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Abstract

Designing and manufacturing the multiple jets semmi and experimental investigation of the
multiple jets in crossflow at low velocity ratioave been studiefiogether with design and build a
low-speed wind tunnel. A specific rake is used étednine the flow field pressure and changes in
static pressure measured by pressure taps in tefietd of the jets. There are generally three
regions on the pressure distributions whose dedepend on the velocity ratio. Study the flow field
and surface pressure distribution at low velodtyas shows that by the increase the velocity ratio
the total pressure of the jet stream decreasegplghdihe effects of increasing the number of jet
injection nozzles showed that the influence on jdtestream in the vertical plane is significant.
However, the influence of Normal multiple jets tie tplate is reduced. It also increases the number
of nozzles reduced the pressure coefficient ratrar the single-jet injection
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1. Introduction and Applications

Jet in crossflow which is widely investigated iredinetical, experimental and numerical studies is
significantly related to engineering systems andleno technologies. Wide range of applications
results from fifty years of experiments, researces investigations in this field [1, 2]. Contrdl o
exhaust gas emitted from an industrial chimneyeihaps the simplest application of a jet in cross
flow. Some of the applications of this phenomenariude the following [3]: control of industrial
sewage to reduce the concentration of thermal &edhical pollution at the time of flowing into
rivers, film cooling to reduce the surface tempamatof gas turbine blades and petrochemical
industries and refineries. Moreover, interactionjedfin cross flow has numerous applications in
aviation and defense industries. Navigation androbmof rockets, cruise and ballistic missiles,
cooling the surface of the nose of multi-target sies using cooled jets [4, 5], control the
combustion process to optimize fuel and energy wmpgion in combustion engines such as scram
jets [6] are also other applications of this pheapnon [7].

2. Flow Physics

Study of the jet in cross flow is important to gdbetter understanding and obtain maximum control
of the flow field caused by this interactionhen a jet is injected normally in crossflow, fully
complicated flow field will be created. The verlis@ructures are the main structures which contain
the flow field, are known as horseshoe vortices\(H®ounter rotating vortices (CRV)and wake
vortices (WV). Figure 1 shows the vertical struetidue to injection of jet into cross flow.
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Figurel. Schematic interaction of jet with cross flow

Many studies have been made about the interacfithe jet withcross flow (JICF). Holdemaet
al. [8] Studied the interference caused by multiple jetssarbsoniccrossflo. In this study, several
nozzles were arranged at different intervals andifierent layouts. The nozzles had different ct
sectons (such as circular and elliptical cross secjiasd were used to study the effects
momentum flux. The findings of this study suggésittaccording fleration (1) a uniform flow
distribution is obtained regardless of the diamefenozzle cross ctions. Moreover, convergen
of nozzle walls also improves the composition &f jit and fluid flows

1/L =] 1)

In the symmetrical arrangement of nozzles, thecefiéthe shay of the nozzle cross section is ol
evidentin the near field of the jets. The flow permeapibind combination with jets with an an:
of 45degrees are lower than those of jets arrangederiioe.

Camussiet al. [9] studied interference of a jet irree stream with a very low Reynolds num
(Re<100). Vortex flow around the nozzle and the centerlinetioé jet were studied in ti
15<r < 45interval. Results show thajet Reynolds number plays a substantial role in -
instability andcontributes to the formation of vortic

Megerianet al. [10] sudied the stability of the shear layer vorticessaal by the interaction of
transverse jet and free stream at high Reynoldgetsrand in the range of velocity raticl < r<
10. In this research, an elevatsazzle and a nozzle at the wall level were employdocity ratio
variation was an important factor in the stabitifythe vorticesof shear layes. The interaction of
the jet and free stream at higher velocity ra(3.5 < r) kad to the formation of instable vortices
the velocity ratio of125<r < 3.5the elevated and level jets show different beha\

Gautier et al. [11}studied the structure of counter rotating vorteirspareated by a jet with
circular cross section at lower velocity rat(r<3) in a water tunneln this stud, the effects of jet
velocity (V;), free stream velocityV,_ ) and boundary layer thickne¢8)at low velocity ratio in
vertical structure was studied. Results showed that vanstiof the velocity ratio can lead
changes in the thickness of the boundary I

According to the results of previous researchesatt besaid that there is a scientific gay the
knowledge about multiple jetsjected at low velocity ratio In this study, the flow field resultin
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from multiple jets in subsonic crossflow at low e@ly ratios is studied. The air fluid was injec
into the free stream at a specific pressure anacitgland its effects on the flow fiewas studied.
To this end, three nozzles with a diameter of were laid in a triangular arrangement on a

plate (Figure2).

