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A study on a lobed jet mixing flow by using stereoscopic particle image
velocimetry technique

Hui Hu,? Tetsuo Saga, Toshio Kobayashi, and Nobuyuki Taniguchi
Institute of Industrial Science, University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan

(Received 18 September 2000; accepted 31 July 2001

In a continuing effort to study the mixing enhancement by large-scale streamwise vortices generated
by a lobed nozzle, a high-resolution stereoscopic particle image veloci@dtry system was used

in the present study to conduct three-dimensional measurements of air jet flows exhausted from a
lobed nozzle and a conventional circular nozzle. The three-dimensional instantaneous and
ensemble-averaged velocity fields, instantaneous and ensemble-averaged streamwise vorticity
distributions and turbulent kinetic energy distributions were used to analyze the characteristics of
the mixing process in the lobed jet flow compared with conventional circular jet flow. The existence
of large-scale streamwise vortices in the lobed jet mixing flow is revealed clearly from the
stereoscopic PIV measurement results. The instantaneous streamwise vorticity distributions revealed
that the large-scale streamwise vortices generated by the corrugated trailing edge of the lobed nozzle
break into smaller, but not weaker streamwise vortices gradually as they travel downstream. This is
the proposed reason why a lobed nozzle would enhance both large-scale mixing and small-scale
mixing reported by other researchers. The overall effect of the lobed nozzle on the mixing process
in the lobed jet mixing flow was evaluated by analyzing the ensemble-averaged streamwise vorticity
distributions. It was found that ensemble-averaged streamwise vortices in the lobed jet mixing flow
grew up and expanded radially over the first diameter of the test nozzle, then began to break down
into smaller and weaker vortices further downstream. The averaged turbulent kinetic energy profile
indicated that most of the intensive mixing between the core jet flow and ambient flow, due to the
special geometry of the lobed nozzle, occurred within the first two diameters of the lobed nozzle,
which corresponds to the upstream region where the ensemble-averaged streamwise vortices break
down. © 2001 American Institute of Physic§DOI: 10.1063/1.1409537

INTRODUCTION and they are not independent of each other. The distortion of
The physics of the mixing process is of consi derablea2|muthal vortex structure may lead to streamwise vortices

interest from both fundamental and practical points of view..under certain conditions. The streamwise vortices in jet mix-

It has been widely suggested that the mixing process is intil 9 flows can be generated by many methods. For (_examplt_a, a
lobed nozzle used to generate large-scale streamwise vortices

mately connected with the transient of turbulence. In engi- it flow has b idered 1o b L thod
neering flows, the mixing process governs the mixing rate ir1[n a Jet fow has been considered o be a promising metho
or jet mixing enhancement.

combustion chambers, jet noise level of airplanes and ve- . ) ) )
A lobed nozzle, which consists of a splitter plate with

hicles, and the spread of pollutants at industrial sites. A criti- - . .
cal technical problem to be solved in many of these applicagorruQ"’1teOI trailing edge, has been given great attention by

tions is mixing enhancement of a jet flow with ambient many r(_asearchers in repent years. It has "’}ISO been applied
flows. How quickly and how well a jet flow can be mixed widely in turbofan engine _exhausts ar_1d ejectors. For ex-
with ambient flows will have a major influence on combus-2MPI€, for some commercial aero-engines, such as JT8D-
tion efficiency, heat release rate, pollutant formation, jet217C' CFM5,6'5C’ a”‘?' Rle_1'524G/HVh'Ch are W"?'e'y
noise suppression and size reduction of such functional géised on Boeing and Airbus awplar)_etobeq nozzles/mlx_e_rs
vices. has been used to reduce take-off jet noise and specific fuel

