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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 MOTIVATIONFluid

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 difticulties 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.l) 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. Crossfiow 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 lift

for an aircraft. When these negative pressures combine with the positive pressure

mrnouucrroiw 2



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-
I

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 ilowfield 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 flowtields 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 INFORMA TION AND LITERA TURE

SUR VEY

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 object 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.

mrnovucriow 5



In Fig.l.a (from Ref.2),the deformation of a round jet into a kidney shape

under the effect of the crossflow can be seen. ln Fig.l.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.}, General

information on crossflow jet injection can also be obtained from Ref.l. 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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methods 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 l on page ll some of the previous works can be seen compar-

atively. The first part of this table was taken from Ref.l5, 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.l8. 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 injection 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, ll, 12, 13 and 68,

because this work is actually a continuation of those. In Ref’.l0, 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.1 l, 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 lO5°, 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.l3, 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.l3 and the present work is that the

jets of Ref.l3 were found to have had some rotation in their center, but the jets
A
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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

j
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

l5° 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.l5, 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.l7, data was

obtained for the downstream region (X/D 2 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 lnvestigations

Part 1 (From Ref.15)
jet jet cross-flow

diameter incidertt velocity velocity velocity
Refl (mm) angle profile (m/s) ratio measured

6.35, 9.5 penetration
20 12.7, 15.9 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 25.4 90 orifice - 4,6,8 flow directions

velocity, turbulence
23 9.5 90 pipe 1.5 4,6,8 intensity, entrainment

2,4,8 static pressure
24 25.4 90 pipe 18.3, 36.6 11.3 distributions

:1: 15, i 30, jet, trajectory,
25 6.35 d: 45, :1: 90 pipe 1.6 4,6,8 entrainment

-180,30, 60, 90, trajectory by
26 25.4 120,1 50,180 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 8.4 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

2,4,8 turbulence intensity
31 25.4 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 efTectivenes

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 2,4,6,8 wall static pressure
35 76.2 90 orifice — 12 distribution

MACH dynamic
pressure

0.1,0.2 ratio floor static
36 8.4 90 nozzle 0.4,0.6 0- 1000 pressures

2.37,3.95 velocity
37 40 90 pipe 3.4 6.35 distributions

38 101.6 90 orifice 30.4 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 3.48 ve1ocity,vorticity

41 pipe flow 2-5-12.3 .

42 varied 90 orifice 15 2.45-7.75 temperature profiles
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Table l.(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 (S/D = 2,4,6)

surface pressures, from a body of rev.
10 49.2 90,75,60 nozzle 14.5-38.5 3-8 velocity vectors D:-/Dhabi; 1/2

side by side dual,
tandem dual from a
flat plate,S/D = 2,4

ll 49.2 105,90,75 nozzle 14.5-38.5 4,6,8 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 2.2,4 velocity vectors flat plate,SiD = 2

single, side by side dual
rectangulaagstreamwise,
L/W=4,for side by side

L=86 surface pressures S/Dre = 0.95
13 W = 21.5 90 nozzle 8.5-31 2.2,4,8 velocity vectors Dlgcré of eq. area circ.

surface pressures single rectangular
15,30,45 vortex strength jet, L}W=4

14 60,75,90 nozzle 4,8,10 trajectory blunt,streamwise

velocity,turbulence
Reynolds stress, LDV upstream,

15 25.4 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 (l77'C)

50 25.4 90 nozzle 37-124 1-5 surface pressures
swirling crossflow

A—i = 100 swirler wane ang. =45,70
Aj mean velocity six orientation

69 Dc = 146.1 90 nozzle 4 components single normal hot-wire

qj/qm = trajectory, pairedjets from
reverse flow zone a plane slot

71 135 67 5,20,40 dimensiones Ti = 288°K, TQ = 343°K

mean and RMS heated jet
temp. profiles, temp. diff.=2842

‘C

72 90 1,4,7 temp. contours fluids: water
trajectory
dispersion, solid-gas jet

73 90 1.4-2.5 density pi/pg = 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 4,8 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„f) was 0.95, where D„f 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 ( 2 3% ).

For a 90° single circular jet, the effects of different jet exit velocity profiles

were studied. These profiles were: l) 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, t

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 measuremcnts, 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.
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Table 2. Scope of the Pruent Research

’ jet jet U-/ U,„

velocity velocity pressure meanflow turbulence
jet type profile (m/sec) data data data

90° single uniform
rectangular nozzle 2.2,4,8

90° side-by-side
dual rectangular 2.2,4,8 2.2,4 4

60° single
rectangular 2.2,4,8

60° side-by-side
dual rectangular 2.2,4,8

90° single
circular 62 2.2,4,8 4

90° single
circulargbigh turbulence 35 2.2,4

90° single swirling
circular, 40 % swirl nozzle 62 2.2,4,8

90° single
circular, 58 % swirl 2.2,4,8

Remarks
For rectangular jets, L= 86mm, W= 2l.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 DA TA 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 model in the wind tunnel can be seen in Fig.4. This is

actually a flat plate mounted l8in (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 jet exit temperature could be reduced down to about l0O°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 >< 4in (10.16cm >< 10.16cm) 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 >< 12in

(30.48cm >< 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 flowtield 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. ln Fig.} 1, 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 (l.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 VPl&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.1 1,

A
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
u

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.l0,l1,12.

