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ABSTRACT

The mechanism of vortex generation and its contribu-
tion to mixing enhancement in a coaxial jet controlled by
miniature ap actuators are investigated experimentally and
numerically. First,
are carried out in order to study the velocity fleld induced
by the apping motion of actuators and the resultant vortex
ring generation in the initial inner and outer jet shear layers.
Then, we numerically simulate such near-fleld evolution and
associated mixing process by assuming the periodic veloc-
ity proflle of difierent frequencies at the outer nozzle exit.
In addition, the three-dimensional vortical structures and

ow visualization and PIV measurement

mixing property are studied under two difierent control con-
ditions, i.e., axisymmetric and helical apping modes. As
a result, it is found that the helical forcing mode generates
more streamwise vortices in the shear layers than the ax-
isymmetric mode. This enhancement is due to the increased
production of rib vortex structures through tilting and sub-
sequent stretching of vortices generated by apping.

INTRODUCTION

Coaxial turbulent jets are widely used in industrial ap-
plications, so fundamental ow structures and their possible
control have been intensively studied (Kasagi, 2006).

Various control methods for turbulent jets have been in-
vestigated by previous workers. For instance, passive control
methods such as a tab (Zaman et al., 1994) and a robe noz-
zle (Hu et al., 2002) are proposed to modify the vortical
structure in the initial shear layer. On the other hand,
active control which excites the inherent instability of jet
shear layer has also been investigated. Hussain and Zaman
(1981) excited the jet column mode, which is deflned by
the frequency of vortex ring generation (Crow and Cham-
pagne, 1971), by implementing a loudspeaker and drastically
changed the vortical structure of a round jet. Hilgers (1999)
carried out direct numerical simulation for the optimum con-
trol combining the axisymmetric and helical forcing modes.

In our previous studies (Kurimoto et al., 2004, 2005), we
tried to control a coaxial methane/air jet by using miniature
ap actuators arranged on the inner surface of an annu-
lar nozzle (Fig. 1) in order to achieve optimal mixing and
combustion. In this method, large-scale vortex rings can
be induced at the inner and outer jet shear layers per-
fectly in phase with the The size and
spacing of vortices can be controlled by changing the ap-
ping frequency as shown in Fig. 2. Large-scale vortices are
shed continuously in the inner and outer shear layers when
Sta(= faDo/Um,o) = 1.0, where fo, Do, and Unm,o are the
apping frequency, the outer nozzle diameter, and the bulk
mean velocity of the annular air jet, respectively. Under this

apping motion.
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condition, methane/air mixing is most enhanced with the
length of inner potential core most reduced. The large-scale
vortical structure at the inner shear layer plays a primary
role in the initial mixing process of coaxial jets, although
the interaction between the structures in the inner and outer
shear layers must also be important. The latter has not been
explored fully. Angele et al. (2006) showed that the num-
ber and strength of streamwise vortices become maximized
at Sta = 1.0 under the axisymmetric forcing. They also
showed that the helical forcing generates more streamwise
vortices than axisymmetric or alternate forcing. Mituishi et
al. (2007) carried out direct numerical simulation (DNS) of
a controlled coaxial jet and demonstrated the mixing can be
much enhanced with a modelled control input at the noz-
zle exit. They analyzed the development of vortex rings
and streamwise vortices with axisymmetric forcing. Despite
these efiorts, the relationship between mixing enhancement
and streamwise vortices has not been fully explored, while
the detailed vortical structure in each excitation mode re-
mains to be further studied.

Magnetic flap actuators

Inner nozzle

Figure 1: Coaxial nozzle equipped with miniature ap actu-
ators (Kurimoto et al. 2004).

Figure 2: Visualization of controlled jets with central jet
seeded (Saiki, 2008): (a) Sta = 0.1, (b) Sta = 1.0, and (c)
Sta = 1.7.
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In order to develop even more efiective control schemes
for jet mixing and combustion, it is necessary to further
clarify the vortex generation mechanism with the periodic
forcing of difierent modes.

In the present study, the velocity fleld induced by the ax-
isymmetric apping motion is flrst measured experimentally
by particle imaging velocimetry (PIV) at just downstream of
the nozzle exit. Then, we use the measured velocity data as
inlet conditions in the numerical simulation of a coaxial jet
in order to mimic the ow development precisely. Through
a series of simulations, we discuss the difierence in the mix-
ing performance and the vortex generation mechanism when
difierent excitation modes are employed. Speciflcally, we as-
sess a helical mode of forcing in addition to conventional
axisymmetric one.