The streamwise vortices generated in a jet flow, in addiconsumptionSFO.2% In order to reduce the infrared radia-

tion to the azimuthalor ring type vortices, have been found tion signals of military aircraft to improve their survivability,
to mix fluid streams even more efficiently. As pointed out in!0P€d nozzles/mixers have also been used to enhance the
the investigations of Zamanboth the azimuthal and stream- MiXing process of the high temperature and high-speed gas

wise vorticities are of equal importance to jet mixing procesg?!Ume from air-engine with ambient cold él?.These mili-

tary aircraft include the military helicopter “Tiger” devel-
oped by Germany and France, the American helicopter
dAuthor to whom correspondence should be addressed. Present addreﬁAH-GG “Comanche” and stealth Fighter F-117. More re-
Turbulent Mixing and Unsteady Aerodynamics Laboratory, A22, Research ’ ]
Complex Engineering, Michigan State University, East Lansing, Michi- CENtly, lobed nozzles have also emerged as an attractive ap-

gan 48824; electronic mail: huhui@egr.msu.edu proach for enhancing mixing between fuel and air in com-
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FIG. 1. The test nozzles.

bustion chambers to improve the efficiency of combustion  Elliott et al'® found that both the streamwise vortices
and reduce the formation of pollutarits. shed from lobed trailing edge and the increased initial inter-
Most early studies of lobed nozzles/mixers were concenfacial area associated with the lobe geometry are also signifi-
trated on optimizing the geometry design of lobed nozzlestant for increasing mixing compared to that occurring within
mixers for bulk mixing enhancement. The findings of thoseconventional flat plate splitter. At velocity ratio close to 1.0,
studies include that lobes with parallel sides can achievéhe increased mixing is due mainly to the increased contact
higher mixing performance compared with sinusoidal shapedrea, whereas the streamwise vortices have a larger role at a
lobed scalloping the lobes aids in mixifigThe lobe penetra- velocity ratio of 2.0, and its importance rises as the velocity
tion in the fluid streams has the most significant effect orratio increases.
mixing effectiveness as long as the flow does not separate.  The study by McCormiclet al* revealed more details
Patersoff is considered to be the first to research theabout the flow patterns downstream of a planar lobed mixer.
fluid dynamical mechanism of the mixing process down-Based on the pulsed-laser sheet flow visualization with
stream of a lobed nozzle/mixer. Based on the detailed presmoke and three-dimensional velocity measurements with
sure and temperature data as well as three-dimensional ladaot film anemometetHFA), they suggested that the interac-
Doppler velocimetry(LDV) measurement results of the ve- tion of Kelvin—Helmholtz (azimutha) vortices with the
locity field, Patersotf found that the lobed nozzle could pro- streamwise vortices produce the high levels of mixing. The
duce streamwise vortices with length scale on the order oftreamwise vortices deform the Kelvin—Helmholtazi-
the nozzle radius. Horseshoe vortices with smaller scale wenmutha) vortices into pinch-off structures and increase the
also found to exist at the lobe troughs. The contribution ofstirring effect in the mixing flow. These result in the creation
these vortices to the overall mixing process was not clear, butf intense small-scale turbulence and mixing.
the secondary flowsstreamwise vorticswere expected to Ukeiley et al>'®and Glauseet all” measured a planar
be dominant because of their much greater size. lobed mixer flow field by using a rake of hot wires. Based on
Much of the later work on lobed nozzle/mixer concen-the proper orthogonal decompositidROD) analysis and
trated on discovering the underlying physics of the lobedoseudo-flow visualizatiofPFV) of the data from the hot
mixing process by using two-dimensional lobed mixer,wire rake, they suggested that the turbulence dominated mix-
which is essentially a corrugated plate. Weeleal!* sug-  ing in the lobed mixer flow field is due to the collapse of the
gested that the large-scale streamwise vortex formation prginch-off shear layer. The collapse of the shear layer onto
cess was an inviscid one. The mixing process in the lobedtself, which occurred 3 to 6 times of the lobe height down-
mixing flow was suggested to take place in three basic stepstream, induced a burst of energy characterized by a region
(1) The vortices form,(2) intensify and then(3) rapidly  or pocket of high turbulence intensity.
break down into smaller turbulence. So the lobed mixer was In the paper of Belovich and Samintthe results of
thought to act as a fluid stirrer initially to mix the flow, until those previous studies were summarized by stating that the
the vortices break down to produce small scale mixing.  mixing process in a lobed nozzle/mixer is controlled by three
Eckerleet al? used a two-dimensional LDV system to primary elements. The first is the streamwise vortices gener-
study the mixing process downstream of a planar lobedted due to the lobed shape. The second is the increase in
mixer at two velocity ratios of the two mixing streams. They interfacial area between the two flows due to the special
reported that the breakdown of the large-scale streamwisgeometry of lobed structures, and the third is the Brown—
vortices and the accompanying increase in turbulent mixindQRoshko-type structures occurring in any shear layer due to
are important parts of the mixing process. They also foundhe Kelvin—Helmholtz instabilities.
that the vortex breakdown occurs further upstream for the  Although many important results were obtained in those
velocity ratio 2:1 case rather than for 1:1 case. previous studies, much work is still needed in order to un-
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known that a conventional PIV system is only capable of
recording the projection of velocity into the plane of the laser
sheet. That means the out-of-plane velocity component is
lost while the in-plane components may be affected by an
unrecoverable error due to the perspective transformation.
For the highly three-dimensional flow fields like lobed jet
mixing flows, the two-dimensional measurement results may
not be able to reveal their three-dimensional features suc-
cessfully. A high-resolution stereoscopic PIV system is used
in the present study to measure the near flow field of a lobed
jet mixing flow in order to reveal the three-dimensional fea-
tures of the lobed jet mixing flow more clearly. The charac-

