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ABSTRACT

A novel coaxial jet nozzle equipped with arow of miniature electromagnetic flap actuators is developed for active control
of flow mixing and combustion. The spatio-temporal flow structures of the coaxial jet were studied through flow visualization
and quantitative measurements by using PLIF and LDV. The inner potential cone length becomes much shorter, and mixing
between the inner and outer fluids is markedly enhanced by the flap motion. The most effective flapping frequency for
mixing enhancement corresponds to Strouhal number of 0.9, which is close to the preferred mode frequency. A preliminary
attempt at controlling the resultant combustion is also made of a methane-air lifted flame. The flame base is stabilized at the
larger air-to-fuel velocity ratios by the flap motion at the optimum flapping frequency for mixing.

1. INTRODUCTION

Small-scale distributed generation (DG) systems are expected
to play amajor roleto establish the energy security aswell asto
resolve the environmental issuesin the East-Asian area. Unlike
large-scale power plants, the energy released from fossil fuels
can be utilized more systematically and efficiently so that the
total consumption of resources and emission of carbon dioxide
would be reduced. In order to make future DG systems really
competitive in terms of energy saving and environment
protection, we should drastically improve the energy conversion
efficiency of central elements of DG systems, such as micro gas
turbines and fuel cells, while reducing the toxic effluents.

It isachallenging technological target to reduce the emissions
of toxic effluents such as NOx in small combustors with large
load fluctuation such as those in micro gas turbines. In such a
small capacity combustor, the mixing between fuel and air
discharged is likely to be deteriorated, being associated with
decrease in the Reynolds number. The mixing condition is
considered to be deeply linked with prompt and thermal NOx
formation because in general such process depends on local
equivalent ratio and/or temperature distribution in a flame.
Therefore, controlling mass, momentum and heat transport in
turbulent combustion is considered to be a practically feasible
way of suppressing NOx aswell as unburned hydrocarbons. In
addition, lean premixed combustion mode, which is often
employed in gas turbines, can not always be maintained under
the condition of large load fluctuation, because it is stable only
inarelatively narrow fuel-to-air ratio range and easily blown off.
Consequently, the combustion mode can often be changed into
a diffusion combustion mode, with large emission of toxic
effluents, evenif it isdesigned to achieve alean combustion mode
in arated operation.

Thus, in acombustion field with large load fluctuation, which
often arises in micro gas turbines' combustors, it is difficult to
always keep an ideal combustion mode using some passive
devices such as a swirler and/or some flame holders, because
they are designed to work effectively only under the designed
condition. Therefore, amore advanced active control method is
desired.

Combustion control has been studied by many researchers
(e.g., MacManus et al., [1]). Chao et al. [2] reported that the
emissions of NOx and UHC can be reduced by making aflame
lifted by acoustic excitations. They also reported that lifted flames
can be stabilized by helical mode excitation using piezoelectric
actuators[3].

Recently, active control of turbulent shear flows attracts much
attention [4-6]. Since large-scale coherent structures emerging
in various shear flows play a dominant role in the turbulent heat
and momentum transport [ 7-9], selective manipulation of these
structuresis desired in order to obtain efficient control effect.
Recent development of MEMS (Micro electro-mechanical
Systems) technology enables us to fabricate micro actuators,
which are small enough to impose direct control input on the
coherent structures (Ho & Tai, [10]; McMichael, [11]). Liuetal.
[12] showed that the rolling moment of adeltawing is efficiently
controlled by micro magnetic flap actuators placed on the leading
edge. Smith and Glezer [13] fabricated miniature zero-mass-
flux jet actuators. They showed that a macro-scale planar jet
can be vectored dueto the formation of low-pressure recircul ating
flow regions near the flow boundary. Huang et al. [14] devel oped
an on-chip electrostatic actuator integrated with a pressure sensor
to detect and control screech in ahigh-speed air jet. Suzuki et al.
[15] developed a novel axisymmetric nozzle, equipped with a
row of miniature flap actuators on itsnozzlelip, and investigated
theresponse of the jet flow to various control modes. They found



that the entrainment rate of thejet is significantly increased when
furcating jet is generated by adding disturbances|ocally into the
jet shear layer.