Multiple Jets /

— /

,"/ Crossflow

Figure2 Schematic of flat plate and multiple jets Injeathozzle

3. Experimental Apparatus

The objective of this study was to carry out aneskpental study on the interference of
multiple jets in crossflow. To this end, a wind meh was designed and built. Also, in ordel
measure the quantitie$ concerr the required equipment was dgeed and buil

3.1 Design and Construction of the Wind Tunnel

The wind tunnel has been used in many researctisfiegécause of its vast research functi
Analysis of the details of flow fields around fligbystems, vehicles and even towers is or the
main applications of wind tunnels. The first steghe design of a wind tunnel is to determine
size,shape and velocity of fluid flow in the test sent[12,13]. The wind tunnel designed in tt
research is an open circuit lospeed and draf tunnel. The tunnel has a square cross sectidh
in a size of 0.450.45 (nf).The tunnel has an approximate length8 (m) and the maximum
velocity of the free stream in the test sectioabsu20 (m/s).At the beginning of the wind tunne
where thefluid flows into the tunnel, a set of scre is used to reduce the fluid flow turbule
intensity. The converging nozzle which carries fib@l flow into the test chamber is connectec
the front end of the test section chamber. Theoitlkde test chmber is also connected to a diffus
At the end of the wind tunnel an axial fan withlade diameter 00.8 m and maximum rotatio
frequency of 1730RPMis installe. Moreover,the frequency of rotation of the axial fan v
regulated by an inverter in adto control the free flow velocity in the tesaohber Figure 3).
Table shows the specifications of the built wind tunrelthis researc
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: b
Figure3. View of wind tunnel

Tablel. Wind tunnel specification

N.O lengthim) | width(m) | heigh{m)
Test Section 1.2 0.45 0.45
Nozzle 1 1.27- 0.45| 1.27- 0.45
Diffuser 3 0.8-0.45| 0.8-0.45
Settling chambe 0.8 1.27 1.27

3.2 Assessment of Flow Quality in the Test Chamber

In order to calculate the free flow velocity in ttest chamber, the static pressure of air flow was
measured in different parts of the chamber usimjtet tube. Figure 4 shows the distribution of
velocity in the test chamber at different frequescof rotation of the fan in the wind tunnel.
According to this figure, the highest variationstive test section are about 7%. However, the
variations were about 2.5%in maximum speed of thelwunnel. Moreover, variations of velocity
from the upstream to the downstream (nozzle tausif) are shown in Figure 5 using a number of
pressure holes on the upper wall of the chambenil@ly, the increase in the fan rotation
frequency led to an increase in the velocity oeffow on the wall. An increase about 5% is
observed in maximum velocity, which is due to th#tuence of the boundary layer thickness. In
general, the comparison between Figures 4 and Wsshiwe proper distribution of velocity in the
test chamber.
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Figure4. Velocity distribution at cross sectiondted 60 cm after the nozzle exit
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Figures. Velocity distribution along the test section

3.3 Rake of Pitot Tubes

In order to study the flow field resulted frcthe interference omultiple jets and the free flc, a
rake equipped with 2pitot tubes was us. Foranalyzing the data measu by this instrument, it
is possible to study variations the total pressure in the flow field. The main feaof the rake
steel and steel tubes with an inner diametel mm are installed with 16m intervals on the ra.
The rake is connected to manometer tubes using $athled special hoseFigure6). The rake can
be moved using a traversing system in the windelend is fixed in certain stations depending
the type and significance of the t(Figure 7).