derstand the flow dynamics of the mixing enhancement usinégristics of the mixing process in a lobed jet mixing flow

lobed nozzles. Previous studies have revealed the existeneé@mpared with a conventional circular jet flow will be dis-

of unsteady vortical and turbulent structures in lobed mixingcussed based on the three-dimensional measurement results

flows by qualitative flow visualization. However, quantita- Of the stereoscopic PIV system.

tive information about the evolution of these unsteady vorti-

cal and turbulent structures is far more limited. The experi-

mental techniques used in r_nost previous studiqs were Pitety pERIMENTAL SETUP AND THE STEREOSCOPIC

probe, laser Doppler velocimetrlDV) or hot film an-  pyv sySTEM

emometer(HFA). It is very hard to detail the unsteady vor-

tical and turbulent structures in lobed mixing flows instanta-  Figure 1 shows the two test nozzles used in the present

neously and globally due to the limitation of these study; namely a baseline circular nozzle and a lobed nozzle

experimental techniques. with six lobes. The width of each lobe is 6 mm and the
With the rapid development of modern optical tech-height of lobes is 15 mmH=15mm). The inner and outer

nigues and digital image processing techniques, whole-fielgenetration angles of the lobed structures @re-22° and

optical diagnostic technique like particle image velocimetryd, = 14°, respectively. The equivalent diameters of the two

(PIV) is assuming an ever-expanding role in the diagnostimozzles are designed to be the same, Des,40 mm.

probing of fluid mechanics. The advances of PIV technique  Figure 2 shows the air jet experimental rig used in the

in recent decades have lead it to become a matured technigpeesent study. A centrifugal compressor was used to supply

for whole-field measurements of fluid flow. In an earlier air jet flows. A cylindrical plenum chamber with honeycomb

work of the authors? both planar laser induced fluorescencewas used to settle the airflow. Through a convergent connec-

(LIF) and particle image velocimetiP1V) techniques were tion (contraction ratio is about 50;1the airflow is exhausted

used to study lobed jet mixing flows in a water channel. Byfrom the test nozzles. The whole jet supply rig was installed

using directly perceived LIF flow visualization images andon a two-dimensional translation mechanism, which can be

guantitative velocity, vorticity, and turbulence intensity dis- used to change the position of the test nozzles.

tributions of PIV measurement results, the evolution and in-  The velocity of the air jet exhausting from the test nozzle

teraction characteristics of the various vortical and turbulentan be adjusted. In the present study, the core jet velocity

structures in the lobed jet mixing flows were discussed.  (U,) was set at about 20 m/s. The Reynolds number of the
The PIV measurement results reported in the earliejet flow, based on the nozzle diameté&)(and the core jet

work of the author¥ was obtained by using a conventional velocity is about 60 000.

