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Abstract

Effects of half delta-wing tabs on mixing and diffusion in an axisymmetric jet
are experimentally investigated. The tabs are installed at the jet exit circumferen-
tially with an equal interval. The number of the tab is varied from 1 to 6. The jet
Reynolds number is set to 20,000. Instantaneous streamwise and radial (vertical or
horizontal) velocities and temperature are mainly measured by a composite probe
which consists of an X-type hot-wire and an I-type cold-wire. The results show
that mixing with the ambient fluid is more enhanced with increasing the number
of the tab near the jet exit. However, in the downstream region, it is suppressed
in the cases with 4, 5, and 6 tabs and most suppressed in the case with 6 tabs,
while it is most enhanced in the case with 3 tabs. The analysis based on the mean
velocity distribution indicates that, although the spatially-averaged entrainment
velocity is basically decreased by the tabs, the mixing and entrainment can be
enhanced when the entrainment area is significantly increased. Thermal diffusion
is more enhanced with increasing the number of the tab near the jet exit but, in
the downstream region, it is equivalent or suppressed in the cases with the tabs.
These results are caused by the mixed effects of the tabs: enhancement of not only
mixing and diffusion but also the energy dissipation. The present study suggests
that it is feasible to both promote and suppress mixing of the jet by the half delta-
wing tabs, and directional characteristics of the jet diffusion can be controlled by
optimizing the tab installation.
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1. Introduction

Jets with scalar transport are seen in a wide variety of industrial devices such
as air conditioners, heat exchangers, jet engines, and combustors. Since the scalar
transport is usually dominated by the flow field, flow control becomes of great
importance to achieve the higher efficiency of the devices. Here flow control can
be both enhancement and suppression of the diffusion and mixing. In some cases
such as heat exchangers and jet engines, it is desired to enhance them. In other
cases such as spot cooling, on the contrary, suppression of jet diffusion is desired
to transport the scalar at a specific local point far from the jet exit.

Jet control methods can be categorized as active or passive, depending on re-
quirement of external power source. A typical device based on the active control
is an actuator installed in the jet nozzle [1–3]. The primary aim is to excite initial
instability of the jet and enhance shedding of the vortex ring, which drastically
changes the vortical structure of the jet.

On the other hand, passive control is usually based on modification of the ge-
ometry of the jet exit. The primary aim is to introduce streamwise vortices, which
has cross-streamwise velocity components through reorientation of the vortex ring
shed from the jet exit [4]. Typical examples are a non-circular nozzle [5, 6] and
insertion of vortex-generating tabs at the jet exit [7–9]. As for the tabs, Zaman et
al. [8] reported on the generation of the streamwise vorticity by delta and rect-
angular tabs in a subsonic axisymmetric jet. They showed that the source of the
streamwise vorticity is the pressure gradient generated on the upstream side of the
tab and the vortex filaments shed from the tab are reoriented by the mean velocity
gradient. Nagata et al. [10] performed jet control using three types of tabs: delta
tabs installed with angles of attack of 45 and 90 degrees, and a half delta-wing
tab with an angle of attack of 30 degrees. They showed that the velocity fluctu-
ation is generated between the tabs in the case of the delta tab with an angle of
attack of 90 degrees, while it is generated behind the tabs in the case of 45 degrees
and on the suction side in the case of the half delta-wing tab. They also showed
that velocity field is modified more significantly in the case of the half delta-wing
tabs. Regarding the effects of the angle of attack of the tabs, Carletti et al. [11]
investigated the effects of a half delta-wing tab placed around the exit of an ax-
isymmetric jet. They showed that the velocity distribution is symmetric against
the tab when the angle of attack is 60 degrees, whereas it is asymmetric when the
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angle of attack is 30 degrees. They also revealed that, when the angle of attack
is less than 40 degrees, the half delta-wing tab produces single vortex, while the
tab produces a pair of streamwise vortices when the angle of attack is larger than
40 degrees. Rogers and Parekh [12] also showed strong dependency of the angle
of attack in a supersonic jet by flow visualization. Regarding the effects of the
number of the tab, Bradbury and Khadem [7] investigated in an axisymmetric jet
with 2, 4, and 8 square tabs. They found that the mean streamwise velocity near
the jet exit in the case of 2 square tabs decreases most rapidly because the poten-
tial core splits into two parts. A similar result is reported by Mi and Nathan [13]
in a slightly heated axisymmetric jet. They showed that, in the cases with 2 delta
tabs, the mean temperature on the jet center decreases more rapidly and thermal
diffusion far downstream from the jet exit is more enhanced compared to the 4
delta tabs case. Recent study [14] on a subsonic axisymmetric jet with 6 and 12
equally-arrayed triangular chevrons showed that the increase of azimuthal spac-
ing between the adjacent chevrons reduces magnitude of the maximum stream-
wise vorticity near the jet nozzle and its decay becomes slower because the initial
streamwise vortex interaction is reduced.