Figure6. Picture of rake
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Figure7 Schematic of traversing system in the test sa
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4. Multiple Jets Simulation System

Triple jets are injected fromozzles beneath a flat plate in the test chambyex flat plate was mac
of PVC and with dimension25.¢ D x 10D and a thickness of 10 mihe front edge of the pla
had a special shape to create a stable flow opl#te. n order to study the distribution of surfe
pressure, 249ressure taps with an inner diametel mm were drilled downstream and upstre
around the nozzles and along the er line. In order to simulate the interference dffjew and
free stream, tlee nozzles with an inner diameter25 mm (n a triangular arrangeme¢) were
created on the flat plat&igure 8). The injection nozzles were made of polyethyland were of
equal heights. The jet streanasinjected into a chamber from higltessure i tanks through a
pressure regulator. This cylindrical chamlwas used to provide jetsom triple nozzles at
constant velocity ratio. Moreover, in order to gerte a flow with uniform dischar, three flow
outputs with an angle df20° were built on the chambeFigure 9).

Figure8. Location of the nozzle on the flat plate

Outlet 1

=
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Outlet 3

Figure9. Schematic of injection system

5. Resultsand Discussion

The effects of the interference between jets agel flow as welas distribution of pressure on a i

plate by pressure coefficient contours,) at three velocity ratios were examined. In additithe

aforementioned flow field was also studied using thtal pressure coefficient contoursy) at

three cross sectigrand two velocity ratio Table2shows the flow propertie

Relations (1) and (2)ere used respectivein order to show the surface pressure distributiuh

variations of the total pressure of the flow fi€ldhe first relation is the pressure coeent and the
second relation is a total pressure coefficientq is the free streamynamic pressu.

10
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Table 2. Specifications of multiple jets and fréeam

N.O Jet (First Case) Jet (Second Case)Jet (Third Case) Cross Flow
V (m/s) 17.3
p (kg/nt) 1.2608 1.2608 1.2608 1.2032
3.59x 10* 7.17x 10* 1.08x 10° 2.86x 10*
i (kg/m.s)| 1.7576< 10° 1.7576< 10~° 1.7576< 107> | 1.826x 10~°
1.16 231 3.47
Cp = P-F (2)
q
Py — Pioo (3)
Cp, =
Pt q
1
q= Epm]/ooz (4)

In order to assess the validity of the resultspmmarison was made between the results of this
study and reference [14]. In this research, theibigion of pressure caused by the discharge of a
circular jet on a flat plate was studied. Table@veh the test conditions of reference [14]. Figude 1
also depicts the results of the comparison betveksinibution of surface pressure on a flat plane
near the nozzle and along the center line of theAethe downstream, with an increase in the
distance from the jet injection nozzle and by aprapriate approximation, the pressure coefficient
complies with the results. Moreover, a similar babiais observed in the upstream. The results of
this comparison indicate that the resulting pressoefficients are satisfactory.

Table3. Comparison of flow specifications

N.O Soullier | Present Study
V,.(m/s) 30 17.3
M 0.09 0.06
D(mm) 120 25

Flat Plate | 21D x 21D | 10D x 25.6D
Test Section 43D x 63D | 18D x 48D

Re., 24 x 10* | 2.86x 10*
r 2 2.31
05 A
- u
- ‘= -
om A - A a
- u
- A
-0.5 H A
o B
O |
af =
1.5 [ A Present Study
B ] Soullier (ONERA)
[ 1 . . . 1 . . 1 . . 1
-2 -4 -2 0 2
X/D

Figurel10. Pressure distribution along the cenier li
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5.1 Effect of Velocity Ratio on Distribution of Surface Pressure Around the Jet

Figure 11 shows the contours of pressure distobuiround the nozzle exit. According to this
figure the pressure coefficient has changed in dpstream, around the nozzle and in the
downstream. In the upstream, the interaction betwets and crossflow led to the formation of
flows with a positive pressure coefficient. Thegs@re coefficient is negative around the nozzles
while the jet flow's accelerated near the nozzhkiateads to a reduction in the pressure coefiicie

In the downstream, pressure approaches zero witicegase in the distance from the nozzles.

