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Abstract

The study of interactions of jet into cross flowd#terent longitudinal and transverse angles of
jet was studied. The following components were giesil and constructed: a low velocity wind
tunnel to produce the uniform flow, a flat platelwa traverse injection system to simulate the jet
injection, and a spatial rake to measure the tptaksure. The tests were carried out at
longitudinal @) and transverse angleB) (of 60, 75, and 90 degrees and a velocity rati@.6f
The free stream and jet stream velocities wereas@0 and 50 meters per second and were
constant for all the tests. Results showed that fleld development could be controlled through
injecting oblique jets. Decreasirfyy caused the following results: 1) improved the efeof
injection along the mixing direction, 2) increagetipenetration along the plate width direction,
and 3) increased the flow wake. In addition, desirepo. led to a slight increase downstream of
the nozzle, but failed to produce a significantrg®in to total pressure coefficient.
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1. Introduction

Injection of jets into free stream has been studiggerimentally, analytically, or numerically in
the past 50 years [1, 2]. These researches hawe idafifferent areas including turbulent flow,
drag reduction, heat transfer, and flow mixing. Mg of jet and cross flow can be observed in
many different industrial and environmental probseimcluding boundary layer control, air-fuel
mixing in the combustion chamber, film cooling iasgturbine blades, wind mixing with exhaust
gases from cooling towers [3, 4], industrial chitysiewater and waste-water duct branching,
chemical processes, jets used for mixing unmixdhiels, and exhaust gases flow into the
atmosphere in rockets and vertical landing air@aehere exhaust gases can be used for
controlling direction and acceleration of rocketa varying pressure and jet angle parameters).
Jet injection into a cross flow (JICF) is the prx@f discharging fluid from an orifice into the
free stream, leading to a complicated flow fieldbu@ter-rotating vortex pairs (CVP), revers
flows, horseshoe vortices, etc. are structurefenflow field due to interaction of jet into cross
flow (Fig. 1). Understanding physics of the flowdaeffects of jet injection parameters on the
flow field, heat transfer, mixing, drag, etc., afgparamount significance.

65



Design and Manufacturing of Jet to Free Stream Bitouto Experimental Study of Interaction of..., .81

CountEr-rodaling
fa

VINTEX |._|| i P

Figurel. Schematic interaction of jet into crossl

Expected the existence such a complicated flowl fitludying the flow field have been attractive
to researchers, and much research has been cothdudtas discipline in the past 50 years. In
particular, heat transfer, control and guidancesimg, and adjusting specific forces are a certain
amount of researches that topic the jet into cllogsstudies.

Kamussi, et al. [5] studied the interaction of gtd the free stream at very low Reynolds
numbers. The results showed that at low velocitiosa central line was surrounded by wake
vortices. At high velocity ratios, quasi-jet andagitwake vortices were observed. If the truth be
told, this behavior can be attributed to the jetydidds number at different velocity ratios.
Reynolds number of the jet plays a essential rofeoiv instability and emergence of vortices.
Yaw, et al. [6] studied the effects of jet injectiangle and the jet exit shape in low jet and free
stream Reynolds numbers. They first injected a requartical jet into the free flow. Also, to
better understand the effect of the jet angle, thgcted the jet ai=30 anda=60 degrees. To
determine the effect of the nozzle shape exit, tiesd a circular jet and an elliptical jetoat90

deg at a velocity ratio of 2.5. They observed vors&ructures for a square jet were in good
agreement with those was observed in other stuMest findings showed that reduction of jet
angle has significant effect on the flow field. Baif circular and non-circular jet cross sections,
the flow zone subsequent the jet was wider, anctliigical jet had a greater width. Among the
nozzle exit shapes, the elliptical nozzle exit tressmost effects the flow field around the nozzle
exit.

In the study by Zaman, et al. [7] on the effecimpécting an oblique jet into the free stream on
producing vortices, a jet was injected &t20 deg. in the free stream. Their purpose was
observation to the flow field details for differecdses of vortex generation due to changing
orifice diameter, and boundary layer thickness.

Kickert et al. [8] conducted an inquiry of injedagimn oblique jet into the free stream. During this
experimental study, they injected a jet under dififé angles into the free stream, and concluded
that discharge angles of greater thad0 degrees, the jet plume developed at downstream.