two-dimensional PIV system in a water channel. It is well The air jet flows were seeded with small DEH&-2-

optics/

Laser sheet

Centrifugal compressor Test nozzle

Convergent connection

all translation mechanism

FIG. 2. The air jet experimental rig.
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FIG. 3. The schematic of the stereoscopic PIV system.
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cording plane of the CCD camera is about 650 mm, and the
angle between the view axis of the two cameras is about 50°.
For such arrangement, the size of the overlapped view of the
two image recording cameras for stereoscopic PIV measure-
ment is about 80 mm by 80 mm.

The CCD cameras and double-pulsed Nd:YAG lasers
were connected to a workstatidghost computervia a syn-
chronizer (TSI LaserPulse synchronizemwhich controlled
the timing of the laser sheet illumination and the CCD cam-
era data acquisition. In the present study, the time interval
between the two pulsed illuminations was set a80The
host computer is composed of two high-speed C@B0
mHz, Pentium Il CPY, colossal image memory and hard
disk (1 GB RAM, Hard Disk 100 GB It can acquire con-
tinuous stereoscopic PIV image pairs up to 250 frames every
time at the framing frequency of 15 Hz.

Since the angular displacement method was used in the
present study to do stereoscopic image recording, the mag-
nification factors between the image planes and object plane
are variable due to the perspective distortion. In order to
determine the local magnification factors, iansitu calibra-
tion procedure was conducted in the present study to obtain
the mapping functions between the image planes and object
plane.

Following the work of Soloffet al,“ thein situ calibra-
tion procedure involved the acquisition of several images of
a calibration target plate, say a Cartesian grid of small dots,
across the thickness of the laser sheets. Then, these images
were used to determine the magnification matrices of the
image recording cameras. This method, which determines
the mapping functions between the image planes and object
planes mathematicalf}, therefore, takes into account the
FIG. 4. PLIF flow visualization results of the lobed jet mixing flow in water /55,5 distorting influences between test section and the
chanal (Re=3000). CCD arrays of the image recording cameras. With the map-

ping functions determined by this method, the stereoscopic

displacement fields obtained during the experiment are
ethlhexyl-sebagtdroplets generated by a seeding generatorreadily recombined into three-dimensional velocity vector
The seeding generator is composed of an air compressor afiglds?°
several modified Laskin nozzlés.The diameter of the To accomplish thén situ calibration in the present study,
DEHS droplets used in the present study is about 14on5.  a target plat6100 mm by 100 mmwith 100 um diameter
The DEHS droplets out of the seeding generator were didots spaced at interval of 2.5 mm was used. The front surface
vided into two streams; one is used to seed the core jet flowf the target plate was aligned with the center of the laser
and another for the ambient air seeding. sheet and then calibration images were captured at three lo-

Figure 3 shows the schematic of the stereoscopic Pl\tations across the depth of the laser sheets. The space inter-
system used in the present study. The objective jet mixingyal between these locations was 0.5 mm for the present
flows were illuminated by a double-pulsed Nd:YAG laser setstudy.

(New Wave 50 mJ/Pulsavith the laser sheet thickness being The mapping function used in the present study was
about 2 mm. The double-pulsed Nd:YAG laser set can supplyaken to be a multidimensional polynomial, which is fourth
the pulsed lasefpulsed illumination duration 6 nsat the  order for the directiongX andY directiong paralleling the
frequency of 15 Hz. Two high-resolutidi K by 1 K) cross-  laser sheet plane and second order for the dire¢#odirec-
correlation CCD camerad Sl PIVCAM10-30 were used to  tion) normal to the laser sheet plane. The coefficients of the
do stereoscopic PIV image recording. The two CCD cameramultidimensional polynomial were determined from the cali-
were arranged in an angular displacement configuration tbration images by using least-square metffod.

