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Abstract

The effects of azimuthal positions & of azimuthal control jets on the structure and entrainment of a jet in
crossflow (JICF) at a moderately high effective velocity ratio r of 12 are investigated. This research is our
continuing effort in finding an effective means for manipulating and controlling entrainment of a jet in crossflow as
well as evaluating the use of the azimuthal control jets in this regard. In this respect, we have reported the
application of the azimuthal control jets to a JICF at low effective velocity ratio r of 4 in the past (Witayaprapakorn
and Bunyajitradulya [1], Witayaprapakorn [2], and Chaikasetsin et al. [3]). This research attempts to further
investigate whether the azimuthal control jets can be as effective in manipulating and controlling entrainment of a
JICF at higher effective velocity ratio. On related aspect, in order 1) to be able to instantaneously and clearly
identify and differentiate the jet-fluid mixture region and structures from the surrounding pure crossflow region, and
consequently 2) to be able to determine the accumulative volumetric entrainment ratio E of a jet more accurately, a
Stereoscopic Particle Image Velocimetry (SPI1V), in which only the main jet fluid — and not the crossflow fluid — is
seeded with PIV tracer particles, is used. As a result, the SPIV instantaneously registers only velocity vectors from
the jet-fluid mixture region (i.e., the region with some main jet fluid as marked by some PIV tracer particles) and
registers none from the surrounding pure crossflow region (i.e., the region with no main jet fluid as marked by no
PIV tracer particles). Consequently, the instantaneous and, subsequently, the time-mean jet-fluid mixture volume
flowrate and jet volumetric entrainment ratio can be determined. Furthermore, the present technique of using SPIV
together with the jet-fluid only seeding scheme does not only allow us to determine the entrainment ratio more
accurately but also gives us information on the probability of finding jet-fluid mixture at a point, the jet probability
structure, and the related probabilistic characteristics of turbulent jet. For the cases of controlled jets in crossflow
(cJICF), a pair of azimuthal control jets is injected radially and steadily at the azimuthal positions () of + 15°, +

45°, + 75, £ 105, + 135, and + 165, hereafter referred to as case | &, at the total azimuthal control jets to main jet
mass flowrate ratio ( r,,) of 4%. The results show that the azimuthal control jets position & affects the jet probability,

velocity, and vorticity structures to various degree depending upon @ . Windward injection (& <90°) typically
modifies the jet structures considerably; lowers the jet trajectories; and suppresses entrainment, making the
effectiveness less than one, when compared to JICF. On the other hand, leeward injection typically results in the
opposites. Namely, it modifies the jet structures relatively less — except for the appearance of the wake-like structure
at the underside of the jet; raises the jet trajectories (except case 1165); and promotes entrainment, making the
effectiveness more than one, when compared to JICF. Of particular note is that as & continually increases from
windward to leeward injection, entrainment continually increases, with near lateral injection (near 90°) having
entrainment comparable to the baseline JICF. The most suppression of entrainment occurs in case 115, with the
effectiveness about 0.75, and the most enhancement of entrainment occurs in case 1165, with the effectiveness about
1.3, at the near field station x/rd = 0.5. Finally, our preliminary comparison but under slightly different
conditions of the present result at r of 12 and our previous result at r of 4 (Chaikasetsin et al. [3]) suggests that
JICF at higher r has higher entrainment while the use of azimuthal control jets with JICF at lower r is more
effective.
Keywords: Jet in crossflow, entrainment, flow control, azimuthal control jets, probability structure

1. Introduction combustors (entrainment), dispersion of pollutants
from smoke stacks (entrainment, trajectory), and film
cooling on gas turbine blades (trajectory, spread). In
order to improve the effectiveness of the use of JICF in
these applications, researches have been conducted to
investigate both the jet structures and characteristics as
well as to find a means to manipulate and control these
characteristics.