In the present study, we also applied half delta-wing tabs as vortex generators
in an axisymmetric jet. It is aimed at clarifing the determining factor for jet control
and finding the optimal conditions to maximize such effects.

2. Experiments

2.1. Experimental apparatus and conditions

Fig. 1(a) shows the schematic of the experimental apparatus. An axisymmetric
air jet is generated by passing through a blower, a wind tunnel, and a round-shape
skimmer. The skimmer has a diameter ofd = 30 mm and its upstream side is
sharpened to cut off boundary layer developed in the contraction section of the
wind tunnel. An electric heater is installed at the air intake of the blower. The air
temperature at the jet exit is monitored by a thermocouple and kept constant by a
proportional-integral-differential (PID) heater controller. The initial velocity and
temperature at the jet exit are kept constant. It is confirmed that the background
velocity fluctuation at the jet exit relative to the initial jet velocity is less than 1%
and the background temperature fluctuation relative to the temperature difference
between the initial jet temperature and the ambient temperature is less than 0.5%.
It is also confirmed that the temporal change of the ambient temperature during
the experiment is negligibly small. The origin of the coordinates is set to the center
of the jet exit andx, y, andzdenote streamwise, vertical, and spanwise directions,
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Figure 1: (a) Schematic of the experimental apparatus and (b) the tabs installed at the jet exit in
the case with 6 tabs.
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Figure 2: The arrangement of the tabs around the jet exit by the number of the tab.

respectively. In addition, radial directionr and azimuthal directionφ are defined
as cylindrical coordinates.

Fig. 1(b) shows the tabs installed at the jet exit in the case with 6 tabs. Each
tab has a half delta-wing shape and its height, length, and sweep angle are 3.75
mm, 6.50 mm, and 60 degrees, respectively. The tabs are arrayed around the jet
exit with an equal interval (except in the case with 1 tab) as shown in Fig. 2. The
angle of attack is set to 30 degrees. The solidity of single tab is 0.86%.

The Reynolds number based on the skimmer diameterd and the initial jet
velocity UJ is set to ReJ(= UJd/ν) = 20,000. Here,ν is the kinematic viscosity
of the air. The fluid temperature at the jet exitΘJ is set to 7.5 K higher than
the ambient fluid temperatureΘa. The Richardson number at the jet exit is RiJ(=
gβ(ΘJ − Θa)d/U2

J) ≃ 7.4× 10−5 whereg andβ are gravitational acceleration and
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Figure 3: Schematic of the composite probe consisted of an X-type hot-wire probe and an I-type
cold-wire probe.

cubical expansion coefficient, respectively. It is sufficiently small to regard heat as
a passive scalar.

Instantaneous velocity and temperature are measured by a constant-temperature-
type hot-wire anemometer and a constant-current-type cold-wire thermometer, re-
spectively. The sensor part of the hot-wire anemometer and cold-wire thermome-
ter consists of a fine tungsten wire. The diameter and length are 5µm and 1 mm for
the hot-wire and 3µm and 2 mm for the cold-wire, respectively. Fig. 3 shows the
schematic of the composite probe consisting of an X-type hot-wire probe and an
I-type cold-wire probe used for simultaneous measurements of two velocities and
temperature. The cold-wire is fixed 2.0 mm upstream from the hot-wire to mini-
mize their interference. Note that non-composite probes are also used depending
on the measurement situation.

The electronic signals from the hot-wire anemometer and cold-wire thermome-
ter are converted to 16 bit digital signals by an A/D board (National Instruments
PCIe-6343), and the data is stored in the computer (Dell Vostro 200). The sam-
pling frequency is set to 20 kHz.