The final goals of the present study are to achieve flexible
control of shear layer mixing in order to manage distributions of
local equivalent ratio and/or temperature, and consequently to
achieve a stable combustion field with the low emissions of the
toxic effluents. Asthefirst step, Suzuki et al. [16] extended the
control scheme developed by Suzuki et al. [15] to mixing
enhancement of an isothermal water coaxial confined jet. They
employed an coaxial nozzle having 18 miniature flap actuators
on itsouter annular lip in order to manipulate large-scale vortica
structures emerging from the shear layer between the annular jet
and theambient till fluid. They found that the vortical structures
are significantly strengthened with the artificial disturbances
generated by the flaps, and thus the mixing between the inner
and annular jets are markedly enhanced through the vigorous
pinching of the central fluid.

In the present study, asimilar control schemeisemployed for
an isothermal coaxial air jet, and the effect of flap motion on the
mixing process is investigated through flow visualization and
guantitative measurements with the aid of planar laser-induced
fluorescence (PLIF). The flapping frequency is systematically
changed in order to clarify the relationship between the optimum
control mode and the preferred mode. Moreover, a preliminary
attempt is made at controlling a flame by using these actuators.

2. EXPERIMENTAL SETUP

A coaxia nozzle equipped with miniature el ectromagnetic flap
actuatorsisshownin Fig. 1. A coaxial air jet was issued verti-
cally into an test section with 1000 mm height and 560 x 560
mm?2 square cross section. The central jet flow was supplied
from along straight tube with adiameter of D; = 10 mm, in which
afully-developed laminar flow was established. Theannular flow
was discharged through a 42:1 arearatio nozzle with an exit di-
ameter of D, =20 mm. By considering operation conditions of
lean premixed combustions, measurements were made at alarge
velocity ratior, (= Up, o/Up,;) of 5.

Au & Ko[17] and Rehab et al. [18] separately showed that
the outer jet dominates the near-field flow structure when the
velocity ratioislarge. Therefore, the el ectromagnetic flap actua
tors developed by Suzuki et al. [15] are placed inside the outer
lip of the annular nozzle as shown in Fig. 1. Theflap is made of
acopper plated polyimide film having 9 mm in length and 3 mm
inwidth. Film thicknessisrespectively 35 um and 35 umfor the
polyimide and copper layer. When an electric current is applied
to the copper coil, theflap is elastically bent by the electromag-

Figure 1. Coaxial jet nozzle equipped with electromagnetic flap
actuators*®

512

netic force between the coil and acylindrical permanent magnet
placed underneath. At the root of the flap, a part of the polyim-
ide film is hollowed with alaser machining system to reduce the
bending stiffness. Intotal, eighteen electromagnetic flap actua
tors were placed inside the nozzle exit at aregular interval and
covered 86% of the circumference. Each flap is driven indepen-
dently by a control signal from a multichannel digital-analog
board. The maximum displacement of the flap was set to be
about 1 mm. The flap actuator employed in the present study
could not survive in high temperature circumstances such asin
combustion chamber, but we concentrate on evaluating the ac-
tive control scheme with an actuator currently available.

The bulk mean velocities of the central and annular parts of
the nozzle are respectively set to be U,; = 0.35 m/sand Uy, =
1.8 m/s(r,=5). The Reynoldsnumber defined with the D,and
Upoequals 2.2 x 103. The Cartesian coordinate system is em-
ployed, where x denotes the streamwise direction, whiley and z
are respectively the two perpendicular (vertical and horizontal)
radial directions.

Concentration field of acetone was measured by using planar
laser-induced fluorescence (PLIF) in order to access the effect
of the present control scheme on the scalar mixing. The experi-
mental setup isshownin Fig. 2. Theinner jet air was saturated
with acetone vapor by bubbling the air into atank filled with the
liquid. Inorder to keep the acetone vapor pressure at around 2.4
x 104 Pa, the temperature of the tank is kept at 18 °C by sub-
merging the tank into a circulating water bath [19].

A frequency-doubled pulsed dye laser pumped by atripled
Nd:YAG laser (Lamda Physik SCANmate) was employed for
excitation of the acetone vapor. Coumarin 153 dye was chosen
to produce 270 nm UV light pulses of about 4 mJ/pulse. Linear-
fluorescence regime could be ensured, because the laser power
was considered to be too weak to cause absorption saturation
[19]. Thelaser beam wasintroduced into the test section through
aquartz window (120 x 120 mm?2) and formed into a laser sheet
having about 0.3 mm in thicknessthrough severa cylindrical lens.