EXPERIMENTAL MEASUREMENT

A series of experiments (Kurimoto et al., 2004, 2005;
Angele et al., 2006; Saiki, 2008) have been carried out in
order to provide the fundamental knowledge on the shear
layer development and also the database to verify the nu-
merical simulation later described. The experimental setup
of a coaxial jet is the same as described by Kurimoto et al.
(2004). Dry air jet is issued through an annular nozzle (ID:
D; = 10 mm, OD: D, = 20 mm), while methane is sup-
plied through a central nozzle. The latter is a stainless steel
tube, which is long enough to establish a fully developed
laminar ow before being issued from the nozzle exit. The
Reynolds number of annular jet, Upm,oDo/vo, is 2.4 X 103,
where v, is the kinematic viscosity of air. The ratios of den-
sity, po/pi, bulk mean velocity, Um,o/Um, i, and momentum

ux, PoUrQn,o/PiUfn,p between the annular and central jets
are 1.8, 4.8 and 42, respectively.

In this experiment, all ap actuators are driven syn-
chronously with a saw-tooth signal, which is found to be
After
reaching the maximum displacement of 0.3 mm at <
the aps snap quickly back to the wall. The velocity fleld is
measured with a two-component PIV. The central and an-
nular jets are seeded with silica particles (dp = 1.2 um, pp
= 215 kg/m?3). A double-pulsed Nd: YAG laser (THALES,
SAGA PIV20) is employed for the light source and the laser
sheet is introduced into the test section. Particle images
are captured by a ame-straddling CCD camera (Lavision,
Flowmaster 3S). Commercial software (Lavision, Davis 7.2)
is used to calculate the particle displacement in an interro-
gation area with a cross-correlation technique.

most efiective for mixing (Kurimoto et al., 2004).

In order to measure the velocity fleld induced by the
aps, a small PIV measurement region is employed just
downstream of the nozzle exit. An extension tube between
the camera and the objective lens is used. This arrangement
allows, with 32x32 pixel interrogation windows over a mea-
surement area of 3.33 x 2.66 mm?, a spatial resolution of
83 um.

NUMERICAL SIMULATION

A large eddy simulation (LES) code is developed based
on the DNS code of Mitsuishi et al. (2007). The computa-
tional domain is shown in Fig. 3. Cylindrical coordinates
are employed. Both the diameter ratio, Do/D;, and the ex-
pansion ratio, D /Do, equal to 2. The ow fleld is assumed
to be surrounded by a cylindrical wall in the LES, but it is
open in the experiment. However, the direct in uence of this
discrepancy to the initial shear layer development is consid-
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ered rather weak from computational results with difierent
domain sizes except for the cases when St, > 1.2. Thus, the
range of St, in the present simulation is kept from St, = 0.1
to 1.1. Hereafter, z, r and 6 denote the streamwise, radial
and azimuthal directions, respectively. The velocity ratio
of Um,o/Upm,: is given as 4.8 in accordance with the experi-
ment. However, the density difierence is neglected, so that
the momentum ux ratio, ponnyo/piUEn ;» results to be 23.
This difierence may cause an additional in uence, since it is
known that the momentum ux ratio should be an impor-
tant parameter for coaxial jet mixing (Rehab et al., 1997).

8D,

Figure 3: Computational domain and coordinates for LES.

We solved the incompressible momentum and passive scalar
transport equations with the dynamic Smagorinsky model
(Germano et al., 1991) for the SGS stress and ux terms.
The mean axial velocity proflle is assumed to be a fully de-
veloped laminar Poiseuille
while for the annular nozzle a tophat-shaped turbulent ow
is given as follows:

ow at the central nozzle exit,

1 d
i (E-)osr<R)
r—R; R;+R
’U,Z(T) = Umaa tanh (Rz <r< P} O)
Ry — )
Umaz tanh =" (Bitle < < B,)
a
on (1)
1 -
0o = 7 Uz (1) (Umaz —uz (r))dr  (2)
max Rl

The value of a in Eq. (1) determines the momentum thick-
ness 0, of the outer shear layer deflned by Eq. (2). It
is adjusted to represent the experimentally measured value
(6o/Do = 1.5 x 10~2). Random background noise is added
to mimic the experimental data.