2.3 INSTRUMENTA TION FOR PRESSURE
I

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.l6. 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. ln Fig.l7, 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 (SCANNERI) required about a 24 minute run time when all 12

transducers were used.

2.4 INSTRUMENTA TION 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.81

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 tive 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 INSTRUMENTA TION 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 O° , 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
T

speed for turbulence measurements was about 50 ft/sec (15.24 m/sec). The testing .
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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.2l. The computer program which was used for

this experiments is given in Appendix B. ln 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.l6.

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„f for the rectangular jets) and the freestream velocity was

2.56 >< 10* for 28 ft/sec freestream velocity and 9.36 >< 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 ><
10‘

for the 28 ft/sec freestream velocity and

9.1 ><
l0‘

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 noule was kept at 5

PSI. This pressure was 30 PS1 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/see (35 m/sec) due to the additional drag caused by

the turbulence generating screen.

Pressure distribution and mean flowtield measurements were done while

running the blowers at maximum speed. For these cases, jet exit temperature

reached up to ll0°F. ( 43°C ). Turbulence measurements were done at a little

lower blower speed. This helped to reducethe jet exit temperature to l00°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,ll 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.l0 & ll, 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, tirst 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 reachingthe 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 l 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 ° PooCP ————qm (3.1)

and the data is plotted as

Acp = (Cpjct on
_

Cpjct off) (3-2)

Before plotting, ACP values were transferred to the mainframe computer of the

university and matched with their corresponding coordinate locations. The results

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
1

plottting program can be seen in Appendix A.

An aspect about these experiments is in the measurement of tare (CP_P„,„)

and calculation of ACP . Sometimes jet(s) on and jet off cases might have same

freestream velocity but different q„, due to slight changes in ambient conditions.

However, q,, seems more fundamental then the freestream velocity. In such cases,

q„ should match rather than U„, or the jet off case should be normalized with the

q„ of the jet 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 fiow 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.l8. In this figure, the locations of the five holes can also be seen. The

dimensionless pressure coefficients for data reduction are given as;

C„„„,„ = (P4 — P5)/A = /i(¤„ ß)

C =(P 'P)//i=f(¤„ß)p,,., 2 2 2 (3.3)
Cp,„„, = (P1 * Pr)/A =ß(¤„ ß)

Cp„.„. = (Pw; ‘ Ps)/A = /Y=(<=· ß)

where,

A = P, — Psm

Psm = (P4 + P2 + P4 + P4)/4

PT = Total prcsrure

Ps = Static pf€SJW'€

a = Pitch anglc
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B = Yaw angle

Since P, through P, are measured, and A can be calculated im-

mediately. Then, a and ß can be found from the available calibration curves}, and

ß. Next, Cmm, and qmm can be found from the calibration curves ß and ß. After

this, the total and static pressures can be calculated by

P = P — A >< CT lPmtulPs

= P5ßV8

_
A X

Cpxhtic

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

flows.

PT - Ps = épw v“ + §¤„?’ (36)

The turbulence term can be neglected; the error caused by this assumption is

around 1 % for up to 14 % turbulence intensity. Thus

V 2(Pr ‘ Ps) ($6)
Poo

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

ordinates can be found as

Vx = lvl cosacosß

rg, = lvl sing; (3.7)

Vx = lvl sinacosß
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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.8l), 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 a: 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-

braries (IMSL) for obtaining flow angles and 6],,0,0, , qmäc from the calibration

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 Gemer et al (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#l. 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) =_/](B,,B2)

<P( B for Z¢>¤¢#l) = /§(B1•B2)
(3.8)

Cp,,„, = fS(B1• B2)
Cp„.„, = MBD B2)
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6 = cone angle
(see Fig.l8)

tp = roll angle

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

was equal to CMW. For other zones, B, was the cone angle coefficient, and B, was

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

CA., = Ä?
4

(3.9)
4

q,=pl_ Pzciépm

where

E : 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.l9) 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 tive 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 Cppm due to turbulence is 0.67 % for 10 %

turbulence intensity and 2.68 °/6 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-

istied 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.

12* = E3 + BU" (3.10)

U : velocity

E : voltage corresponding to U

EU : voltage corresponding to U = 0

rz : 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 I

E2 — Eä = BU"

gives

2EdE = n dU
E2 — Eä U
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Finally this can be written as

T (3.11)

When using this formula, one should be carefull about measuring E and Q at the

same fluid temperature. Otherwise, for small temperature differences, a cor-

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

·: · =E.. % (3.12)

t, : sensor temperature

tgo : fluid temperature when Q 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#l 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
I

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=O 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 l0° 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
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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.

Detining D.C. output of sensor#1 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.

Up = [(A + Blo ‘*‘ (A "‘ Bloc + (A "‘ Bl4s]/3-
Vp = (A - B)°

(313)
Wp = (A " Bloc

.