Animage-intensified CCD camera(LaVision, Flamestar2; 576
x 384 pixels) was employed to capture the fluorescent images.
The CCD chip of the camerawas electrically cooled to -5°C in
order to reduce the noise by the dark current. The gain of the
image intensifier wasfixed at 8.0 counts/photon through out the
present measurement. The whole system is synchronized by a
trigger signal generated by aPC. The repetition rate of theimage
acquisition was about 2.5 flames/sec. Thefield of view was 60 x
40 mm? and the spatial resolution is 0.10 mm?/pixel. The ICCD
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Figure 2. Schematic view of the experimental facility.



camerawas equipped with a100 mm UV lens aswell asalow-
passoptical filter (cutoff wavelength =295 nm, LaVision) to elimi-
nate the Mie scattering of the laser sheet from dust particles.

In addition to the PLIF measurement, velocity measurements
were made by using a two-component fiber LDV (Dantec;
60X 11) with a4W Ar ion laser. At each measurement station,
the statistics and the power spectra are computed from more
than 15000 velocity samples at a sampling frequency on the or-
der of 1000 Hz.

3. MIXING CONTROL
3.1. Flow Visualization and Velocity M easurement

Figure 3(a) shows atypical instantaneous image of a natural
jet. The laser sheet cuts through the center of the jet axis. A
laminar shear layer separates from the outer nozzle lip and roles
up into vortex rings and these vortices pinch off the inner jet at
x/ID, ~ 2.5. The mixing between the inner and outer fluidsis
small near the nozzle exit, and the intensity of the acetone fluo-
rescence isalmost constant along the jet axisuptox/D,~ 1.5. A
similar phenomenon was observed in our previous study in a
confined coaxial water jet [16].

Figures 3(b), (c) and (d) show typical instantaneous images
of the jet controlled by axisymmetric flap motion (Axisymmet-
ric Mode, hereafter), inwhich all eighteen flapsaredrivenin phase
by asquare-wave signa at f, = 27 Hz, 80 Hz and 153 Hz. The
Strouhal number based on f,, Dy, and Uy, is 0.3, 0.9 and 1.7
respectively. Itisobserved that strong vortex rings are shed syn-
chronized with the flap motion and the mixing is enhanced sig-
nificantly, if compared to the natural jet. Thelength of theinner
potential coneisdramatically shortened to about one half of that
of the natural jet.

The preferred mode Strouhal number [20] measured at /D,
= 3.0 at which the fundamental frequency is most amplified, is
0.7-0.9, while the column mode Strouhal number for the natural
jetat x/D,=3.0is0.57. Whenthejetiscontrolled at &t = 0.3, it
is clearly observed that one large scale vortex ring strengthened
by the flap motion isfollowed by two smaller scale vortex rings
generated spontaneously by the shear layer instability as shown
in Fig. 3(b), since the flapping frequency is ailmost one third of
the preferred mode frequency. On the other hand, when & =
0.9, which is close to the preferred mode Strouhal number, vor-
tex rings are shed synchronized with the flap motion. It is ob-
served that avortex ring produced periodically in the outer shear
layer induces another vortex ring in the inner shear layer, and
they evolve and grow downstream rapidly into much stronger
vortex rings than those observed in the controlled jet at the other
Strouhal numbers, pinching off the downstream end of the inner
potential cone as shownin Fig. 3(c). Thus, the mixing between
the inner and outer fluidsis enhanced dramatically by transport-
ing theinner fluid away from thejet axis. When S = 1.7, smaller
and weaker vortex rings are generated by the flap motion and
they undergo pairing near the nozzle exit since the flapping fre-
guency is approximately twice the preferred mode. The bound-
ary of theinner and outer fluidsis smeared out by the action of
these smaller vortices, but mixing is not enhanced as shown in
Fig. 3(d). Therefore, the mixing between the inner and outer
fluidsis enhanced most effectively at & = 0.9.