Regarding the jet structures, Fric and Roshko [4]
have identified four main vortical structures in JICF,

Jet in crossflow (JICF) is a flow in which a jet
fluid is injected normally from an orifice into an
incoming stream of crossflow fluid. The jet interacts
with, and bends into the direction of, the crossflow
resulting in important characteristics of JICF such as
jet structures, trajectory, entrainment, and mixing.
JICF and its characteristics are pertinent in engineering
applications such as dilution jets in gas turbine
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including a counter-rotating vortex pair (CVP). Smith
and Mungal [5] found that while CVP is the main
mechanism for entrainment in the far field, it does not
render mixing enhancement over a free jet; instead, it
is the formation of the CVP in the near field that
results in mixing enhancement over a free jet. Yuan et
al. [6] suggested that the CVP is developed from
skewed mixing layers at the lateral edges of the jet.
Yuan and Street [7] found that JICF entrainment is
related to its trajectory in the far field by power law.

In order to manipulate and control JICF, many
devices and techniques have been proposed and
investigated. Examples are the uses of tabs (Liscinsky
et al. [8]; Zaman and Foss [9]; Bunyajitradulya and
Sathapornnanon [10]), swirling jet (Liscinsky et al.
[8]; Niederhaus et al. [11]; Wangjiraniran and
Bunyajitradulya [12]; Bunyajitradulya and
Sathapornnanon [10]; Yingjaroen et al. [13]; Denev et
al. [14]), and pulsing (Eroglu and Breidenthal [15];
M’Closkey et al. [16]). While fixed tabs are simple,
they are passive; actuating and moving tabs are readily
active, but both fixed and moving tabs have potential
complications in  fabrication, operation, and
maintenance, especially when they need to be
subjected to hazardous environment such as hot gases
in combustion chambers; swirling can be active, but
past studies show that swirl has little effect on
entrainment and mixing; pulsing (of the main jet) is
readily active, but pulsing as well as swirling generally
require large amount of driving energy.

Subsequently, Kornsri et al. [17] (see also
Bunyajitradulya [18]) developed the azimuthal control
jet technique based on the underlying premise that an
effective technique to manipulate and control JICF
should be based on the stimulation and perturbation of
the formation of flow structures at or near the point of
inception of the structures, e.g., near the jet exit. As
shown in the above works, the technique proves to be
effective in manipulating and controlling JICF
trajectory. In addition, it uses relatively less driving
energy as well as is readily applicable to active control,
e.g., changing the positions of injection @, adjusting
the azimuthal control jets to main jet mass flow rate
ratio r,,, or pulsing of the control jets. Specifically, it
is found that a pair of azimuthal control jets injected
steadily at azimuthal positions +6 can be used to
effectively control jet trajectories; windward injection

(6<90°) lowers the jet trajectory while leeward

injection ( >90° ) raises the jet trajectory, when
compared to JICF. Nonetheless, the above works could
not yet determine the effects of the azimuthal control
jets on entrainment, at least not directly. Subsequently,
Witayaprapakorn and Bunyajitradulya [1] and
Witayaprapakorn [2] investigated the effects of the
azimuthal control jets on the accumulative volumetric
entrainment ratio ( E ) of JICF directly and found that
injecting a pair of control jets steadily at & = +135°
(case 1135) enhances entrainment over the baseline
uncontrolled JICF while injecting at & = + 15° (case
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115) suppresses entrainment, at least in the near field.
It was suggested that the reduction of entrainment in
the near field of 115 was most likely due to wall
blocking effect discussed by Kornsri et al. [17] (see
also Bunyajitradulya [18]). Chaikasetsin et al. [3]
further investigated the effect of the azimuthal control
jets to main jet mass flowrate ratio ( r, ) on

entrainment for case 1135 and found that the jet
entrainment increases quite drastically as r, is
increased from 2% to 4%, upto about 60% when
compared to either JICF or case r,=2% at x/rd =1.5.

Up to the present, our past researches on the
effectiveness of the use of azimuthal control jets for
manipulating and controlling JICF structures,
trajectory, and entrainment have been focusing mainly
on JICF with relatively low effective velocity ratio r
of 4 while their effects on JICF with higher r remain
unexplored. In addition, as suggested by Smith and
Mungal [5], JICF with r less than or equal to 5 is
affected by the presence of the wall (wall effect) and
most likely belongs to different flow regime than JICF
with higher r, where wall effect was suggested to be
less prominent. Similar effect of wall blocking of
entrainment was also suggested by Denev et al. [14]
and Kornsri et al. [17]. Therefore, the objective of this
study is to investigate the effects of azimuthal
positions & of the azimuthal control jets on the
accumulative volumetric entrainment ratio E of a jet
in crossflow at the higher effective velocity ratio r of
12.