0,90,45: roll angles

p : probe

UT : total mean velocity

[(4 + blo + (4 + bloo + (4 + bhs]/3·

„/Ü = (4 — blo
72=*/“”" (3.10
di/rp' = ab · dä
ém _ 'T T'
upwp

‘ °oo "° boo „

Era? = — vp'2 '- wp'2 + (a — b)äs

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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coszy sinzy — 2up'wp' COSY Siny
LT?_~/"
' «/vp

= sinzy + coszy — Zu
’w ’

cosysinyP .P P P (3.15)
u'v' =

up’vp'
cos 7 — vp'wp' sin 7

= cos ·y sin y +
up’wp’(

coszy — sinzy) — E,-:2 cos 7 sin y

im = up’vp' siny + vp'wp' cos 7

Equations 3.15 can be nondimensionalized by dividing the first three equations

by UT and the last three by UT . 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

U1*
U<D

and the last three equations should be multiplied by

UT 2
Um ·

The value of UT/U, was known from the previously made yawhead measurements.

UT/U, 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
I

UT and 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 to 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. lt 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

Huctuations might be an important source of error, especially for the regions very

close to the jet exit where the correlation between temperature and velocity Huc-

tuations may be signiücant (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.9l for a lO° 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 How direction was known. There is a considerable

literature 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 results will be

presented here as; '

^Cp = (Cp,...„ ‘ 6},.. .,,9 (*19

and CP is defined as; _

= P
_

Poo °CP (4.2)
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Here CW an is the pressure coefiicient obtained when the jet(s) and freesream

were on. CÄW off is the pressure coefiicient when the jet(s) off and their exit area

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 carried 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 coniigurations tested. For

most of these contigurations 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 ACP = 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 ACP = 0.4 intervals, and thick lines are drawn

with ACP = 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. ln 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

ACP = -0.2 line covers a larger area. There is again a positive region in front

of the jet, however this region has a smaller area when compared to R =2.2. ln-

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
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surrounded by the negative pressure region from all sides. Decay of the negative

pressures is even slower (see the larger area covered by ACP = -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.l3 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 comers. One argument is quite helpful to under-
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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= ¤¤, and for R= oo, 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 peakswith 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 ACP = -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. Instead 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, even the low

magnitude ACP 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 ( E 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 geomctries 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 tigures representing the X=constant and Y=constant

planes are plotted with the same scale, so geometric dimensions are comparable.

All the ügures 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 tig-

ures. As mentioned before, meanflow data presented here was taken with the

yawhead probe described in Chapter 2. l

4.2.1 90° Side By Side Dual Rectangular Jets

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

58-6l 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 ligures 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.7l, 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 tlowtleld 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 obsewes small right—left

asymmetry at X/D E 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. lt 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.7l 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=5.l3), and for 58

% swirl, the penetration height is around 7 in. (Z/D=3.59). lt 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 fiat plate sur-

face when compared to the other one. The left hand side of this figure is the side
l

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 several 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 intinite 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. ln 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

(„/Z?/11,,,, , „/BV-/11,,,, , „/Ü-/0,,,,). One can see that J?/U„,, and
„/W-?-/UTOT have a similar behaviour, while behaves differently. lt

seems in jet dominated regions, and „/?—/UTOT are higher, and in

wake dominated regions, J?/UTOT is higher. Both the jet and the freestream V

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 =5.5 inch. Then, they start decreasing to their freestream values. Peak

values are around 40 % for J?/UTOT, 30 % for and l5 % for

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 = l.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 °/6 for „/Z?/UTOT, 40

% for J?/UTOT and 15 % for „/iv?/UTOT. 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. lnstead, 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

°/6. By coming closer to the jet-dominated region, and J?/UTOT

Start increasing, and J?/UTOT starts decreasing. All the turbulence intensities

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

The peak for is less pronounced. Peak values for „/F/UTOT and

\/Ü.-/U,-OT are about 45 % and for J?/UTOT about 20 °/6, which is lower than

the value of in the wake region. For X=4.0 in., is con-

siderably larger then „/L11-/U„„ and J?/UTOT in the wake region, and it de-

creases smoothly when coming to the jet region. For and

masums 60



„/?_/UTOT, 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 °/6. 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, — E/U},„ is presented again after being en-

larged, since — Ä?/Uäor is usually smaller in magnitude compared to

— E;/U}OT and — E/UÄOT. It is seen that — F1?/11;.,, usually takes negative

values, and — Ü/Uäor usually takes positive values. If one looks at the plots for

X=0.0 in., l.0 in. and 2.0 in. from Fig.88, one can see that — $7/11;.,,. makes a

negative peak and — F1?/ 11;.,, 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 — ZT;/Uäor 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

l—lot wire results for the 60° rectangular jets can be seen in Figs. 92-97. ln

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. ln Fig.95, — Ü?/Uäor is presented again with a finer scale.

Turbulence data normalized by freestream velocity is presented 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 and

J?-/UTC,
at these stations. Again, J}?/UTOT 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 — Ü/Uäor

and — Ü/Uäor Reynolds stresses are again quite similar to that for 90° jets.