2.2. Compensations

Following compensations were applied to increase the measurement accuracy.
Firstly, the compensation method proposed by Hirota et al. [15] is applied for ve-
locity measurement when the flow has a large velocity gradient. For temperature
measurement, gain decay and phase delay were compensated by the method pro-
posed by Tagawa et al. [16]. Fig. 4(a) shows the power spectra for the temperature
fluctuation at the jet center (y/d = z/d = 0) andx/d = 9.0 in the cases with and
without the frequency compensation. It confirms that the power spectrum in the
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Figure 4: Comparison of the data before and after the compensation. (a) Power spectra for the
temperature fluctuation at the jet center andx/d = 9.0 in the cases without and with the frequency
compensation; (b) transverse profile of the mean temperature and mean streamwise velocity atx/d
= 9.0.

case with the compensation is larger than that in the case without the compensa-
tion and the inertial subrange region following -5/3 power law becomes clearer.
Finally, in the simultaneous measurements for velocity and temperature, thermal
compensation proposed by Brunn [17] is applied. The output voltageEa from the
hot-wire probe is corrected by

Ea,r = Ea

(
Θw − Θr

Θw − Θa

)1/2
, (1)

whereEa,r is the compensated voltage,Θw is the wire’s temperature, andΘr is
the reference temperature. In addition, the spatial gap between the hot-wire and
cold-wire probes∆x was compensated using the Taylor’s frozen hypothesis;

∆t =
∆x

U
, (2)

where∆t andU denote the temporal delay and mean streamwise velocity, respec-
tively. Both of the two corrections in Eqs. (1) and (2) are digitally processed after
the data acquisition. Fig. 4(b) shows the transverse profiles of the mean tempera-
ture atx/d = 9.0 measured by the composite probe and only the cold-wire probe.
The two data are mostly identical except at the outer region of the jet, proving that
the thermal influence generated by the hot-wire is negligible except the low-speed
regions.
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(a) (b)

Figure 5: Streamwise profiles of (a) the normalized mean streamwise velocity and (b) the normal-
ized streamwise rms velocity at the jet center.

(a) (b) (c)

Figure 6: Power spectra for the streamwise velocity fluctuation at the jet center and (a)x/d = 2.0,
(b) x/d = 4.0, and (c)x/d = 9.0.

3. Results and Discussion

3.1. Velocity field

Fig. 5 shows the streamwise profiles of (a) the normalized mean streamwise
velocity U/UJ and (b) the normalized streamwise rms velocityurms/UJ at the jet
center (y/d = z/d = 0) in the cases without the tab and with 1–6 tabs. Fig. 5(a)
reveals thatU/UJ starts to decrease earlier and the potential core becomes shorter
in the cases with the tabs. As the flow goes in the downstream direction,U/UJ in
the cases with 1–6 tabs approaches that in the case without the tab.U/UJ in the
case with 6 tabs becomes larger than that in the case without the tab atx/d = 15,
while U/UJ in the cases with 2–5 tabs is still smaller. On the other hand, Fig. 5(b)
illustrates that the tabs increaseurms/UJ near the jet exit and the peak in the cases
with 1–4 tabs appears earlier than that in the case without the tab. However, the
peak values in the cases with 2–6 tabs are smaller than that in the case without
the tab. Note that, as shown later, the jet center is shifted in the case with 1 tab so
we will exclude this case from the present discussion. In the downstream region,
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Figure 7: Contour maps of the normalized mean streamwise velocity in the case without the tab at
(a) x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 8: Contour maps of the normalized mean streamwise velocity in the case with 1 tab at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 9: Contour maps of the normalized mean streamwise velocity in the case with 2 tabs at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 10: Contour maps of the normalized mean streamwise velocity in the case with 3 tabs at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

urms/UJ in the cases with the tabs is smaller than that in the case without the tab,
meaning that the turbulence intensity is smaller.

Fig. 6 shows the power spectra for the streamwise velocity fluctuationEuu( f )
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(a) (b) (c) (d)

Figure 11: Contour maps of the normalized mean streamwise velocity in the case with 4 tabs at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 12: Contour maps of the normalized mean streamwise velocity in the case with 5 tabs at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 13: Contour maps of the normalized mean streamwise velocity in the case with 6 tabs at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

in the cases without the tab and with 2–6 tabs at the jet center andx/d = 2.0, 4.0,
and 9.0. The horizontal axis is the frequency normalized by the mean streamwise
velocity. At x/d = 2.0, a peak appears at aroundf /U = 20 in all cases. This is
caused by the initial instability at the jet exit. Note that the slope in the region
of f /U > 20 is more gentle in the cases with the tabs. Atx/d = 4.0, the peak
disappears and the inertial subrange that follows the -5/3 law appears in the cases
with the tabs, whereas the peak still remains and the slope is still steep in the case
without the tab. Atx/d = 9.0, the jet in all cases becomes turbulence with the
inertial subrange.