2. Experimental Technique for the Determination
of Entrainment

The principle of the experimental technique of
using Stereoscopic Particle Image Velocimetry (SPI1V)
with jet fluid only — and not the crossflow fluid —
seeding scheme to determine entrainment directly is
described in Witayaprapakorn and Bunyajitradulya [1]
and Chaikasetsin et al. [3]. We briefly summarize it
here.

The  time-mean  accumulative  volumetric
entrainment ratio E at any streamwise cross plane x
is defined as the ratio of the time-mean jet-fluid
mixture volume flowrate through the cross plane at x,

Qj(x), and the initial jet volume flowrate at the jet
exit, Q,,
Q;(x)
=== @
Qo
If the azimuthal control jets are used, Q, is the sum of

the volume flowrates from both the main jet and the
control jets. The time-mean jet-fluid mixture volume

flowrate Q;(x) can in turn be found from

E

[Vy(X,)dA |dt ,(2)
A (x,t)

1t 1t
Qj(x) = ?ng (x,t)dt = ?g
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where Q;(x,t) is the instantaneous jet-fluid mixture
volume flowrate, V,(X,t) is the instantaneous
streamwise velocity field, A;(x,t) is the instantaneous

jet-fluid mixture cross section — excluding the
surrounding pure crossflow region, X is spatial
position vector, x is streamwise coordinate in the
direction of the crossflow, and t is time.

Due to the unsteady and random nature of
turbulent jet, the instantaneous jet-fluid mixture cross
section Aj(x,t) is also a function of time t. This

results in some difficulty in determining the time-mean
jet-fluid  mixture volume flowrate Q;(x) and

consequently the time-mean entrainment ratio E since

the time-mean integral and the surface integral in Eq.

(2) cannot be interchanged. If forced to interchange,
Qi) =" [Vx(X)dA, )

A} (%)
where V, (X ) is the time-mean streamwise velocity
field, some less than well-defined time-mean jet-fluid
mixture cross section A]f(x) must be determined from

some other conditions.

Due to these difficulties and in order to give some
indication of entrainment, some of the past works used
indirect indicators such as decay and spread rates of
selected mean quantities such as mean temperature and
mean passive scalar concentration and mostly only in
the center plane (see, e.g., Kamotani and Greber [19],
Smith  and Mungal [5], Wangjiranirun and
Bunyajitradulya [12]). These indicators have
drawbacks in that they are indirect: they are not a
measure of volumetric entrainment ratio E directly,
and/or they are incomplete: usually data only in the
limited region, e.g., in the center plane, which do not
take into account the distribution of the quantity over
the cross plane, are used.

On the other hand, in those works, notably e.g.,
Yuan and Street [7], that attempted to determine the
volumetric entrainment ratio E more directly
according to Eq. (1), due to the unavailability of the
instantaneous field data, had to start off with the mean
fields such as mean passive scalar concentration and
velocity fields. As a result, they are forced to use Eq.
(3) and consequently to set arbitrary threshold value —
with some degree of arbitrariness — for the mean scalar
concentration in order to mark the jet edge and in order

to determine AT(x) , and subsequently Q;(x) and E .
In order to overcome these past difficulties and to
determine the time-mean entrainment E directly, we

can see from Eq. (2) that in order to be able to
determine the time-mean jet-fluid mixture volume

flowrate Q;(x) accurately, 1) the jet-fluid mixture

cross section A, (x,t) must be instantaneously and

clearly identified and differentiated from the
surrounding pure crossflow region, and 2) the
instantaneous velocity component perpendicular to the
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(a) Both jet and crossflow fluids seeding scheme.

(b) Jet fluid only seeding scheme.