In the study by Sandraraj et al. [9] on the effaxdtsross flow jet injection on arbitrary angle for
mixing, the jet was injected at longitudinal angbé<l5, 60, 90, and 120 degrees. They concluded
that the jet central line collapses in 15d for asglewer than 90 degrees and that in 20d for
angles greater than 90 degrees. The increase ipejétration at high Reynolds numbers
improved the mixing of the jet into the free stredhat led to an increase in pressure drop. It's
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evident that there is lots of information about &fiects of changing the longitudinal angléas
been investigated in previous studies and theadask of information about the effects of lateral
anglep and it combination wit.

Therefore in the present study the pressure caosition the flat plate and the total pressure
coefficient of the flow resulting from injecting aircular jet at different longitudinal and
transverse angles at constant velocity ratio wbeldtudied.

2. Experimental Setup

The nozzle with exit diameter of 15 mm was mounbdedthe flat plate injected air into free
stream at a constant velocity of 20 m/s. Jet te fteeam velocity ratio was assumed to be 2.5.
The mechanism for adjusting the jet angle was liestabeneath the plate. The study was
conducted at. andf angles of 60, 75, and 90 degrees. All distances weade no dimensional
with respect to the jet exit diameter. The inquestse made at the following cross sections:
X/D=-4, X/D=-8, and x/D=-12 along the flat plat&he flow field pressure coefficient was
measured up to a height of Z/D=3 employing a rdike tests were conducted at 20 C and air
was used as the test fluid. A schematic of thepllate and the jet injection was shown in Figs. 2

and 3.
Z[
by CROSSFLOW

Figure2. Schematic of setting of longitudinal ang@le
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Figure3. Schematic of setting of lateral an@le

3. Experimental Apparatus

To do a couple of equipment, a low velocity opercwit wind tunnel was designed and

constructed. To provide the maximum free strearoigl (20 m/s) in the test chamber of wind

tunnel, powerful fan (3kw) were used. Test chanutderensions are 0.45 x 1.2 x 0.48 (Rig. 4).

A 16-channel rake is used to study pressure vanstin the flow field. It comprises 16 steel

tubes (Imm in diameter) with a 1 cm spacing (Fig. The flow field pressure variations at
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different angles were measured vie30-channel water manometer (Fig). Static and total

pressure probes are used to obtain the corresgppdassures inside the wind tunnel and or
flat plate (Fig. 7).

Figure6. Picture of monometer

Figure?. Picture of static Pitot tube

4. Jet Simulator Design and Development

The model is comprised a PVC flat pl(50 x 70 cm2) with a thickness &€ mm, and a circular
nozzle 15mm in diameter for injecting air at the desireggsaure and velocity into the fr

stream. It had four bases and to provide the pitisgibf height adjustment and horizont

movement.To measure pressure on plate and around r, 249 pressure orifice(1mm in
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diameter) were used on flat plate at proper loaatidhe front edge of the plate was, thro
precision machining, adjusted at a partic angle to reduce the disturbances of flow on theg
(Fig. 8). On the plate end, groove was made for moving the traversing systkemg the plai.
The mechanism for adjusting the jet angle was plabelow the plate. This mechani:
comprised a jointetkvel and a ring for holding the noz:(Fig. 9).

FigureB. Picture of installed flat plate in the test seati

5>

Figure9. Mechanism for setting injection angle

5. Governing Equations

Equations 1 and 2vere used to count the surfapressure distribution and total press
coefficient variation in the jet flow fields. Thergssure coefficient and the total press
coefficient at each point were made no dimensiongh respect to the free stream dynal
pressure on the flat plate (EQ. 3

6. Resultsand Discussion

In addition to building the jet simulator with vable angles (both longitudinal and transver
the interaction of an oblique jet interfering witte free stream was also studied. Th-free
stream interaction and tipgessure distribution on the flat plate were stddie the Cp pressui
coefficient contours. Flow field was studied aethsections through the total pressure coeffic
(Cp). The agreement was observed between the resuhsscstudy and those tained in [10]
along the upstream and downstream of jet centel(Fig. 10).The test conditions are presen
in Table 1.
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Figurel0. Pressure distribution along the center li

Tablel. Comparison of flow specifications

N.O Soullier Present Study
V.,.(m/s) 30 20
D(mm) 120 15
Flat plate 21Dx21D 10Dx25.6D
Test section 43Dx63D 18Dx48D
r 2 25