The distribution of the surface pressure causednhbitiple jets at the velocity ratio of r=1.16 is
depicted in Figure 12. Figure 13 and Figure 14 ,all®monstrate the variations of pressure
coefficient at velocity ratios r=2.31 and r=3.4'heTarea of the wake grows with an increase in the
velocity ratio. However, the pressure coefficianthis area declines which shows an increase in the
power of the wake. The reduction in pressure coefit in the upstream of the jet no. (1) is
observed. The reduction in pressure can be corsidere of the effects of the increase in velocity
ratio.
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Figurel4. Surface distribution around the nozzie (ex 3.47- Multiple Jets Case)

5.2 Effects of Number of Exhausted Jets on the Flow Field

The interaction between the multiple jets and tlee fstream was examined by comparing the
contours of total pressure coefficient at two cresstions. Table 4 presents the specifications of
experiments carried out for this purpose. Contairtotal pressure coefficient at the X/D=4 for
single-jet and multiple jets in crossflow are shoimnFigurel5 and Figurel6. The comparison
between the contours of the total pressure coefficindicates that an increase in the number of
nozzles leads to a drastic decrease in the togglspre coefficient at this cross section. Moreover,
the extent of flow penetrationdeclines with an @age in the number of the nozzles at downstream
of the nozzle exit. Figurel7 depicts the flow fiebulted from the single jet whereas Figurel8
shows the same field resulted from multiple jetthatcross section X/D=-8. Similar to the previous
section, in this part of the flat plate the inceeasthe number of nozzles leads to a drastic temiuc

in the total pressure coefficient.

13
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The effects of the increase in the number of nazizridour cross sections downstream of the nozzle
exit are depicted in Figurel9. The increase imtlmaber of jets in the downstream at X/D=-4 leads
to a 42.2% decline in the total pressure coefficitns worth nothing that the effect of the inase

in the distance from the jet injection nozzle ie &/D=-16 section. As a result, the total pressure
coefficient declines 69.2% in relation to the cresstion X/D=-4 in the single jet state. In general
the increase in the number of nozzles causes tddasline in the total pressure coefficient.

Table4. Comparison of flow specifications
N.O D(mm) r R

€c.f

Single Jet 15 2-5 | 1-982x10*
Multiple Jets| 25 2:-31| 2-86x10*
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Figurel5. Contours of total pressure at cross@eetiD=-4 (Single Jet Case)
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Figurel16. Contours of total pressure at cross@eetiD=-4 (Multiple Jets Case)
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5.3 Effects of Velocity Ratio on the Flow Field of Multiple Jets
The effects of interference between the multipte gd the free stream at three velocity ratios and
four cross sections downstream of the nozzle esrevalso studied.

5.3.1 Flow Field at Velocity Ratio of R=1.16

The flow field resulted from the interference betwehe multiple jets and the free stream is shown
in Figure 20.The aforementioned interference casdmn along the direction perpendicular to the
flat plate until the Z/D=2. The plume resulted froine interference of the jet plume no. 2is clearly
seen. Flows resulted from jets no. 2 and 3 linatititerference between the jet no. (1) and the free
stream. This effect influences the penetratiorhcd tlow over the width of the flat plate and along
the vertical direction. The range of variationstlé total pressure coefficient indicates that the
coefficient declines with an increase in the distaffom the flat plate and reachegs=0 at sections
higher than Z/D=2. The flow field shown in the X/B=somewhat deviates from the center line of
the triple jets. Seemingly, the angle between ttie af nozzles and the flat plate is deviated from
the 90°slightly. However, previous research showed that deviation of CVP from symmetry
plane is observed at downstream of the nozzle Exjt

Figure 21 and Figure 22 show the total pressurdficamt of the flow field in the crosssections
X/D=-6 and X/D=-8. The drastic reduction in thealopressure coefficient is the effect of the
increase in the distance from the jet exit. Moreptree reduction in the total pressure coefficieint
flowthat flows from Y/D=-1 to Y/D=0 on the flat @@, can be clearly seen. Figure 23 shows the
contour of the flow field of the cross section XA28. As seen, thejet penetration did not grow
significantly as compared to previous sections.
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Figure20. Contours of total pressure at cross@etiD=-4 (r=1.16)
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Figure21. Contours of total pressure at cross@etiD=-6 (r=1.16)
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Figure22. Contours of total pressure at cross@eetiD=-8 (r=1.16)
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Figure23. Contours of total pressure at cross@eetiD=-10 (r=1.16)
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5.3.2 Flow Field at Velocity Ratio of r=2.31