From Fig.95, one can note some differences for e.g. for X= 1.0 in.

and 2.0 in., the protile makes one positive and one negative peak. This behaviour

is not very clear for 90° jets. Data normalized by freestream velocity amplilies 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. lt 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., — W/U; makes two negative peaks and

— F7/Ui 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 turbulence 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'! /U„„ makes higher peaks

than /U„,T and
„/v_$-

/UTOT. There are also similarities and differences for

Reynolds stresses when compared to rectangular jet results. Again —
E/Uäor

usually takes negative values and — 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 ACP = -1 line

and the ACP = -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.

iettype90°
rectangular 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 °/6 swirl) 3.94 18.72

90° circular (58 % swirl) 3.94 15.52

ln 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.l1. These

comparisons were made for R=2.2 and 4.0 and for the ACP = -0.5 and -1

lines. The high turbulence case of the present work compared very well with the

case of Ref.1l. This is expected, because both cases had high exit turbulence

levels. Also, the jets of the present work and Ref.1l 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. ln 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.l4. The negative pressures of Ref.52 extended upstream as if the velocity ra-

tio was higher than 4. In Fig.1 10, the 90° rectangular jet result for R=4 of the

present work is compared with that of Ref.l4. 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.l4. 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 og We) # of density, density,

Ref b.L profile (%) AC , ports nearfield farfield

1 1 turb. uniform 10 ACP 0.3 high med.
(1984) nozzle

24 turb. uniform CP 0.24
(1965) nozzle

57 turb. uniform ACP 0.4 226 high med.
(1978) nozzle

52 ACP
(1975) nozzle

14 ACP 0.s 217
(1979) .

rectangular
present turb. uniform 3 ACP 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.1 l 1, 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.1 12, 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 fiat 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.I6 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 negative 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. blockage 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

mscussiom 69



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 in 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. lncreasing 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 S 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, JF/UTOT and

behaved similarly, and 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, is higher than „/zh?/Um, and

„/i_v%-/UTOT, because in this region, two bound vortices meet each other with

opposite direction v velocities. In the jet-freestream mixing region, J?/UTOT

and „/ür/UTOT are higher than „/v?-_/UTOT, 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 UTOT and UTOT 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 Ju?/UTOT from

J?/UTOT and J?/UTOT 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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a) Model in the Test Section. View looking downstream.
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Figure 9. 90° rectangular jets; dimensions and coordinates.
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Figure 19. Instrumentation for mean flowfield measurements.

ncumas 104



TT V·+E’*’·*·‘“? ”
, ·· ,. ig

· _<.2#·i<.;~ .*· ··¤_«‘Q„.
li; A':;w;~;‘—4;4-~Y

.?,_"_ . 4- ‘ .,€·_·,‘ Q - V- · ~· ~_€_
Y ‘-Ü“‘ rn ,k_

4
POTENTIOMETER ·» ~#

„ ·_ f
“—

,·

i_*73*-**._ .„ r ·* .~
‘*

.‘. ··‘Z? ·~_ -- ·„ 4 A\ ‘V.
V- ‘ |.1y Q- ·‘

jl
HOT WIRE4 __ ' i

l
V PROB§5_ · ‘ ‘

· RQLL
4 \Xl:’OTENT|OMETER

..
X- ä vmoron

Ä· · >
Q

‘
~·14 5 ,,

PITCHMOTOR, .4 ' T "
Ä

Figure 20. Hot·wire probe and probe rotator.

FIGURES l0S



Y, .
.

/' '
fE€E;*i‘*iÄ — · V ” Ä'! ·I ‘

· , _ V "·
4 _ ' Y- · ·0·

’
· „. ',:;4;T?,6ü

‘
-

”
' · Y . Y » ,

5*
‘* *;~€*· ,. “ { ' bg'.

Ü .I

~
‘.=*‘?’·;“ ’.

¢·¥’*' ' ‘ ·
’ —=s· · -„,; ’ __·¢ _, . -

9 ;: _- . I I . I
· Ä'

—‘CÄL*?"‘**
‘ 6. ·Y Ye'-? «i?¢?)Y " '.

·‘·,„~Ä:·—"
*-2 Y.

V ) N ‘

·¥W.
¢~ '

V ·Ü·‘Y=!“
' *· -f¢·

- ,
‘V" _«1i ~~ Y' Q

9' ··

/ "Y °' . ¥* ,.5** . ·' ’.
„ - . .~. . —> ~.· - · . ¤ ~ _ ,. - ,6 _ •

·
0 ‘ '*"".‘-

, " Y' ·- , J'Yf,-*.?»•»?.,.~·- . j
‘ ··‘ ..