GENERATION OF VORTEX RINGS IN INITIAL SHEAR
LAYERS

We investigated the mechanism of vortex generation
near the nozzle experimentally and numerically. Figure
4(a) shows the close-up visualization images of the seeded
outer jet ow at difierent phases of apping motion when
Sta = 0.1, whilst the corresponding radial distributions of
phase-averaged radial velocity at z/D, = 0.004 are shown
in Fig. 4(b). It is clearly seen that the outer shear layer is
drastically deformed with the snap back motion of the ap
=0.96 —0.99 . At = 0.96 , strong entrainment of
ambient air is identifled with a large negative radial velocity,
which reaches —0.15Ujy 0, is induced around r/D,  0.45.
This is probably because static pressure near the outer shear
layer becomes reduced due to the quick snapping motion
(1 ms)ofthe ap. On the other hand, at = 0.99 , large
positive velocity of about 0.2U, o is found at the outer edge
of nozzle exit. This induced velocity is comparable to the
snapping back speed of the ap. These negative and radial
velocities result in vortex ring formation within a short dis-
tance from the nozzle as shown in later. This is the primary
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reason why the saw-wave driving mode, which has the snap
back motion regardless of apping frequency, is preferable
to control vortex shedding.

To mimic the experimental nozzle exit condition de-
scribed above, the phase-averaged radial velocity is assumed
at the inlet of computational domain in the LES. The PIV
data is interpolated by a polynomial function, which is 5th-
order in space and flrst-order in time. The,
velocities caused by the

uctuating axial
apping motion are given by the
continuity equation at the cells located at the inlet bound-
ary of the computational domain.
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Figure 4: Initial development of outer shear layer with St, =
0.1: (a) visualization of annular jet, (b) radial distribution
of phase-averaged radial velocity at z/D, = 0.004.

Although the optimal apping frequency exists around
Sta = 1.0, we flrst execute experiment and simulation un-
der the condition St, = 0.1, where less interaction between
vortex rings is expected because of their larger streamwise
spacing. Figure 5 shows visualization images and velocity
vector diagrams of the annular jet in the experiment. Neg-
ative and then positive radial velocities are induced by the

ap located upstream of the outer shear layer (as indicated
(i)), and negative radial velocity propagates to the inner
shear layer (ii and ii’). The induced velocity eventually gen-
erates vortex rings both at the inner and outer shear layers
(iii and iv).
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Figure 5: Instantaneous visualization of annular jet (upper)
and phase-averaged velocity vectors (bottom) with St, = 0.1
in experiment.
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Figure. 6 shows phase-averaged mixture fraction dis-
tributions and velocity vector diagrams obtained by the
simulation. The successive positions computed of vortex ring
formation are in good agreement with that in the experiment
(Fig. 5), but the size of vortex is generally smaller, especially
at the inner/outer jet interface. A plausible reason for this
discrepancy should be the assumption of incompressible ow
in the simulation unlike the experiment in which methane
and air are employed.

"

05

0.0

Figure 6: Phase-averaged mixture fraction (upper) and ve-
locity vectors (bottom) with St, = 0.1 in LES.

CONTROL WITH DIFFERENT STROUHAL NUMBERS

Kurimoto et al. (2004) experimentally showed that mix-
ing concentration can be controlled by changing St, and
mixing is most enhanced when St, = 1.0. We repeat the
simulation under difierent Sty and conflrm their conclusion
below.

In periodically uctuating fleld, a physical variables f is
decomposed as follows:

F=fti+s (3)
where the flrst, second and last terms on the right-hand
sides represent mean, phase-mean, and random components,
respectively.

Figure 7 shows the contour lines of phase-averaged az-
imuthal vorticity and concentration fraction obtained by the
LES with three difierent apping frequencies. The concen-
tration is also indicated as B/W gradation. It is observed
that large-scale vortex rings at the inner shear layer en-
gulf the outer annular jet uid and entrain into the central
jet. When St, = 0.1, vortex rings are generated intermit-
tently, and the central jet uid near the jet axis is not much
transported in the radial direction, so that the concentration
fraction does not decrease immediately. As St, is increased,
both size and spacing of vortex rings become smaller and
the mixing proceeds faster even around the jet axis.