Figure 24 shows the flow field resulted from theltiple jets at X/D=-4. As seen, the total pressure
coefficient declined considerably as compared &tttal pressure coefficient at the velocity ratio
of r=1.16. However, the penetration of the jetglided drastically. Figure 25 to Figure 27
demonstrate variations of flow field at three diffiet cross sections. The increase in the velocity
ratio has led to the expansion of the multiple jpblsme as compared to the previous state.
Moreover, the total pressure coefficient also aadiby increasing the distance from the nozzles.
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Figure24. Contours of total pressure at cross@eetiD=-4 (r=2.31)
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Figure25. Contours of total pressure at cross@eetiD=-6 (r=2.31)
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Figure26. Contours of total pressure at cross@etiD=-8 (r=2.31)
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Figure27. Contours of total pressure at cross@eetiD=-10 (r=2.31)

5.3.3 Flow Field at Velocity Ratio of r=3.47

Figure 28 shows the contours of the total pressasedficient at X/D=-4 and r= 3.47. Comparison
between contours of Figure 28 and similar sectairlswer velocity ratios shows that the increase
in the velocity ratio leads to a drastic reductianthe total pressure coefficient (Fig. 28). This
descending trend is evidently shown in Figures3and 31. Therefore, the velocity ratio leads to
a reduction in the total pressure coefficient bgréasing in the distance from the nozzles. The
effects of the increased velocity ratio of the maim total pressure coefficient are shown in Figure
32. The increase in the ratio of velocity from . to r=2.31 leads to a decline in the maximum
total pressure in downstream of the cross sectil=>4. Moreover, the increase in the distance
from the nozzle also reduces the intensity of tlakie at X/D=-8 and velocity ratio of r=1.16.
Seemingly, the decrease in the total pressure icweff of the jet mass at higher velocity ratios is
caused by the higher interference between jetstanttee stream. However, the above results show
that the mixture of multiple jets at higher velgciatios studied in this research is better because
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although the total pressure of the jet mass ineseas higher velocity ratios, it is lower in thewl
field.
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Figure28. Contours of total pressure at cross@etiD=-4 (r=3.47)
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Figure29. Contours of total pressure at cross@eetiD=-6 (r=3.47)

3.5
3 ;
25|
A Iy
Q 2f
N =
15 ; Level Cpt
: 8 0.3
S 7 0.25
8 6 0.2
1k 5 0.15
4 0.1
3 0.05
2 0
0.5 1 -0.05
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Figure32. Effect of velocity ratio of the maximuotal pressure distribution at downstream of the jet

6. Conclusion

The objectives of this research included the foifgy design and construction of the jet simulator
system and experimental study of the interfererate/den multiple jets and a subsonic free stream.
In this research, three jets in a triangular areamgnt were used on the flat plate. The velocity of
the free flow in all experiments was 17.3 (m/s)eThtio of jet velocity to free stream also varied
between 1.16 and 3.47. A specific rake was usextdar to measure the total pressure in the flow
field. In addition, pressure holes were also ditilen the surface around the nozzle exit. Results
showed that the triangular structure of the tripks causes an increase in the areas influenced by
the wake on the flat plate. However, as compardtecsingle jet case, the jet penetration along the
direction perpendicular to the plate is reducetheamultiple jets case. The increase in the vefocit
ratio also led to the growth of the area and pod/@fethe wake flow on the plate. Moreover, the
surface pressure coefficient also declined throomgiitiple jets injecting in the upstream with an
increase in the velocity ratio. The increase indistance from the jet injection nozzles also eat
reduction in the total pressure coefficient. Howetee increase in the distance led to the expansio
of the CVP along the perpendicular direction on ftae plate. Analysis of the effects of velocity
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ratio on multiple jets flow fields showed that tp@wth of velocity ratio led to a drastic decrease
the total pressure coefficient and infuse a mixafrets infused into free stream.

7. Nomenclature

X, Y, Z Cartesian Coordinate (m)
q Dynamic Pressure (Pa)
M Mach Number
D Nozzle Exit Diameter
p Pressure (Pa)
Co Pressure Coefficient
Re Reynolds Number
Cot Total Pressure Coefficient
v Velocity (m/s)
r Velocity Ratio
Greek letter
P Density (kg/nf)
u Viscosity (kg/m.s)
Subscript
00 Free stream
] Jet condition
t Total condition
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