Figs. 7–13 show the contour maps of the normalized mean streamwise velocity
U/UJ at x/d = 2.0, 4.0, 9.0, and 15.0 in the cases without the tab and with 1–6
tabs, respectively. In the upstream region, the cross-sectional shape of the jet is
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Figure 14: Streamwise profiles of the ratio of the mean flow rate between with and without the
tabs cases.

distorted according to the tab configuration. As the flow goes in the downstream
direction, the contours approach round though it is still oval atx/d = 15 in the
case with 2 tabs. This tendency is similar to the case with 2 delta tabs in the past
study [13]. In the case with 1 tab, jet center is shifted to the opposite side from the
tab.

The mean flow rateQ was calculated by integrating the mean streamwise ve-
locity on they–z plane. Fig. 14 shows the streamwise profiles of the ratio of the
mean flow rate between with and without the tabs cases. Here,Qi is the mean flow
rate atx/d = i andwo denotes the value in the case without the tab. The inte-
gration area is taken sufficiently large that includes the area ofU/UJ ≃ 0. In the
upstream region,Qi/Qi,wo becomes large with increasing the number of the tab,
meaning that mixing with the ambient fluid is enhanced according to the number
of the tab. However, as the flow goes in the downstream direction, the mixing ef-
fect becomes weak, and atx/d = 15, the mean flow rate in the cases with 4–6 tabs
is smaller than that in the case without the tab. The difference is most significant
in the case with 6 tabs. On the other hand, the mean flow rate in the cases with
1–3 tabs keeps larger than that in the case without the tab in the measured region.
In particular, it is the largest in the case with 3 tabs. Since the cases with 3 and 6
tabs show the most significant changes, these two cases will be mainly discussed
in the following sections.

The mean entrainment rate of the ambient fluid per unit streamwise lengthqe

10



Figure 15: Streamwise profiles of the ratio of the mean entrainment rate between with and without
the tabs cases.

can be calculated as follows:

qe =
Q j − Qi

( j − i)d
, (3)

where j > i. Fig. 15 shows the ratio of the mean entrainment rate between with
and without the tabs casesqe/qe,wo. Since the cross-sectional measurements were
carried out atx/d = 1, 2, 4, 6, 9, 12, and 15,qe was obtained atx/d = 1.5, 3, 4.5,
7.5, 10.5, and 13.5. Inx/d < 4, qe in the cases with 3 and 6 tabs is larger than that
in the case without the tab. However, in the downstream region,qe in the case with
6 tabs becomes smaller compared to that in the case without the tab while that in
the case with 3 tabs is slightly larger untilx/d = 12.

qe at a fixed streamwise location can be defined by

qe =

∫
Vedl, (4)

whereVe is the local entrainment velocity andl is the integral route along the line
thatVe is defined, typically at the turbulent/non-turbulent interface [18]. However,
it is impossible to determineVe and l in the present experiments. Therefore, we
assumed thatVe can be represented by the mean velocity gradient normal to the
isopleth of the half width for the mean velocitydU

dn , wheren is the coordinate axis
normal to the isopleth and directs outward of the jet, because the mean velocity
gradient is the original driving force of the fluid motion. For the interfacial area,
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Figure 16: Streamwise profiles of the ratio of the spatially-averaged mean velocity gradient along
the isopleth of the half width for the mean velocity between with and without the tabs cases.

we assumed that it can be represented by the isopleth length of the half width for
the mean velocityL,

L =
∫

U/UC=0.5
dl. (5)