Figure 8 shows the radial distributions of mixture frac-
tion statistics, i.e., the mean and the root-mean-square (rms)
value of phase-mean plus random components, at difierent
axial positions. When St, = 0.1, the mean mixture fraction
does not become uniform, whilst the rms uctuation remains
very large at z/D, = 2.0. This fact implies highly intermit-
tent nature of the mixing process at St, = 0.1. On the
other hand, when St, = 1.0 and 1.1, the radial entrainment


미정댁
메인/컨텐츠


Sixth International Symposium on Turbulence and Shear Flow Phenomena

Seoul, Korea, 22-24 June 2009

of scalar as well as the axial decay of uctuation is much
faster. If precisely examined, St, = 1.0 gives the best mix-
ing enhancement because of continuous shedding of intense
vortices. Figure 9(a) and (b) show the probability density
functions of mixture fraction along the center line and the
inner shear layer (r/D, = 0.25), respectively. Large peaks of
PDF at ¢ 0.068 represents uniform mixing, so the change
toward proflles with a peak at ¢ 0.068 is a consequence of
proceeding mixing in these flgures. Again, St, = 1.0 gives
the best performance of mixing enhancement. The present
results agree fairly well with the experiment of Kurimoto et
al. (2004).

2.0

Figure 7: Contour lines of phase-averaged azimuthal vortic-
ity (solid) and mixture fraction (dashed): (a) Sta = 0.1, (b)
Sta = 1.0, (c) Sta = 1.1.
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Figure 8: Radial distribution of mean and rms mixture frac-
tion: (a) mean, (b) rms value.

CONTROL WITH DIFFERENT FORCING MODES

Entrainment of scalar by large-scale vortices
We investigate how the vortical structure contributes to
mixing enhancement in the axisymmetric and helical forcing
modes. In each mode, the inlet radial velocity is given by:
ur (1, t) = Up,exp (r, t) : Axisymmetric mode
0
ur (7, 0, t) = Ur cap (r, t+ 2—) : Helical mode (4)

where u, czp represents the experimentally measure velocity
proflles shown in Fig. 4. The helical mode is mimicked
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Figure 9: PDF of mixture fraction: (a) center line (r/D, =
0.0), (b) inner shear layer (r/D, = 0.25).

by distributing the proflle periodically with the phase shift
along the azimuthal direction 6.

Figure 10(a) and (c) show instantaneous vortical struc-
tures, while Fig. 10(b) and (d) velocity vectors and mixture
fraction gradation in the cross sectional plane at z/D, =
0.75. Vortical structures are visualized by the iso-surface of
the second invariant of deformation tensor (IT < —20). In
the axisymmetric forcing mode, a vortex ring is shed from
the inner shear layer ((a)-(i)), and it actively entrains cen-
tral and annular jet uids.
generated by the helical forcing ((c)-(ii)), and the resultant
radial velocity, which is non-uniform in the azimuthal direc-
tion, induces characteristic entrainment of annular jet uid.
Accordingly, the mixing fraction gradation in Fig. 10(d)
shows a clear spiral pattern. Figure 11 shows the radial pro-
flles of mean and rms mixture fractions. The mean value is
smaller at z/D, = 1.0 — 2.0 and the rms value is larger at
z/Do = 1.0 in the helical forcing mode. This fact suggests
that the radial transport of scalar is more promoted in the

In contrast, a spiral vortex is

helical forcing mode.

ll.O

0.0

r/D,

0235 o5

(iii)

Figure 10: Instantaneous vortical structures (left), velocity
vectors and concentraion of central jet uid (right): (a, b)
axisymmetric mode, (c, d) helical mode.
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Figure 11: Radial distribution of mean and rms mixture
fraction: (a) mean, (b) rms value.

Mixing enhancement by streamwise vortices

From the above results, it is evident that the mixing
process is flrst enhanced by the primary ring vortex and sub-
sequently by many streamwise vortices. Hence, we show the
ensemble-averaged number of streamwise vortices at each
axial position in Fig. 12. A vortex is identifled by a thresh-
old value of II = —20 and its streamwise vorticity larger
than 6. The number of vortices is counted in the zone in-
cluding the inner shear layer (r/D, = 0.125 — 0.375). The
number of vortices flrst increases in the streamwise direction,
but seems to be saturated later both in the PIV measure-
ment by Angele et al. (2006) and the present numerical
simulation. Although there exists a discernible difierence in
the two results, both show that the helical mode excitation
produces more streamwise vortices. A more detailed obser-
vation of streamwise vortices induced by the two excitation
modes is represented in Fig. 13. It is seen that the helical
excitation generates distinct rib vortices in the braid region
around z/D,  0.75 ((a)-(i) and (b)-(ii’)). Figure 14(a) and
(b) show the PDF of central jet uid concentration along
the center line and the inner shear layer, respectively. The
PDF's for the two forcing modes give similar distributions
toward the state of uniform mixing (¢ 0.068) along the
center line, but at the inner shear layer it is slightly larger
in the helical mode excitation.