Fig. 1. Comparison of the instantaneous particle
images (left) and the processed
instantaneous  vector  fields (right)
between
(@) both jet and crossflow fluids seeding

scheme, and
(b) jet-fluid only seeding scheme.

cross plane, ie., V, , must be measured

instantaneously over a cross plane, at all times. This
has led Witayaprapakorn and Bunyajitradulya [1],
Chaikasetsin et al. [3], and Wongthongsiri and
Bunyajitradulya [20] to the use of SPIV in which only
the jet fluid — and not the crossflow fluid — is seeded
with PIV tracer particles. The PIV tracer particles then
act as both jet-fluid mixture marker and PIV tracers to
measure the jet velocity field. As a result, the SPIV
registers only velocity vectors from the jet-fluid
mixture region (i.e., the region with some PIV tracer
particles, or with some main jet fluid) and registers
none from the surrounding pure crossflow region (i.e.,
the region with no PIV tracer particles, or no main jet
fluid). In order to have visual comparison, Fig. 1
shows the two seeding schemes. Figure 1(a) shows the
typical case in which both jet and crossflow fluids are
seeded, which is not employed in the present work. In
this case, the instantaneous jet-fluid mixture region
cannot be clearly and instantaneously identified and
differentiated from the surrounding pure crossflow
region; therefore the instantaneous volume flowrate of
the jet-fluid mixture cannot readily be determined. On
the other hand, Fig. 1(b) shows the seeding scheme
employed in this work — the jet-fluid only seeding
scheme. In contrast, in this case the instantaneous jet-
fluid mixture cross section can be clearly and
instantaneously identified and differentiated from the
surrounding pure crossflow region. Consequently, the
instantaneous jet-fluid mixture volume flowrate

Qj(x,t) , the time-mean jet-fluid mixture volume
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Fig. 2. Schematic diagram of the experimental
setup (Chaikasetsin et al. [3]).

flowrate Q;(X) , and subsequently the time-mean

accumulative volumetric entrainment ratio E can be
determined directly from Eqgs. (2) and (1). For further
details in this regard, the reader is referred to
Witayaprapakorn and Bunyajitradulya [1], and
Chaikasetsin et al. [3].

3. Experimental Setup

3.1. Experimental apparatus

Figure 2 shows the schematic diagram of the
experimental setup. Except for the main jet and control
jet assembly, which is newly replaced, the
experimental setup is almost identical to
Witayaprapakorn and Bunyajitradulya [1], and
Chaikasetsin et al. [3]. Briefly, the crossflow is
generated in the same 50x50 cm? wind tunnel test
section. However, the main jet and control jet
assembly is replaced with a main jet with inner
diameter (d ) of 12.57 mm and a series of azimuthal
control jets with inner diameter of 0.5 mm. The
azimuthal control jets are located 3 mm below the
main jet exit plane and they are uniformly spaced at 15
degrees apart. The configuration for the main and
control jets assembly is shown in Fig. 3.

3.2. Stereoscopic Particle Image Velocimetry
The planar measurement of the velocity field
vector (V,,V,,V, ) at each cross plane is measured with

TSI™  Stereoscopic Particle Image Velocimetry
(SPIV) system. The SPIV laser is New Wave Research
Nd:YAG laser (model Solo 200XT) with 200 mJ
nominal energy per pulse at 532 nm wavelength. The
laser is guided through a light arm, formed into a sheet
by light sheet optics, and illuminates the PIV tracer
particles in the test section. The tracer particles are 5%
by volume glycerol solution, seeded into the pipe far
upstream from the main jet exit to ensure particle
uniformity before the jet exit by a TSI™ six-jet
atomizer. Two PowerView Plus 11MP CCD cameras
with Nikkor 50 mm f/1.8D lenses are used, each to
capture 1,000 image pairs of the particles, which
results in 1,000 instantaneous three-dimensional
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Fig. 3. Main jet and control jets configuration
(Chaikasetsin et al. [3]).

velocity field snapshots. The CCD pixel format is
4,008x2,672 pixel? and the pixel size is 9x9 um?. The
laser and cameras are synchronized by a synchronizer.
The particle images are analyzed and the instantaneous
velocity field snapshots are rendered by TSI™ Insight
4G program. The instantaneous velocity fields of
1,000 instants are then further analyzed by in-house
MATLAB program.