ObviouslyUC is the mean velocity at the jet center andl is taken along the iso-
pleth. Fig. 16 show the ratio of the spatially-averageddU/dn between with and
without the tabs cases. In the figure,⟨ ⟩ means the spatially-averaged value on
they–z plane. Interestingly,⟨dU

dn ⟩ is generally smaller in both cases with 3 and 6
tabs than that in the case without the tab. This fact indicates that the averaged
entrainment velocity is ought be smaller in the cases with the tabs. On the other
hand, Figs. 17 (a) and (b) respectively show the streamwise profiles ofL and its
ratio between with and without the tabs cases. It is illustrated that the entrainment
area is larger in the entire region in the case with 3 tabs whereas it is larger only
in x/d < 6 in the case with 6 tabs. In summary, the mean entrainment rate can be
determined by the balance of the entrainment velocity (represented by the mean
velocity gradient at the half width for the mean velocity) and the entrainment area
(represented by the isopleth length ofU/UC = 0.5). Though the spatially-averaged
mean velocity gradient is decreased by installing the tabs, when the entrainment
area is significantly increased, mixing with the ambient fluid is enhanced.

To investigate the changes in the entrainment area in detail, Fig. 18 shows the
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(a) (b)

Figure 17: Streamwise profiles of (a) the isopleth length of the half width for the mean velocity
and (b) its ratio between with and without the tabs cases.

(a) (b)

Figure 18: Streamwise profiles of (a) the spatially-averaged half width of the mean velocity nor-
malized by the skimmer diameter and (b) its spatial variance normalized by the half width.

streamwise profiles of (a) the spatially-averaged half width of the mean velocity
normalized by the skimmer diameter⟨bU⟩/d and (b) its spatial standard deviation
normalized by the averaged half width

√
(bU − ⟨bU⟩)2/⟨bU⟩. Comparison of Figs.

17(a) and 18(a) confirms that the distortion ofU causes largerL in x/d < 4 in
the cases with tabs. It is also found that, in this region,⟨bU⟩/d is almost constant
and the same as that in the case with out the tab despite thatL decreases in the
streamwise direction in the cases with 3 and 6 tabs. This means that the distorted
mean velocity profile on they–z plane is smoothened without spreading out the
jet in the radial direction.⟨bU⟩/d starts to increase fromx/d = 4 but it is smaller
in the case with 6 tabs than that in the case without the tab. In addition, the spatial
standard deviation decreases significantly (Fig. 18(b)). As a result,L in the case
with 6 tabs becomes smaller than that in the case without the tab in the downstream
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(a) (b) (c)

Figure 19: Normalized mean cross-streamwise velocity vector superposed on the contour maps of
the mean streamwise velocity in the case with 3 tabs at (a)x/d = 2.0, (b)x/d = 4.0, and (c)x/d =
9.0.

(a) (b) (c)

Figure 20: Normalized mean cross-streamwise velocity vector superposed on the contour maps of
the mean streamwise velocity in the case with 6 tabs at (a)x/d = 2.0, (b)x/d = 4.0, and (c)x/d =
9.0.

region. On the other hand, both⟨bU⟩/d and its spatial standard deviation are larger
in the case with 3 tabs, which results in largerL compared with the case without
the tab.

Figs. 19 and 20 show the normalized mean cross-streamwise velocity vector
superposed on the contour maps of the mean streamwise velocity atx/d = 2.0,
4.0, and 9.0 in the cases with 3 and 6 tabs, respectively. Here, the vector length

reflects the mean cross-streamwise velocity

√
V

2
+W

2
/UJ, whereV andW are

the mean vertical and spanwise velocities, respectively. Each tab is supposed to
generate a deflected flow on the upstream side of the tab and a streamwise vortex,
which should appear as a strong clockwise flow, on the downstream side. How-
ever, even atx/d = 2.0, these flows are not observed independently in either case.
Instead, a simple flow pattern that the jet spreads out from between the tabs and
recirculates back to the center at behind the tabs is observed in both cases with
3 and 6 tabs. As the flow goes in the downstream direction and the streamwise
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(a) (b) (c)

Figure 21: Radial profiles of the normalized radial rms velocity at (a)x/d = 2.0, (b)x/d = 4.0, and
(c) x/d = 9.0.

(a) (b) (c)

Figure 22: Radial profiles of the normalized Reynolds shear stress at (a)x/d = 2.0, (b)x/d = 4.0,
and (c)x/d = 9.0.

velocity profiles approach round, such a flow pattern gradually merge and disap-
pear though it weakly remains in the case with 3 tabs. Similar trend for vorticity
is reported by Heeb et al. [14].