Suzuki et al. [15] employed almost the same actuators for
controlling an axisymmetric jet. They found that when each half
cluster of flaps are driven out of phase (Alternate Mode, hereaf-
ter), thejet clearly bifurcatesinto two branches and the entrain-
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Figure 3. Typical instanta-
neous images of the natural
and controlled jets : (a) natu-
ral jet, (b) Axisymmetric
Modeat S =0.3, (c) Axisym-
metric Mode at & = 0.9, (d)
Axisymmetric Mode at & =
1.7, (e) AlternateMode at S =
0.9 inthe bifurcating plane.

ment is significantly enhanced. Figure 3(e) showsatypical in-
stantaneous image of the jet controlled by the Alternate Mode
of f;= 80 Hz. An asymmetic vortex, which is much larger than
that of Axisymmetric Mode, isobserved at x’D,~0.7. Thelength
of theinner potential coneisalittle bit more shortened than that
of Axisymmetric Mode.

Figure 4 shows the profiles of the streamwise mean velocity
U along the centerline. Inthe natural jet, U isslightly decreased
near the nozzle exit and has the minimum value at XD, = 1.4,
followed by arapid increase due to the inrush of the outer vortex
structures. On the other hand, for the controlled jets with Axi-
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Figure 4. Streamwise mean velocity variations along the jet axis
for the natural and controlled jet : Axisymmetric Mode at & =
0.9, and Alternate Mode at & = 0.9.
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Figure 5. Mean concentration distributions of the natural and
controlled jets.

symmetric and Alternate Modes, U decreases within ashort dis-
tance to the nozzle and rapidly increases. The minimum peak is
shifted much closer to the nozzle exit. These resultsare in good
accordance with the flow visualization results shown in Fig. 3.

The present dataare also qualitatively in accordance with those
of our previous measurement in a confined coaxial water jet [16].
However, the effect of the flap motion in the present experiment
is somewhat smaller than that of Suzuki et al. [16], since the
length of the inner potential cone in their controlled jet is about
0.5D,. Moreover, significant reverse flow at the end of the po-
tential cone observed by Suzuki et al. [16] is almost absent in
the present controlled jets. The reason of these discrepanciesis
not clear at thismoment, but it is conjectured that the intensity
of the disturbances generated by the flap motion relative to the
jet exit velocity issmaller in the present air jet than in the previ-
ous water jet.

3.2. Concentration Distribution

Mean concentration of acetone is calculated with the fluores-
cence intensity obtained by PLIF. Intotal, 1164 instantaneous
images are ensemble-averaged and the inhomogeneity of the la-
ser intensity is compensated by using areference image obtained
for aquartz container filled with acetone vapor. The concentra-
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Figure 6. Probability density function of concentration of the
controlled jets with Axisymmetric Mode at /D, = 1.0.
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Figure 7. Probability density function of concentration of the
controlled jets with Axisymmetric Mode at & = 0.9.

tion is normalized by the fluorescence intensity at the potential
cone end. Figure 5 shows fluorescence intensity distributions
along the x axisfor & = 0.3-1.9 at the zlocation where the inner
potential cone takes the maximum value in its length. In the
natural jet, the concentration of the inner fluid is kept at an al-
most constant value for x/D, < 1.5D, and gradually decreased
further downstream. In the jets controlled by Axisymmetric
Mode, the length of the inner potential cone is shortened drasti-
cally and becomes about 0.6D,, for the Strouhal numbers exam-
ined. Thejet controlled in Alternate Mode at & = 0.9 losesits
concentration much more rapidly. Theseresultsare in good ac-
cordance with the vel ocity measurement results shown in Fig. 4.
The potential conelength isrelatively insensitive to the Strouhal
number, but at & = 0.9, the mean concentration is rapidly de-
creased in the x direction.

Figure 6 shows the probability density function of concentra-
tion at /D, = 1.0 for various Strouhal numbers. At S = 0.3 and
1.7, the probability density remainsto berelatively largein high
concentration and there are two distinct peaks in concentration.
Thus, although the mean concentration issignificantly lower than
that of the natural jet, theinner and outer fluids are only partialy
mixed at these Strouhal numbers. On the other hand, at & = 0.9,
the probability density is completely shifted toward the lower
concentration and the contribution in the low concentration range
becomes maximum among various Strouhal numbers examined.
Therefore, the mixing is enhanced most effectively at & = 0.9,
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Figure 8. Contours of the mean concentration distribution of the
natural and controlled jet : (a) natura jet, (b) Axisymmetric Mode
a S=0.9, (c) Alternate Mode at & = 0.45.

which is close to that of the preferred mode.

