KOHM)

Calibration of the Z potentiometer.
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Appendix C
DETAILS OF THE PROBE ROTATOR

MECHANISM
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PITCH
POTENTIOMETER

HOT WIRE
PROBE

PART #2

ROLL POTENTIOMETER

ROLL MOTOR

PART 6.

PITCH MOTOR
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Appendix D
RESULTS FOR RECTANGULAR JETS WITH

ROTATIONAL EXIT PROFILES

In this appendix, the pressure distribution and mean flowfield results for
90° and 60° rectangular jets will be presented. The rectangular jets used here had
somewhat rotational velocity profile at their central part, when compared to the
rectangular jets presented in the main text. EXxit velocity profiles of these rectan-
gular jets can be seen in the first four figures of this appendix and can be com-
pared to the profiles in the main text. Comparison of the results presented in this
appendix and the results presented in the main text didn’t show a very significant
difference, which is a good thing for the repeatability of the tests. Apparently,
this level of swirl was too low to have any important effects. Pressure distribution

results of the main text can be considered as having a better symmetry.
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Figure 120. 90° rectangular jet exit profiles.
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Figure 121. 90° rectangular jet exit profiles (continued).
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Figure 122. 60° rectangular jet exit profiles.
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Figure 123. 90° rectangular jet exit profiles (continued).
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Figure 124. Surface pressures, 90° single rectangular jet, R =2.2.
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Figure 125. Surface pressures, 90° single rectangular jet, R =4.0.
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Figure 126. Surface pressures, 90° single rectangular jet, R =8.0.
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Figure 127. Surface pressures, 90° side-by-side rectangular, R =2.2
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Figure 128. Surface pressures, 90° side-by-side rectangular, R =4.0.
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Figure 129. Surface pressures, 90° side-by-side rectangular, R =8.0.
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Figure 130. Surface pressures, 90° rectangular jets, enlarged front.
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Flow

Figure 131. Surface pressures, 60° single rectangular jet, R=2.2
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Figure 132. -Surface pressures, 60° single rectangular jet, R=4.0.
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Figure 133. Surface pressures, 60° single rectangular jet, R =8.0.
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Figure 134. Surface pressures, 60° side-by-side rectangular, R =2.2.
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Flow

Figure 135. Surface pressures, 60° side-by-side rectangular, R =4.0.
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Figure 136. Surface pressures, 60° side-by-side rectangular, R =8.0.
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Mean flowfield, 90° side-by-side dual rectangular, R =2.2.

Y/Der =1.026

Figure 138.
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SIDE BY SIDE RECTANGULAR JETS
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Figure 139. Mean flowfield, 90° side-by-side dual rectangular, R=2.2.
X/Dref =(.0.
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SIDE BY SIDE RECTANGULAR JETS
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Figure 140. Mean flowfield, 90° side-by-side dual rectangular, R=22.:
X/D ref = 1.026.
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SIDE BY SIDE RECTANGULAR JETS
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Figure 141. Mean flowfield, 90° side-by-side dual rectangular, R=4.0.:
Y/ Dref =0.0.
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SIDE BY SIDE RECTANGULAR JETS
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[»
<
8 — —lp — — — ©
— — — — —
— —_ — — —
—> — — — —
— — — — —
D — w— ——tp —— — —
Q
U; -4 - -— — — — ——
- * — — — — — —
<+~ — — — — — —
— — — — — —
—t ‘D — — -— — — —
a o — — - el — —
li:-‘ q —r - — — — -
<+
-+ v g 9 — — - - - -
—
;" — — - ad — P
- <t — — — -~ — —
.- { - - -~ - - ~
[
Dh — — 7 e - Pl
—t [
N ™ o — — P — - Ve
S T — —_ —_ — ” /
— N —_ — —-— — el Ve
— ~ ~a — -~ -
d - — ~ ~ — Eaad -~
— ~a ~a ~ — b
— \) — —_— — —
4o 8
o | ]
-
J
- O\
! [=)
(=]
Ln- + + + : : > :, + 3 4 +
1-5.00 0.00 5.00 10.00 15.00
X(INCHES)

} } } } } ] } ! J }
2 -1 0 1 2 3 4 5 6 7
X/ Dref
Figure 142. Mean flowfield, 90° side-by-side dual rectangular, R =4.0.:
Y/Dref =1.026.
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SIDE BY SIDE RECTANGULAR JETS

R=4.0 X=0.0
(o]
!
&
3
8
0
< N~
-+ ©
o g o
{wbs -
";" ' ’
—— ¢ ’ ’
E -~ Al 1 ’
OD_lmn R
N . 8 \t [} ,, .
o .
4 o - /.
N
/ ]
—t T \ . ‘
et -~ '
4o 8
o [ |
4 o
¢ o
o
IJ; e + 'L e + : + "
1-5.00 0.00 5.00 10.00
: Y ( INCHES)
} } } ! } | } }
2 -1 0 1 2 3 4 5
Y/D,
Figure 143. Mean flowfield, 90° side-by-side dual rectangular, R=4.0.
X/Dyes =0.0.
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SIDE BY SIDE RECTANGULAR JETS
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Figure 144. Mean flowfield, 90° side-by-side dual rectangular, R=4.0.:
X/Dyper = 1.026.
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Mean flowfield, 60° side-by-side dual rectangular, R =4.0.

Y/D,op =2.051.
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Figure 146. Mean flowfield, 60° side-by-side dual rectangular, R =4.0.:
Y/D s =1.026.
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Figure 147. Mean flowfield, 60° side-by-side dual rectangular, R=4.0.:
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Figure 148. Mean flowfield, 60° side-by-side dual rectangular, R=4.0.:
X/Dref =1.026.
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