Fig. 21 shows the radial profile of the normalized radial rms velocityvr,rms/UJ

at x/d = 2.0, 4.0, and 9.0. Note that the characteristics depend on the azimuthal
location in the cases with the tabs. In addition, the measurable data is limited.
Thus we show the profiles along they– andz–axes, which correspond to either
between the tabs or behind the tabs, depending on the configuration. Atx/d = 2.0,
the maximum value ofvr,rms/UJ in the cases with 3 and 6 tabs is almost the same
as that in the case without the tab. At behind the tabs, the peak shifts to the inner
side, particularly in the case with 3 tabs, while the peak between the tabs shifts to
the outside. However,vr,rms/UJ on both inner and outer sides becomes large in the
case with 6 tabs while only that on the outer side becomes large in the case with 3
tabs, with respect to the case without the tab. Atx/d = 4.0, the profiles are similar
to those atx/d = 2.0 in the cases without the tab and with 3 tabs. On the other
hand, in the case with 6 tabs, the profiles between the tabs and behind the tab are
almost the same and the peak value is smaller than that in the other cases, although
they are still larger in the central and outer regions in comparison with the case
without the tab. Atx/d = 9.0, the peak appears at the jet center, and among the
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(a) (b) (c) (d)

Figure 23: Contour maps of the normalized mean temperature in the case without the tab at (a)
x/d = 2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

three cases, that in the case without the tab is the largest. Furthermore,vr,rms/UJ

in the case with 6 tabs is smaller in the entire region. As shown in Fig. 6, the
tabs accelerate transition to turbulence and increase the small-scale disturbances
as well as jet diffusion. However, from an energy point of view, this basically leads
to the promotion of energy dissipation since the lifetime of a turbulent eddy is a
function of l2e/ν, wherele is the eddy size. Therefore, in the downstream region,
the turbulence energy becomes smaller in the cases with the tabs, which causes
the suppression of entrainment and mixing.

The same profiles for the normalized Reynolds shear stressuvr/U2
J is shown

in Fig. 22. It illustrates that their general profiles are similar to those ofvr,rms/UJ

and the discussion above is confirmed. The decrease ofuvr/U2
J appearing atr/d

= 0.5 between the tabs in the case with 6 tabs atx/d = 2.0 is caused by the flat
profiles of the mean streamwise velocity [9, 19].

3.2. Thermal field

Figs. 23–29 show the contour maps of the normalized mean temperature (Θ −
Θa)/(ΘJ−Θa) on they–zplane atx/d= 2.0, 4.0, 9.0, and 15.0 in the cases without
the tab and with 1–6 tabs, respectively. The overall profiles are similar to the mean
streamwise velocity profiles. The tabs distort the mean temperature profile near
the exit but the profile becomes round in the downstream region. The tendency
appears more clearly with increasing the number of the tab.

To quantitatively evaluate the effects of the tabs on thermal diffusion, entropy
S based on the mean temperature on they–z plane was calculated. HereS is
defined as following based on the Boltzmann’s law [20],

S ≃ kΦ lnΦ︸  ︷︷  ︸
Ssta

−k
"
ϕ ln ϕdydz︸                 ︷︷                 ︸
S f lu

, (6)
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(a) (b) (c) (d)

Figure 24: Contour maps of the normalized mean temperature in the case with 1 tab at (a)x/d =
2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 25: Contour maps of the normalized mean temperature in the case with 2 tabs at (a)x/d =
2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 26: Contour maps of the normalized mean temperature in the case with 3 tabs at (a)x/d =
2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 27: Contour maps of the normalized mean temperature in the case with 4 tabs at (a)x/d =
2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.
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(a) (b) (c) (d)

Figure 28: Contour maps of the normalized mean temperature in the case with 5 tabs at (a)x/d =
2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b) (c) (d)

Figure 29: Contour maps of the normalized mean temperature in the case with 6 tabs at (a)x/d =
2.0, (b)x/d = 4.0, (c)x/d = 9.0, and (d)x/d = 15.0.