The three-dimensional velocity field snapshots are
collected at the rate of 1.04 Hz. The spatial resolution
of the velocity fields ranges between 2.28 mm x 2.28
mm to 2.95 mm x 2.95 mm over the range of x/rd
stations collected. In addition, there are approximately
more than 4,700 vectors at x/rd = 0.5 and more than
8,300 vectors at x/rd = 1.5 in the time-mean velocity
field results.

3.3. Experimental scope and condition
The experiment is conducted for the baseline JICF
at the effective velocity ratio r of 12.0 + 0.3. Note

that r is defined by r=,/p,us/ p,ug , where p is

density, u is velocity, and the subscripts j and cf

refer to the jet and the crossflow, respectively. For the
present experiment, p; and p, are equal at

atmospheric density; u; is the area-averaged jet
velocity at the main jet exit (measured when the

crossflow and the control jets are off), which is
measured to be 49.2 m/s; while uy is the uniform

crossflow velocity, which is measured to be 4.0 m/s.
The crossflow Reynolds number (Rey =ugd /vy, v

is kinematic viscosity) is 3,100; the jet initial velocity
profile is fully-developed turbulent pipe flow. The
incoming crossflow boundary layer is laminar, with
relative thickness measured at x/d = -2 of Jy,, /d =
0.64.

When azimuthal control jets are deployed, a pair
of azimuthal control jets is injected radially and
steadily at the azimuthal positions & = £15° (115),
+45° (1145), +75° (175), £105° (1105), +135° (1135),
and +£165° (1165) and at the azimuthal control jets to
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Fig. 4. Effect of the azimuthal control jets position & on the probability of finding jet fluid at a point, ¢ .

Note that, while considered as part of the jet-fluid mixture cross section, the jet region in the range
0 < ¢, <0.05 is not shown in the figures. Contour line resolution is 0.05.

main jet mass flowrate ratio (r,) of 4%. Note that r,,
is defined as r,, =mg /m; , where m; is the total mass
flowrate of the (two) control jets and m; is the mass
flowrate of the main jet. Measurements are made at

four downstream cross planes located at x/rd = 0.5,
0.75,1.0and 1.5.

4. Results

4.1. Effect of 6 on the probability of finding jet
fluid at a point, ¢;

The use of SPIV with the jet-fluid only seeding
scheme does not only allow use to determine the jet
volumetric entrainment ratio more directly, it also
allows us to determine the probability of finding jet
fluid (or jet-fluid mixture) at a spatial point ¢; . The
probability of finding jet fluid at a spatial point ¢; is
defined by

¢ =Ny /N, (4)
vij 1S the number of instants at which jet fluid
(i.e., tracer particles) is found at spatial point (i, j) as
marked by non-zero velocity vector registered by the
SPIV, and N is the total number of data-acquisition
instants. In addition, the probability of finding jet fluid
at a spatial point ¢; is a complement to the probability

where N

of finding pure crossflow fluid at a spatial point ¢ j; ,

ie., ¢ij +¢cf,ij =1

Figure 4 shows the effect of the azimuthal control
jets position & on the probability of finding jet fluid at
a point. Due to the jet-fluid only seeding scheme, in
general ¢; has high value near the jet center, where

the probability of finding jet fluid is high; decreases
and approaches zero as we approach the jet edge; and

becomes zero in the pure crossflow region far away
from the jet where no jet fluid can be found at all times.
The results in Fig. 4 shows that overall windward

injection (9 < 90°) of azimuthal control jets causes the
jet to penetrate less into the crossflow and modifies the
jet probability structure considerably when compared
to JICF. On the other hand, leeward injection

(8 >90°) of azimuthal control jets generally has the
opposite effects. That is, it typically causes the jet to
penetrate deeper into the crossflow (except the
extreme case of 1165) and modifies the jet structure to
a lesser extent when compared to JICF. Nonetheless,
of particular note is that leeward injection (again
except the extreme case of 1165) promotes the wake-
like structure at the underside of the jet, especially in
cases 1105 and 1135. In other words, there is relatively
high probability of finding jet fluid in the wake-like
structure at the underside of the jet in these cases.