°" · ·‘ .· 2
’~

L7 J
*° I \. I ‘ gf

Z ' ,
« ; „

.2

l _ J ~
• *

„,.&&2iIL.ia.k: _ _' 1'“
-‘Vi Y Y Y ll ··

ja .i I _J" u‘

~
·

, 1. ,•2 / ‘ ‘
Yi:-'4{Vl" 1 I

V ' ¢•••
.l

' _ Vj
-

„
’

IIZ _ Ü 62 [sky I, n /1/ ,
igH Y · ·* 3** 1 -

"
‘

. ___ * ‘_ ;
E

id. _ · __‘ 4
•

· - °" . -· gp
‘

'I
°

V ' 2 Ä%>l:*’. — “'
·1 4•• ··—°

'~i_ :
·

_

*
’·*· ~··

eg-; 1 *%*·6,, T"'

‘~L?‘-.... . , Y I I: {
·‘-

‘ ’ „ ‘ ' /
‘ *

• „i_: _„

2 ' • %,?‘• W}
Y Y ~ , Z -

• _ * • ;< ;
¤ _Ö - g-QQ ' I . —•;

. ' - #&•,___ _ I ., „

Figure 20. (continued)

FIGURES 106



I;-A x-wma_ PROBE
- uu . E RMS

<.•
us

DCLINEARIZER Q VGLTMETER

i cHANNEL
SELECTOR

-

POTENTIOMETER DIGITAL
VOLTMETERz ~¤¤v¤¤ 1
RELAYp|1·cH I ACTUATOR

POTENTIOMETER

PITCH MOTOR

ROLL COMPUTER
POTENTIOMETER

ROLL MOTQR l 2

I

_ XOLTMETER
RANGES, PITCH ANGLE

Figure 21. Instrumerxtatiou for turbulence measurements.

rrcuxzs W7



Y (or Z)

v (or w)

'

sensor #2
U*“

sensor #1
@ -45 deg @+45 de

90 de

Figure 22. X-wire probe and probe coordinates.

Fncunznzs nos



XWIRE CQL.(T=65FJ
5

$1%
4

A ab
P-

*.1 3
er

g 6%

]_]_] x- NIREI
1 * + NIRE2

(STHBILITY TuNNEL>an
Q

Q 5 Q 1 Q Q 1 5 Q
UKFT/SEC) _

Figure 23. A sample linearized X·wire calibration.

mcumzs ‘°° '



l20 ·
Shaded area represents the

,ypf·5
· „ ' 3'3F

temperature range (L S de9r· 1/'

100 43.1,,./ · 3.6F
. _ ‘ /1// .

80
,43F,«’/

* 2.5F
‘

60
lf.

U „

(ft./Sec) 43.4 3.lF · -
40 ‘
' 44.3 3.8F

20 .Sl') 1 Sensor Il of the vertical X·wlre
.6F

0 ·
Z"

0 l 2 3 4 5 6 7 8 9 l0
E(VOLTS)

”

Figure 24. Effect of temperature on the linearized hot wire output: (from
Ref.l6)

FIGURES H0



BOUNDFIRY LFIYER PROFILE UE==51. 47 f/sec

1 O 0 1

T n
/
D 0. S "E YA
LT · fl
R n

0. Ü = =
u

0. 0 0. S 1 . 0

U/UE

BOUNDFIRY LFIYER PROFILE UE-28 .31 f/sec

I •ÜT

n
/D 0. 5 „
E
L nT UVI

0. 0 ¤ = “
l

0 . 0 . 0 . 5 1 . 0

· U/UE

Figure 25. Boundary layer profiles at the nozzle location.: (from Ref.96)

mcukßs W



SIDE BY SIDE RECTQNGULFÄR JETS (SD DEG)(JET ExIT PROFILESI x=-1.5 IN

3
° uI I

t
·

8 _
N

E6
ä .
ä

S
6

I

3
°7°-2.00 0.00 2.00 4.00 6.00

YIINCIESJ
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Figure 59. Mean flowfield, 90° side-by-side dual rectangular, R=2.2.:
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Figure 67. Mean flowfield, 60° side-by-side dual rectangular, R=4.0.:
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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 75. Mean flowfield, 90° circular jet, high turbulence, R=4.0.:
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Figure 78. Mean flowüeld, 90° circular jet, 40 % swirl, R=4.0.:
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Figure 112. Mean flowfield comparison with Ref.77, circular jet, R=4.0.
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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 (SCANNER1) 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 channels

27 through 32 of the channel selector. In this program device numbers 709, 722,

rm; comrurrzuz u>uzocRAMs usßo Fon Pnrassuum DISTRIBUTION MEASUREMENTS zus



and 716 correspond to channel selector, digital voltmeter and relay actuator re-

spectively. A command like OUTPUT 716;"A1” activates the channel 1 of the

relay actuator and another command like OUTPUT 7l6;"B1” deactivates the

same channel, etc., The second program (CPP) was used for the calculation of

ACP = CPjet on
—

CPjgz o]f'
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10 1 STTYIENI
20 (N {Y 4 LH£L "JT(P' GIT0 Finite
31 0111 Pi6su•e(B0))
Ill 1 (}IHTEH11"1}\111:I1TTE11|I|’L,4,1",5
50 GTERTE IBCII ‘1I1TI1:TNTER¥L,4,1",7S