6.1 Surface Pressure Distribution under different Jet Angles

The pressure distributions resulting from jet iti@e into the cross flow a&=90 andp=90
degrees is shown in Fig. 11. It is divided intoethregions, namely, upstream, downstream, and
in the vicinity of the nozzle. At upstream regidne interaction among the jet and the cross flow
created flow field with positive pressure coeffiti® In the vicinity of, jet injection led to
negative pressure coefficients and jet blockagesexhdlow acceleration around the nozzle and
reduction in the pressure coefficient. At downstieeegion, pressure coefficient reduced to
almost zero due to the increasing distances ofirtfjeetion point. Fig. 12 shows the surface
pressure distribution at=90 andp=75 degrees. This figure clearly shows the inflgentp in
deviation. The pressure coefficient at the nozpistneam is positive, but it reduces dramatically
at the downstream. In addition, as shown in therégthe effect of jet injection persist so far as
Z/D=-5.5 downstream of the nozzle and Y/D=3.5 asrtise plate. The gradual pressure
coefficient reduction in this figure from the umstim to the downstream of the nozzle
demonstrated the fact that the wake vortices wareeasing. Comparing Figs. 11 and 12 shows
that the flow field across the plate developediferriag3 decreased.

Fig. 13 shows the flow field far=75 and3=90 degrees. As can be seen, at the upstream ptthe
pressure is significantly increased. It can beilaited to the fact thaé acts in the opposite
direction to the free stream. Around the nozzlespure additionally decreases as a result of the
flow accelerating in region adjacent to the jendy, in the downstream region, the pressure
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drops to almost zero. Comparison of this figur&ith 11 shows that decreasiagvould increase
surface pressure at the upstream and that thet effethe jet diminishes in the downstream
region. Fig. 14 depicts surface pressure resuftiog jet injection atu=60 andp=75 degrees.
The flow filed on the flat plate is the result bktjet interacting with the free stream. As it t&n
observed, the pressure is higher in the vicinityhef nozzle due to the presence of the jet angle.
At the jet downstream, pressure drop is observeti@sesult of jet and free stream interaction.
Figure shows that there are no perceptible pressurations along the jet center line. The reason
can be attributed to injection angle. In other womécting the jet at low angles causes the free
stream destroy the jet plume that injected obliguedo the free stream, and the high pressure
region in the cross flow is completely destroyeid. B5 shows the surface pressure distribution
on the plate in which jet injection angles are’5 andp=60 degrees. The upstream pressure
coefficient is positive, but decreases as we mowatds the vicinity of the nozzle. It indicates
that wake vortices are being formed, as can bealglsaen at the downstream where the flow
field is developed and pressure coefficient reduGsanparison of Figs. 14 and 15 shows that the
wake in latter case is slightly wider and thasiturther developed along the Y direction, in spite
of the fact that this wake does not seem to bérasgsas that seen in the former case.

6.2 Pressure Coefficient Distribution in Flow Field

Figures 16 to 18 show total pressure coefficietihige downstream cross sections. In this case
(0=90 and3=90 degrees at first cross section X/D=-4). Theaf of jet plume are observed until
Z/D=2. As it can be seen in Fig. 16, greatest pressoefficient occurs at Y/D=0 and Z/D=2. As
we move downstream, jet plume develops to Z/D=Rdspite the fact that, pressure coefficient
decreases (Figs. 17 and 18).
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Figurell. Surface distribution around the nozzie (@<90, 0=90)
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6.3 Effect of Transverse Angle on Flow Field

Fig. 19 shows the flow field obtained after injegtithe jet at=90 andp=75 degrees and R=2.5
at X/D=-4 cross section. As observed, maximum presgoefficient occurs at Y/D=2.1 and
Z/D=1.9. The fact that the maximum pressure coefficlies in the Y/D=2.1 indicates thft
indeed affects the jet plume in free stream. FRfs.and 21 show total pressure coefficient
distribution at X/D=-8 and X/D=-12. Results shovatlthe total pressure coefficient in the flow
field is decreasing. Comparison of the above fl@lds shows that although decreasfhipads

to better mixing, it reduces jet penetration defthe total pressure coefficient distribution at
several cross sections of second cas®(@ and3=60) are shown in Figs. 22 to 24. Fig. 22 clearly
shows the effect d¥ on the flow field. As can be observed in this fguthe maximum pressure
coefficient occurs at Y/D=2. As we move downstre#ms, pressure coefficient decreases, but the
location of high pressure region remains constaaintaining its 2D distance from the jet center
(Fig. 17). According to Figs. 23 and 24, the presswefficient is on the decrease. As we move
downstream and as the distance from the nozzleases, the flow develops further. However,
the total pressure coefficient keeps decreasing.
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Figure24. Contours of total pressure at cross@eetiD=-12(3=600=90)