The present results of the effects of azimuthal
control jets position @ on the jet penetration and
trajectory, and on the jet structure are in general
consistent with the results of Kornsri et al. [17] on the

jet center plane w= V.2 +V velocity trajectory and

the corresponding jet velocity structure, and with the
results of the effects of tab disturbance on the mean
temperature  structure of  Bunyajitradulya and
Sathapornnanon [10]. The effects of azimuthal control
jets position @ on the jet trajectory will be quantified
more clearly in Sec. 4.4.

4.2. Effect of @ on the structure of the normalized
time-mean streamwise jet velocity, V, /U

Figure 5 shows the effect of the azimuthal control
jets position & on the structure of the normalized time-

mean streamwise jet velocity, V,/uy; . Naturally,
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Fig. 5. Effect of the azimuthal control jets position ¢ on the normalized time-mean streamwise jet velocity,

Vi /u. . Contour line resolution is 0.1.

overall the V, -structure is similar to the ¢\,j -structure
in the sense and to the extent that we can have non-
zero value of the time-mean streamwise jet velocity
only at points where we can find jet fluid (¢; >0).
However, the distributions of the two quantities
naturally need not be the same. This is also true with
the ¢; -structure and the structures of other jet field
properties such as velocity and vorticity. Also, for
convenience, we refer to the distributions of the
probability of finding jet fluid at a point ¢; and of the

normalized time-mean streamwise jet velocity,
Vilug , simply as the ¢; -structure and the V, -

structure, respectively.

Of particular note is that windward injection tends
to increase, while leeward injection to decrease, the
maximum value of the time-mean streamwise jet
velocity to various degrees depending upon &, when

compared to JICF. In addition, as & increases
azimuthally from the extreme windward side (115) to
the extreme leeward side (1165), the degree of
influencing the maximum value of streamwise jet
velocity changes from promoting to suppressing; in
other words, from accelerating to decelerating the jet,
at least locally, when compared to JICF - with the
possible exception at 1165 itself. In addition, the wake-
like structure in cases of leeward injection 1105 and
1135 are still prominent. As the jet develops
downstream, the V, -structure grows in size and

decays in maximum value in all cases; both are the
indirect indicators of increasing entrainment as the jet
develops downstream.

4.3. Effect of 8 on the structure of the normalized
time-mean streamwise jet vorticity, o, d / uy

Figure 6 shows the effect of the azimuthal control
jets position & on the structure of the normalized time-
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Fig. 6. Effect of the azimuthal control jets position & on the normalized time-mean streamwise jet vorticity,

o.d /u,, . Contour line resolution is 0.1.




The 61" TSME International Conference on Mechanical Engineering .

TSF006

mean streamwise jet vorticity, o,d/u, . Similarity

between the effects of ¢ on the maximum value of the
streamwise jet velocity in Fig. 5 and on the maximum
value of the magnitude of the streamwise jet vorticity
here can be observed. Specifically, especially in the
near field, windward injection tends to increase, while
leeward injection to decrease, the maximum value of
the magnitude of the streamwise jet vorticity, when
compared to JICF, except perhaps case 1165. In other
words, windward injection tends to promote while
leeward injection to suppress angular motion of the
vortical structure — at least locally. In addition, as 6
increases azimuthally from the extreme windward side
(115) to the extreme leeward side (1165), the degree of
influencing the maximum value of the magnitude of
the streamwise jet vorticity changes from promoting to
suppressing, when compared to JICF, also with the
possible exception at 1165 itself. As the jet develops
downstream, the maximum value of the magnitude of
the streamwise jet vorticity decreases in all cases.