FEIGN $1121 T0 "1!111T:INTHNl,4,1"
‘ 10 FCR N-1 10 50

31 M.L Rdv1(0)
101 TEXT N
110

‘
Fl]1 K·21 10 E

1201 IF K>24 TFEN GU10 Oatötars
1$ l3•VI1.$(K)
IM) ML 1Uv1<1)
150 0111111 709:6
11:0 ML Trig1(l,P1·¤a¤·2(-)>
170 NEXT K
IEII TTR N=1 10 50
Til) M.L 11dv2(0) ‘

2TIJ EXT N
Q10 Fl]1 K=27 T0 2
220 C$·VFl$(K)

_ Zi) ML 11w2<1)
240 (INPUT 709:6
210 M.L 1rig2(I,Pr¤s¤u·e(-1)
250 IEXT K
270 Datastursz 1
EK) CN EWR (1110 341
H FIR N··1 TÜ I·1

· Ci!] EUTFUT $i121:N,P1·2s¤•r2(N)
310 EXT N
320 ISSTGN $11:11 10 •·

Ill 0110 Finite
340 1BSIGN $1181 TD ··350 PTRI "I!1111:INTE1Nl,4,1"
$0 11FUT "PUT R I£N UTSC FN) NTT I{TlRN".11$
370 GEHTE FHZII "1¥1TI1:1NTHNl,4,1",75
31{T FSSIGI $i1•I T0‘1Y1TI1:1N1ERN\.,4,1"

. W 11110 231
fm Fmitez!
410 IFF {Y 4
420 (FF EWR
Ü EN)
44] SB 1r1gI(1,Pi·es¤u·¤(·))

T 450 F01 J·1 T0 41
Ü Su·0
470 11-1IT 1
Ü TRIGGER 72
491 ENTER 722:11
5(IT FER K·1 T1] 25
S10 TTTIGIER 72
S20 ENTER 722:C
W S¤•5u••C
541 {KT K

· 550 Praau·¤(I)•Su/5.
$0 I·I+1 .
570 ML R:ha1(0)
W TEXT J
551 SEM)
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800 SB In (I,Pressura(-I)
BI0 ·· FGI J=19%0 48
(320 Su·0
830 WIII 1
SKI IRIGGER 72
850 BIIER /2:11
680 FIR K-I 10 25
670 IRIGIER 72
im EMIER 722:C
NI Su·Su•C
7% I£XI K
710 Pressure(I)·Su/25.
720 I·I•1
7% (HL Mv2(0)
74) IEXI J
750 SEM}
760 SB !InM(P)
770 IF P IIEN CUIFUI 716;"fI?°'
780 IIJTPUI 716;"II1"
7% WIN .04
III0 IIJIHJI 716;"81"
810 CUIPUI 716;"2"
20 SIENI
8% SB 0dv2(P)
84] IF P IIBI IIIIPUI /16;"!I4'
050 (UIFUI 7I6:"II'3"
$0 WIII .04
870 fU1PU'| 716;"03"
080 IIHPUI /16;"B4"
0% SIEIU
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10 1 (IP
?0 1 11113 11{l.§!I1 Effi!} 11E PHQRE 111111 £1|111·}1,'1$ 1I{ IN2 HI)
II) 1 ULUUIES 11{ M}I)0£1ö11}|l HESIW 0B’F1C1'J41
*11 0111 H(S{11),B(S(11)
S0 111111 '11EF1\(I11 11J])·?',PreFa
B0 I1PU1 "P1EFB(IN1ü))-?",PreFb
/0 Prafa-PraFa¤•.1IB1111
11) Pr¢1b•Pra1'b-.(1{$1111
$1 1 REM) H£9.~1Ri M11)
111) IWUI "FIIGI 111111 FI1.E RI) I [F POI)! 10 E 1E1111".FS,11
110· IWU1 "QDI) IN111 Fl).£(1HE> 7",G1
120 119111 "!111PU1 F11.E ME RI) $17E 7"JB,11
131 IHSIGI Wathl 10 FS&":IN1E111H.,4,1"
1*1) 1111 I-1 1011
150 BIIER Q'*at111;11a,11<I)
180 {K1)-1111.-11(I) .
170 11911 1
1111 1551011 !Pat1•1 10

-13) 1 R21!) 11E 1% U11!)
2*11) 11131011 1l·'ath2 10 0$&":1N1FRH.,4,1"
210 Fl}? 1-·1 10 N
220' · nnua wau2;u¤,n<1>
2.')) 0(I)-1I)J.·11<D
24) 1£X1 I
2511 11551011 @61112 10 •
211) 1 (IIQLHIE G'<.[1 111)
2/0 ÜLL Cp<R(¤~1,N,1’reF.·a)
?1;11 1 C1l(1.I111E 1lP(..E1 {GF)
2)) ULL Cp<0(¤),N,Pr¤Fb)
Z110 1 (11.1111111 [11111 (P 110 S11}!
310 Fl]1 [-1 10 N ·
C20 PKI)-R(I)·B(I)
1111 11911 l
21*11 UUIIE $$11 15,11
350 115810*1 Üaüü 10 HS
F50 FER 1*1 10 N
370 [111PUI ü’a11ü:{1(D
E11) 1£X1 I
3%)) 1$1GN Üaüß 10 ¤•
1111 Pa-Prafa/.0$111
410 Fb·Prs1'h/.115111
@0 PR1111 F$,G$,Pa,Pb,H$
0) E11)
*1*1) $1.0 Cp<A(-),11,Pr2Fa)
*50 N1-4l
*60 W-*8
*170 Payda·(H(12)-R(N1))-Prefa I
41)) FER 1-1 10 11
Q1) 11(1)•(11(1)—11011))/Pavdl
W IF 1-12 11-EN 11110 Ex1t1
S10 G010 Ex1t2
S20 Ex1t1: 1
W N1·N1+¢8
5*I) 12-12+41
550 1F 12>N Tl·£N (1110 Ex1t2
$0 Pq;dq•(R(12)-11011))-Prafa
570 ExIt2: 1£X1 1 .
W SEM)
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//A291MEHM JOB 44EB2»EHMET;REGION=1500K
/*PRIORITY IDLE
/*JOBPARM LINES=8• CAROS=5000
//STEP1 EXEC GPCP
//SYSIN DD x
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