Inner shear layer
sim. exp. (Angele et al. 2006)

6 helical o
axisymmetric —A- -
La
\
2L
0 I
0.5 1.0 1.5
/Do

Figure 12: Number of streamwise vortices with difierent ex-
citation modes.
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Figure 13: Streamwise vortices in near-nozzle region (a) ax-
ismmetric mode, (b) heical mode.
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Figure 14: PDF of mixture fraction with difierent excitation
modes: (a) center line (r/D, = 0.0), (b) inner shear layer
(r/Do = 0.25).

From these results, it can be said that the helical mode
excitation promotes scalar mixing much efiectively than the
axisymmetric excitation by generating more streamwise vor-
tices in the inner shear layer.
produced around the center line may not be much efiective
in mixing.

As Mitsuishi et al. (2007) tried, we analyze the mecha-
nism of streamwise vortex generation through the budget of
phase-averaged streamwise enstrophy, which is given by the
following equation:

In addition, the vortices

gt <1w"2>w = —CVpy — CVpy — CVey
ww%“; + (gt +ww
ooy, 25 4 () Ze @ww;
forhy <w'z'a$”"> oy (4 > oo (o5

i "
+ <w//w// oul] w// 1 OuZ o
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~TDy, — VDy — DSy,



미정댁
메인/컨텐츠


Contents

Sixth International Symposium on Turbulence and Shear Flow Phenomena

Seoul, Korea, 22-24 June 2009

The flrst three terms on the RHS of Eq. (5) repre-
sent the convection terms in each direction. The last three
terms are turbulent difiusion, viscous difiusion, and viscous
dissipation, respectively. The rest of the terms are pro-
In the present simulation, each term in

(5) has been calculated and it is found that the two
8<“z>w
or

duction terms.
Eq.

tiling and stretching terms of production, {(wy'w’),
<MZI2>¢ ‘9<’;;Z>w
one of them, i.e., the phase-averaged distribution of the tiling
terms in the plane of z/D, = 0.75, at = 1.8 . It is evident
that the production is distributed uniformly around the jet
in the case of the axisymmetric forcing, whilst it takes a spi-
ral pattern in the helical forcing. In addition, in the braid
region of the inner shear layer, the tilting efiect is much more
remarkable in the helical excitation than the axisymmetric
one. This explains the difierence in the number of stream-
wise vortices at the inner shear layer in Fig. 12. Note that
the stretching term is smaller than the tilting term in the
braid region of the inner shear layer, so that the mixing in
the central region of the jet is primarily governed by the
streamwise vortices produced by the tilting mechanism.

make marked contribution. Figure 15 shows

Jj300
0

(a) 300

(b)

Figure 15: Distribution of phase-averaged production term

6 Z /1
“o)v at 2/Dy = 0.75

: (a) axisymmetric mode, (b) heical mode.

of streamwise enstrophy, — (wyw?),,

and =1.8

CONCLUSIONS

We flrst carried out PIV measurement and ow visual-
ization in order to explore the mechanism of initial vortex
generation in the near-fleld of a controlled coaxial jet. The
measured velocity data at the nozzle exit with the apping
excitation is used as the inlet condition for the LES simula-
tion. It is conflrmed that the simulation code can reproduce
the vortex generation and mixing property in the experiment
fairly well.

Two difierent (axisymmetric and helical) forcing modes
are tested and evaluated in terms of the efiectiveness in
mixing enhancement. Development of the primary vortices
is found difierent between two modes, and scalar entrain-
ment in the radial direction is more signiflcant in the helical
forcing mode. More rib vortices are generated in the inner
shear layer by the helical forcing mode. This is because the
tiling efiect caused by the phase-averaged radial gradient of
streamwise velocity is stronger in the helical mode than in
the axisymmetric one. We also compared the PDFs of mix-
ture fraction in both modes, and found that the difierence
of mixing enhancement between the two modes is not so
large actually. However, the helical mode generates more
streamwise vortices, and this suggests possibility to develop
a more efiective forcing mode for mixing control by selecting
a difierent azimuthal mode for multiple distributed micro
actuators.
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