Figure 7 shows the probability density function at & = 0.9 for
several x locations. Since there are only one peak in the prob-
ability density at any x location and the peak is smoothly shifted
toward lower concentration with increasing /D, the mixing be-
tween the inner and outer fluids should be actually enhanced.

Figures 8(a) and (b) show the contours of the mean concen-
tration distributions of the natural and Axisymmetric controlled
jets. Itisevident that the mean concentration is deceased rap-
idly in al directionsat & = 0.9. The contour of the mean con-
centration distribution in Alternate Mode at & = 0.45 is shown
inFig. 8(c). At S = 0.45, which is a subharmonic of the opti-
mum flapping frequency for Axisymmetric Mode, the concen-
tration distribution has two distinct peaksin the zdirection at the
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Figure9. Instantaneousimages of alifted flame: (a) natural flame,
(b) Axisymmetric controlled flameat & = 0.9.
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Figure 10. Stability limit of the natural and controlled flamewith
Axisymmetric Mode at & = 0.9.

downstream of 0.6D,. Then, it is considered that the coaxial jet
controlled by Alternate Mode at & = 0.45 hifurcates and trans-
ports the inner fluid into two separate branches, and thisfact is
in accordance with the result of asinglejet [15].

4. FLAME CONTROL

A preliminary attempt at controlling a resultant combustion
field is carried out by using the same test section and coaxial
nozzle equipped with the flap actuators. Methane is chosen as
fuel, and introduced into the inner nozzle. A CCD camera
(Lavision, FlowMaster; 1280 x 1024 pixels) is employed to cap-
ture flame images. The exposuretimeis set to be 10 msec.

Figures 9(a) and (b) show instantaneous images of the natu-
ral lifted flame (Uy, o= 1.9 m/s, U, = 2.1 m/s, Re = 2.4 x 103)
and the controlled lifted flame with Axisymmetric Mode at &t =
0.9 (Upo=19m/s,U,;=1.2m/s, Re=2.4x 109). Intheformer
case, the flame is held without any flame holder at this velocity
ratio of 0.9. However, the flame is unstable and its base oscil-
lates vigorously, and it is easily extinguished at larger velocity
ratios. Sincethe location of the flame base roughly corresponds
to the end of potentia cone at thisvelocity ratio, it is conjectured
that the oscillation of the flame base is due to periodic passage



of large-scale vortices.

On the other hand, when the flapping at Axisymmetric Mode
at & = 0.9, which is the optimum flapping Strouhal number for
mixing, isimposed, the lifted flame becomes more stable. This
isprobably because the large-scal e vortices break into turbulence
closer to the nozzle exit and their periodic passage at the flame
base is suppressed, and also because well-mixed flammable gas
is supplied to the flame base by the significant mixing enhance-
ment of fuel and air in the controlled jet.

Figure 10 showsthe maximum air-to-fuel vel ocity ratio, where
thelifted flameisheld at least for 3 minutes. It isfound that for
Axisymmetric Mode at & = 0.9, the flammable limit is extended
to larger velocity ratios.

5. CONCLUSIONS

Active control with araw of miniature flap actuatorsis ap-
plied to mixing enhancement and combustion control in a co-
axial air jet. Flow visualization and quantitative measurement
with LDV and LIF are made in order to evaluate the effect of the
flap motion. The following conclusions can be derived:

1) The mixing between the inner and outer jets are markedly
increased through the pinching-off mechanism by the
strengthened vortex rings.

2) The optimum flapping Strouha number for the mixing of the
inner and outer fluidsis 0.9, which is close to the preferred
mode frequency.

3) Thelifted flame under control becomes more stable and can
be held at larger velocity ratios.
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NOMENCLATURE

D,, - outer nozzle diameter of the coaxial nozzle, mm

D; - inner nozzle diameter of the coaxial nozzle, mm

f, - flapping frequency, Hz

r, - velocity ratio of the outer jet to theinner jet velocity, dimen-
sionless

Re - Reynolds number based on D, and Uy, ,, dimensionless

S - Strouhal number (=f,D/U, ), dimensionless

U0 - bulk mean velocity of the outer jet, m/s

Up, - bulk mean velocity of the inner jet, m/s

X - streamwise distance from the exit of the coaxial nozzle, m
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