CNTL IF11.7,2X,F11.7,2X;F11.7,3F8.0,I4,I2;T73,8A1)
CNTL 1 2 3

-1.6667004 -1.6667004 -0.0740111 1 1

-1.3333673 -1.6667004 0.0162720 1 2

-1.0000334 -1.6667004 0.1675187 SU 6 C/;v,';,'g,x 1 3 /Oo/·é Wa.

Y ; x ; AC? ; /70 .;.
I y I

-1.6666651 8.3333321 0.0724239 16 34

-1.6666651 8.9999981 0.0584492 16 35

-1.6666651 9.6666641 0.0729440 16 36

BEND
.>n a L

Pam ·
°/’

PHS4
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 1 0.0 0.95-0.95 0.0
END
STOP
/*
//

.

A11 example data üle for the GPCP plottmg program of Ref.83.
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g 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. lf 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.
4

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 UTOTAL 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. lf 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 +b), (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 l volt output at the maximum deflection. Therefore, if the range is l 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 ll, 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. lf 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
I

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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@
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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10 I 101111
20 I .11lY 8 ISE. I‘!11f.1 EIRIF IGIBIIIU
Z!) 110111 'I‘R1I111—J1·'?",1I
Q 110111 "I£G1111I6 R11

•'7‘°,I1

Sl 00111 "ZII(III)·’7",l0
(ill Z-Z0 ‘
70 CELL 11·19°i(R0)
Ill ‘III YLU NN 10 S100 IIIIITKY/I1)",1I$
91 II- 1I$·'I1" 11·EI1 M10 150
I(II 110111 "FILE NE MI SIZE?',F$,I1
110 OEIIIE @11 F$¤":I'I11I-]NL,4,I",II
120 (IIHIE R11 FSü"lR"&":I11'IE1IIl.,4,1",I1
I3) I$101 filal 10 F$1I":1111EINL,4,I"
IQ (155101 Fila? 10 F§&‘1R'$':1lNERI|L,4,I"
13] PRINTER IS 11
150 [I1{Y0l.1H·1‘1P·1II11'(I110?I0
170 01 {Y 4 LIIIEL "PI1CI" 0110 291
III! (N KEY 5 UEL "IEHJ [A10" (11110 F50
ISI (I1 {Y 3 IE "$1IP" 0l1l]F1n1tu '

2M (B10 2M
210 KILL lh1h•n(Z0•1ll„D ‘
20 (B10 150 · -
ZI0 KIl.L Pltch(G1¤a)
240 £(l10 150
250 CHI. 1ba1khta(I1,F1la1 ,G¤,Z,F1la2,1Q)
Z50. M10 ISI
270 Finitoz 1
ZI] @101 G1Ia1 10

-
' Z110 EIB Rea111.¤1a<11,Ü 11eI.Kia•a,l,Fi11>2,1Ü)

310 (FF {Y ·
äl) läü P$Ü1(3)•E(3)•Ü*(3)1%(3)•H(3l1Ü(3),R(3l,Rx(3)

4;

3(Il R(1l•Äll
IH] R12)-711
350 R13)-47
370 Rum-II
El Rx(2)—Ell
IH) IIx(3)-/6
dll I 11001 "Z<11I)-?",Z
410 110111 "uf-7",Ik•f 11011 W. 10 FIEESIREPH 1011111 F10! YMEHI
420 lhf?-Uuf-(L11
(II (ILL 1r1g<"02",1••p)