4.4. Effect of @ on the jet trajectories

The trajectory of a jet property X (i.e., a property
that is associated with jet-fluid mixture, excluding the
contribution from pure crossflow fluid) is defined here
as the locus of the center of mass of the absolute value,
or the magnitude, of the time-mean jet property X in
the transverse direction, Y, IX|

[ yX |dA
Yem, x| =Aj“)(w' )
A

]
Figure 7(a) shows the effects of the azimuthal control
jets position & on the streamwise jet velocity

trajectory Yy, and Fig. 7(b) on the streamwise jet

vorticity trajectory Yew o, | together with the power

law fits:

(y/rd)=a(x/rd) . (6)
The results show that the effects of & on both
trajectories are similar. That is, except case 1165,
windward injection lowers the jet trajectories; while
leeward injection raises the jet trajectories, when
compared to JICF. In addition, as the azimuthal control
jets position @ continually increases from the extreme
windward (115) to leeward (1135), the jet trajectories
become higher, with the trajectory of 1105 being
comparable to JICF. Exception is the case 1165 in
which as @ increases from 1135 to 1165, the jet
trajectories instead become lower and comparable to
case 175. Furthermore, the power-law fits describe
both velocity and vorticity trajectories fairly well.
These results are consistent with those of Kornsri et al.

[17] on the center plane w=VZ+V} velocity

trajectory. In addition, the results show that the
vorticity trajectory Yey,, always lies below the
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Fig. 7. Effects of the azimuthal control jets
position & on the jet trajectories.

velocity trajectory Yey \, for all cases, consistent with
the results of Wongthongsiri and Bunyajitradulya [20].

4.5. Effect of € on entrainment and effectiveness

Figure 8(a) shows the effects of the azimuthal
control jets position @ on the time-mean accumulative
volumetric entrainment ratio E for all cases together
with the power law fits:

E=1+a(x/rd)". @)

The result, especially in the near field, shows that
overall windward injection suppresses entrainment
while leeward injection promotes entrainment, when
compared to JICF. In addition, as @ increases from the
extreme windward injection (115) to the extreme
leeward injection (1165), entrainment continually
increases, with injection near 90° (175 and extrapolated
to 190) having entrainment comparable to the baseline
JICF. Also, the power law fits describe the evolutions
of entrainment only fairly well.
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Fig. 8. Effect of the azimuthal control jets
position & on
(a) accumulative volumetric entrainment
ratio £, and
(b) effectiveness 7 .

The effect of the azimuthal control jets position Juy
on promoting/suppressing entrainment when compared
to JICF is more clearly seen when we consider the
effectiveness of the use of the azimuthal control jets,
n, defined as the ratio between the entrainment ratio

of the controlled case ( E g ) to the entrainment ratio

of the uncontrolled JICF ( Ejcr ),
— EcJICF 8

77 EJICF ( )

Figure 8(b) shows the effectiveness for all cases and

planes. Recognizing that these results are within the

limited scope of downstream stations investigated, the
followings can be observed.

1) Especially in the near field, windward injection
suppresses entrainment, with case 115 having the
lowest entrainment and lower than JICF. On the
contrary, leeward injection promotes entrainment,
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Fig. 9. Comparison of entrainment and
effectiveness between the present
work at » =12 (blue) and those of
Chaikasetsin et al. [1] at » =4 (red):

(a) accumulative volumetric entrainment
ratio £, and
(b) effectiveness 7.

with case 1165 having the highest entrainment
and higher than JICF.

2) With a few exceptions, as ' increases
azimuthally from windward to leeward, the
effectiveness 7 increases, with near lateral

injection (175 and extrapolated to 190) having
comparable entrainment to the baseline JICF, i.e.,
n=1.

3) For the extreme windward (near and towards 115)
or leeward (near and towards 1165) injections, the
effect of the azimuthal control jets position & on
effectiveness and  entrainment is  more
pronounced in the near field.

4)  Within the scope of parameters experimented, the
most enhancement of entrainment occurs in 1165
at x/rd = 0.5 with » = 1.3, and the most
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suppression of entrainment occurs in 115 at x/rd
= 0.5 with  =0.75.

5. Discussion on the entrainment and the
effectiveness for JICF with different r

In order to gauge the differences in entrainment
and effectiveness of the use of the azimuthal control
jets with JICF of different effective velocity ratio r,
we compare the present cJICF case of 1135, r,, =4%

at r of 12 to that of Chaikasetsin et al. [3] at the same
injection case of 1135, r,, =4% but at lower r of 4.