6.4 Effect of Longitudinal Jet Angle Variation on Flow Field

Injecting jet into the free stream @t75 andB=90 degrees leads to the variations into flow field
as it can be clearly seen in Fig. 25. Results statvinfluence of jet in this section continues up
to Z/D=3. Figs. 26 and 27 show the same behavidhénflow field. Despite of the fact total
pressure coefficient also decreases in this cdss.ig indicative of the reduction counter-rotation
vortex pair strength. These vortices seem not v kl@veloped at downstream (Figs. 25 to 27).
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Figure25. Contours of total pressure at cross@eetiD=-4(3=900=75)

Comparison of above case on Figs. 16, 17, and d&ssthat decreasing leads to increased jet
penetration depth and that flow field extensioalgo increasing. Fig. 28 shows the total pressure
coefficient variations at X/D=-4 while jet is injed ata=60 andp=90 degrees. As can be
observed, the maximum total pressure coefficientatian occurs within the lower Y/D=1 and
Z/D=2 region, and as we move, the pressure coefffialecreases, and the flow field develops
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outwards. This flow development is clearly visibkeX/D=-8 (Fig. 29) and at X/D=-12 (Fig. 30)
cross sections. Fig. 28 clearly shows that magow flield variations occur at Y/D=4 and Z/D=3,

and that jet injection effects do not go furtharthhis region.
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6.5 Effect of Combination of Longitudinal and Transverse Jet Angle Variations

The resulted flow fields due to jet injectioneat?5, =75, and X/D=-4 cross section are shown in
Fig. 31. As it can be seen, the effect of jet edseso far as Y/D=2.5 and Z/D=2.1. The effects of
B anda on the flow field are obviously depicted in thenfoof slight deviation of flow to right
(due top). The maximum total pressure coefficient occur¥/@=0.7 and Z/D=1. As we move
downstream, location of this region remains cortstaigs. 32 and 33 show the developed flow
field as well as reduction of pressure coefficiéind). 34 shows the maximum pressure coefficient
in different sections. Maximum pressure coefficienturs an=90 andp=75. This shows that
proper mixing does not occur for X/D=0 to X/D=-4 (@mpared with other angles), however, at
a=90 andB=90, the least effect is created at X/D=-4 (as cameg with other cases), leading to
proper mixing up to this section. Between X/D=-4daX/D=-8, the maximum total pressure
coefficient decay occurs at90 andp=75. Nevertheless, the minimum total pressure tmefit

still corresponds to X/D=-8 ai=90 andp=75 ando=90 andp=90. At the downstream of the
flow, as can be clearly seen, the least total pressoefficient is obtained far=75 andp=90
degrees. The diagrams for total pressure coefti@e@=90 and=60) and ¢=60 andB=90) are
similar to each other, showing the jet injectionhese angle sets has similar effects on the flow.
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7. Conclusions

The effects of oblique jet and free flow interantiwere studied. An in draft subsonic open wind
tunnel was used. Jet injection was implementecavid mm nozzle at a velocity ratio of 2.5. Jet
velocity was 50 m/s. Effects of jet and free straataraction as well as pressure distribution on
the flat plate were studied. That was made poss$iplehe pressure holes drilled into flat plate.
The flow fields were studied through the total gres coefficient profiles at three sections. They
obtained via a 16-channel rake. The results shdh&tddecreasing at constant would lead to
increase the extension of wakes across the platedavert flow rightward. Additionally, by
decreasingr while keepingp constant lead to decrease pressure coefficiensathe plate as
well as less developed flow fields. At combinedand  variations, decreasing further
developed the flow field and decreasimded to the higher pressure in upstream. The fliebd f
after injection showed that increasia@ndp led to better mixing of the jet with the free sime
According to this state, the minimum total presstoefficient was obtained at90 and3=90.

8. Nomenclatures

Cy= pressure coefficient
Cp=total pressure coefficient
P=pressure (Pa)

g= dynamic pressure (Pa)
V= velocity (m/s)

a= longitudinal angle

B= transverse angle

p= density (kg/m3)

u= Viscosity (kg/m.s)
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9. Subscript
o0 Free stream
] Jet condition
t Total condition
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