‘

4Ml 1q:-1¤‘1I]l.
450 1¤r(Ü$(1u¤)
160 1a1p·1¤=/.0556
470 FER 1-1 10 3 ^
ill (ILL &h'¤11(R(D)
4Ell PIIIIN "R’.(.I.-",IIx(l)
50) 111-111
510 110111 "M101 11 INI EINE NEWS III.1S)'°,I11·
520 IF R1-00 IIEII 12-11:
511 (ILL 11·1g("12",II(I)>
*541 11(D-1111)-(Q
550 110111 "SIIICH 9 MI EINE NEWS IIL1S>"„111-
560 IILL 1r1g("12",B(D) a
5170 IF 111-00 IIEI1 IQ-111- .
Sll 1l<D-1111)-12
5EB 110111 "91I1¤I 11111 INI EINE NEWS 1ll.1S)"„R1·
G01 IF R1-00 11-81 12-111
510 C1L 11·1g(‘°II",Pa¤th(1))
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Ü Uli Triq("12",)\i1(I))
IH) 0m¤hb(l)·Rm¤b<l)~R1
54) 1\:b(I)‘R¤b<I)¤1Q
S50 11PUT "SIITCH R-B HI) ENTER WEGE 1|1TS)'°,R1·
$0 IF 111*00 DEN |U·Rr
S70 UIJ. Tr1g("11“,IH¤b(I)) '
G9) (HL Tr1g("12",1H:(D)
BH) P•tb(I)·PaH:(I)-R1
711) Ü(T)'M(D*‘1Q
710 NEXT I
720 PRINT ‘1I.NI -",N,"2()|0-",2,"TE1P·",Tc•p,‘1’1'|G·|-",Ga••,"U.F·",Lhf
71) FÜT [-1 TUI)

%
[USM? "SIIMXE.X,El!)-l!I,X,HD•lIIé.X.$il1•11E,X.S1D„H£,X,S11).!II";Papbb<l>,Ha¤bb<I),Pq¤b<I) ,Pda(I),

700 1)PUT "TII N1) WN TU STICK |11TR?(Y/N)",R$ _
770 IF f)$·"N" |)£N 1110] 16)
7EI) (UTPUT E1le1;N,Z,Te•p,Gzs,|.k1f
/*1) F1]1 [-1 10 1)

Edel:))abh(I),1·1ab¤(I),Ppb(I),Pnb<I),H(I),B(I)
I .

{HTA TEIXXZTIDI
84) LIdcp=<RmU:(1)•1)q¤H:(2)+11q:b¤(3))/3.
850 V:kp—1bnb11>
$0 Hdc¤·0an1i><2)
970 1hdc¤?‘l|d:z>“2+Ud:v”2*111i¤P”2
El) lh.h:1·‘S1I1(lbxi:p2)
aso u>·<¢w1>+¢k·1»<2>+1k¤b<a>>/3.
9]) V¤·R•b(1) '
*310 H>·1H>(2)
@0 l)vp·R(1)-H<1)-B(1)-011)
Tl) LLp=0(2)~R(?)·B(2)-RQ)
94) \0Ü"UP‘vP+h“7h*M(3)‘PÜ(3)

11>‘1b/lkdcp -
$0 V1¤·*A>/lluiua
970 11;-rbzunzp
Sl) l)11¤·U1«¤/l.h‘k:¤2
950 Llvthv/lh¤:p2
111]) V4>=‘V~1¤/Uu11:p2
1010 Cg-C0$(Gas>
1021) Sg·‘.i)N(Gau)
10% U·Sl71((lb•Cg)°2+()ä:•Sg)^2-2·tk¤•Sg-C9)
104) V-Up
1(E0TIBO

l)v·l)v¤·Cg-1)u¤·Sg
1070 ür1b·u3·C¤·S9+1k¤·<Cq·€¤·$¤*$¤>-11¤·1h·1?#z·$9
10110 w·1~¤·sg•1~¤-04
10% lb•—Uv
1111) Lh·—ü•
1110 W·—Uu

1120 HIINI
11% ! PRINT TUB. INR 1{”R’llI2ED HITH LKH. [DTH. 1£l.1IIlTY

4 114) 01 ERR]1 1}]T0 119)
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for ·y S 25°......R(KS2) = -0.168 >< 7 + 24.40

for Y > 25°......R(KQ) = -0.240 >< 7 + 26.20

Calibration of the Pitch potentiometer.

<v< °) R(K¤>

0 30
45 47
90 70

Calibration of the Roll potentiometer.
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Calibration of the Z potentiometer.
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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. Exit 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 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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RESULTS Fon RECTANGULAR JETS WITH ROTATIONAL EXIT PRoI=ILEs 260



. Y
, „ .67*

-0.4

^°
°2•0

-3.0
.&?“

Ü"*8SE -2.0«®2

LL

1 A

Figure 136. Surface pressures, 60° side-by-side rectangular, R=8.0.
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Figure 137. Mean flowüeld, 90° side—by·side dual rectangular, R=2.2.:
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Figure 143. Mean flowfield, 90° side-by·side dual rectangular, R=4.0.:

X/Drcf =Ü.Ü.
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Figure 144. Mean flowüeld, 90° side-by-side dual rectangular, R=4.0.:
X/Drcf = 1.026.
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Fi ure 145. Mean flowfield, 60° side-by-side dual rectan ular, R=4.0.:S
Y/Drcf -2.051.
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Figure 146. Mean flowfield, 60° side·by-side dual rectangular, R=4.0.:

Y/Drei- = 1.026.
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Figure 147. Mean flowtield, 60° sidc—by-side dual rectangular, R=4.0.:

X/Dref =Ü.Ü.
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Figure 148. Mean flowfield, 60° side-by-side dual rectangular, R=4.0.:

X/Drei- = 1.026.
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