(a) (b)

(c)

Figure 30: Streamwise profiles of the normalized (a) entropy, (b) statistical entropy, and (c) fluc-
tuation entropy.
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(a) (b)

Figure 31: Streamwise profiles of (a) the ratio of the statistical entropy and (b) the ratio of the
fluctuation entropy between the cases with and without the tabs.

wherek is the Boltzmann constant and assumed ask = 1 in the present study,ϕ
is the normalized mean temperatureϕ = (Θ − Θa)/(ΘJ − Θa), andΦ is surface
integral ofϕ: Φ =

!
ϕdydz. As shown in Eq. (6),S is composed by two terms,

Ssta andS f lu. The first term is called as the statistical entropy and, in the present
case, the cross-sectional summation of the normalized local temperature at each
streamwise location. On the other hand, the second term is called as the fluctua-
tion entropy and denotes turbulent scalar diffusion. Fig. 30 shows the streamwise
profiles of the normalized entropy and its breakdown. Here,SJ is the entropy at
the jet exit. Also Fig. 31 shows (a)Ssta/Ssta,wo and (b)S f lu/S f lu,wo. It is found that
S is mainly determined bySsta and basically increases with the number of the tab
in the upstream region, but the magnitude order is reversed in the downstream re-
gion. This is the product of the mixed effects of the tabs: enhancement of not only
mixing and diffusion but also the energy dissipation. On the contrary, the profile
of S f lu is very similar to that of the mean flow rate and that in the case with 3
tabs is larger than that in the case without the tab even in the downstream region,
whereSsta in the case with 3 tabs is smaller than that in the case without the tab.
Therefore, it can be said that turbulent diffusion is most enhanced in the case with
3 tabs, as well as the entrainment and mixing.

To discuss the similarity of the momentum and thermal diffusion, turbulent
Prandtl number PrT was calculated at the half width of the mean velocity,

PrT =
νT
αT
=
−uvr/(dU/dr)

−vrθ/(dΘ/dr)

∣∣∣∣∣∣
U/UC=0.5

. (7)

Here,νT andαT are the eddy diffusivity coefficient and turbulent heat diffusivity
coefficient, respectively. Fig. 32(a) shows the streamwise profiles of PrT in the
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(a) (b)

(c)

Figure 32: (a) Streamwise profiles of the turbulent Prandtl number atU/UC = 0.5; (b) eddy diffu-
sivity coefficientνT and turbulent heat diffusivity coefficientαT at U/UC = 0.5 andx/d = 2; (c)
uvr , vrθ, dU/dr, anddΘ/dr normalized by the values in the case without the tab.

cases without the tab and with 3 and 6 tabs. It illustrates that PrT is basically in
the range of 0.6∼ 0.8 but it is larger in the upstream region at between the tabs. In
particular, it is about 0.9 in the case with 6 tabs atx/d = 2. To clarify the reason
of this, we showνT andαT at x/d = 2 in Fig. 32(b) and the terms consisting them,
uvr , vrθ, dU/dr, anddΘ/dr, normalized by the value in the case without the tab
in Fig. 32(c). It turned out thatdU/dr is relatively small at between the tabs in the
case with 6 tabs. This phenomenon is also observed in the past studies [9, 19] and
results in largeνT , which consequently leads to large PrT. Fig. 32(b) also shows
thatνT andαT at behind the tabs are smaller than those at between the tabs. This
reason can be explained by the vortical motion observed in Figs. 19(a) and 20(a).
These figures illustrate that the jet spreads out from between the tabs and comes
back toward the center from the area corresponding to behind the tabs. In other
words, fluid mass with large velocity and high temperature recirculates at behind
the tabs. Therefore, momentum and thermal diffusion behind the tabs is relatively
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small in spite of the large velocity and temperature gradients.

4. Conclusions

In the present study, the effects of half-delta wing tabs in an axisymmetric jet
are experimentally investigated. The number of the tab was varied from 1 to 6.
The main conclusions are as follows. The mixing of the ambient fluid is more
enhanced with increasing the number of the tab near the jet exit. However, in
the downstream region, it is suppressed in the cases with 4, 5, and 6 tabs and
most suppressed in the case with 6 tabs, while it is most enhanced in the case
with 3 tabs. The analysis based on the mean velocity distribution indicates that,
although the spatially-averaged entrainment velocity is basically decreased by the
tabs, the mixing and entrainment can be enhanced when the entrainment area is
significantly increased. The thermal diffusion also increases with increasing the
number of the tab near the jet exit, but in the downstream region, it is equivalent
or smaller in the case with the tabs. These results are caused by the mixed effects
of the tabs: enhancement of not only mixing and diffusion but also the energy
dissipation.

The present study suggests that it is feasible to both promote and suppress
mixing of the jet by the half delta-wing tabs, and directional characteristics of the
jet diffusion can be controlled by optimizing the tab installation.
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