However, recognize first that besides r the two works
are not quite at the same condition. Of particular notes
are the crossflow Reynolds number of the present
work is lower at 3,100 as opposed to 5,600 of
Chaikasetsin et al. [3]; and the normalized crossflow
boundary layer thicknesses 6/d are also different.
With this, Fig. 9(a) shows that the entrainment of JICF
at higher r of 12 is considerably higher than the
entrainment of JICF at lower r of 4. In addition, when
azimuthal control jets are applied at 1135, both works
show increase in entrainment. However, when we
consider the effectiveness in Fig. 9(b), we find that
overall the case of lower r of 4 generally has higher
effectiveness than the case of higher r of 12. Whether
the difference in effectiveness can be mainly
accounted for by the difference in r alone is still not
yet conclusive.

Finally, it should be strongly cautioned that the
above comparisons for entrainment and effectiveness
for JICF with different r in Fig. 9 are based on the
downstream distance in rd -scale. However, the above
conclusions are still valid when we compare them
based on the downstream distance in d -scale, at least
within the limited scope of downstream distance
investigated.

6. Conclusions

The effects of the azimuthal position 6 of the
azimuthal control jets on the structure and entrainment
of a jet in crossflow at the effective velocity ratio of 12
are investigated. Stereoscopic Particle Image
Velocimetry (SPI1V) together with the jet-fluid only
seeding scheme is employed in order to determine
entrainment. The velocity field is measured at the
cross planes x/rd =0.5,0.75, 1.0, and 1.5.

The results show that the azimuthal control jets
position & affects the jet structure, trajectories,
entrainment, and effectiveness. Typically, with a few
exceptions, windward injection (& < 90°) significantly
modifies the jet probability, velocity, and vorticity
structures; enhances maximum streamwise velocity
and (magnitude of) vorticity; lowers the jet
trajectories; and suppresses entrainment, making the
effectiveness less than one, when compared to JICF.

On the other hand, leeward injection ( @>90° )
typically has the opposite effects; namely, modifies the
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jet structures relatively less — except for the

appearance of the wake-like region at the underside of

the jet; diminishes maximum streamwise velocity and

(magnitude of) vorticity; raises the jet trajectories

(except case 1165), and promotes entrainment, making

the effectiveness more than one, when compared to

JICF. In addition, as & continually increases from the

extreme windward side (115) to the extreme leeward

side (1165) — with exceptions at 1165 itself — the degree
of influencing these characteristics continually

changes. Of particular notes are the followings. As 6

continually increases from the extreme windward side

(115) to the extreme leeward side (1165):

1. The degree of influencing the maximum value of
streamwise jet velocity and (magnituder of)
vorticity changes from promoting to suppressing,
when compared to JICF - with the possible
exception at 1165 itself; in other words, from
accelerating to decelerating both linear and
angular motions of the jet in the streamwise
direction — at least locally.

2. The jet streamwise velocity and vorticity
trajectories become higher, with the trajectory of
1105 being comparable to JICF. Exception is the
case 1165 in which as @ increases from 1135 to
1165, the jet trajectories instead become lower and
comparable to case 175.

3. The degree of influencing the jet entrainment
changes from suppressing to promoting, with
injection near 90° (175 and extrapolated to 190)
having entrainment comparable to the baseline
JICF. As a result, the degree of influencing the
effectiveness of the use of azimuthal control jets
in promoting entrainment changes from less
effective to more effective accordingly.

Furthermore, the followings are observed:

4. The effect of the azimuthal control jets position on
effectiveness is more pronounced in the near field,
especially in the extreme windward (near and
towards 115) and leeward (near and towards 1165)
injections.

5. Within the scope of parameters experimented, the
most enhancement of entrainment occurs in 1165
with » = 1.3 and the most suppression of

entrainment occurs in 115 with » = 0.75, both at

x/rd =0.5.

6. By preliminarily comparing the present result of
the baseline cases of JICF at r of 12 and our
previous result at r of 4, and of cJICF at the same
injection angle + 135° and mass flowrate ratio r,

of 4% (Chaikasetsin et al. [3]), our comparison
suggests that JICF at higher r has higher
entrainment while the use of azimuthal control jets
with JICF at lower r is more effective. However,
due to the difference in conditions, this is not yet
conclusive.
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