maximize the measurement window size. In order to have The two-dimensional particle image displacements in
the measurement field focused on the image planes perfectlgyery image plane were calculated separately by using a Hi-
tilt-axis mounts were installed between the camera bodiesrarchical Recursive—PIMHR—-PIV) software developed
and lenses, the lenses and camera bodies were adjusted“to-house.” The hierarchical recursive—PIV software is
satisfy the Scheimpflug conditidA.In the present study, the based on hierarchical recursive processes of conventional
distance between the illuminating laser sheet and image respatial correlation operation with offsetting of the displace-

a.Z/D=0.25(Z/H=0.7)

|.,23

¢. ZID=1.5 (Z/H=4.0) f. Z/D=2.0 (Z/H=5.3)
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FIG. 5. Stereoscopic PIV measurement results inZHe=0.5 (Z/H=1.33) cross plane of the lobed jet mixing flow.

ment estimated by the former iteration step and hierarchicadnd the illuminating laser sheet was achieved by operating
reduction of the interrogation window size and search disthe two-dimensional translation mechanistRig. 2) to
tance in the next iteration stépMultiple-correlation valida- change the position of the air jet experimental rig. Such ar-
tion techniqué® and sub-pixel interpolation treatméhiare  rangement can insure that all the stereoscopic PIV measure-
also incorporated in the software. Compared with convenments at different cross planes of the jet mixing flows are
tional cross-correlation based PIV image processing metheonducted while doing thim situ calibration procedure only
ods, the hierarchical recursive—PIV method has advantagesmce.
in the spurious vector suppression and spatial resolution im- In order to evaluate the measurement results of the
provement of PIV result. present stereoscopic PIV system, a LDV system was used to
Finally, by using the mapping functions obtained by thedo simultaneous measurement of the lobed jet mixing flow.
in situ calibration procedure described previously and theThe stereoscopic PIV measurement results were compared
two-dimensional displacements in the two stereoscopic imwith the LDV results. It was found that the difference be-
age planes, the three components of the velocity vectors itween the measurement results of the present stereoscopic
the illuminating laser sheet plane were reconstructed. PIV system and LDV data is less than 2%. Further details
The position of the illuminating laser sheet and imageabout the present stereoscopic PIV system,ithsitu cali-
recording CCD cameras were fixed during the experimentbration procedure and the comparison of the stereoscopic
The distance changing between the exit of the test nozzleBIV and LDV measurement results can be found in Ref. 30.
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FIG. 6. Stereoscopic PIV measurement results inZHe=1.0 (Z/H=2.67) cross plane of the lobed jet mixing flow.
EXPERIMENTAL RESULTS AND DISCUSSIONS generated by the lobed nozzle. Further downstream cross

Blane of Z/ID=0.75 (Z/H=2.0), the streamwise vortices
lobed nozzle and azimuthal Kelvin—Helmholtz vortices aregenerated by the lobed nozzle in the form of *mushroom

suggested to pay important roles in the mixing process 0§tructures continue intensification. Six new counter-rotating
core jet flow with ambient flow. Figure 4, taken form Ref streamwise vortex pairs can be found at lobe troughs, which

19, illustrates the evolutions and interactions of these vortid'® called horseshoe vortex structures by Patefstmthe

ces qualitatively. The pictures are planar LIF flow visualiza-C70SS Plané 0fz/D=1.0 (Z/H=2.67), some small-scale
tion images of a lobed jet mixing flow exhausted from theVvortical and turbulent structures were found to appear in the
same lobed nozzle used in the present study. Downstream 8pW- The interaction between the streamwise vortices and
the lobed nozzle trailing edg&(D =0.25, Z/H=0.67), the azimuthal Kelvin—Helmholtz vortices made adjacent “mush-
existence of the streamwise vortices in the form of six petalooms” merge with each other, which may indicate that the
“mushrooms” at the lobe peaks can be seen clearly. Thestreamwise vortices deform the azimuthal Kelvin—Helmholtz
azimuthal Kelvin—Helmholtz vortices rolled up earlier at the vortical tube into pinch-off structures as suggested by Mc-
lobe troughs were found to be six “crescents” at this crossCormick and Bennett! In Z/D=1.5 (Z/H=4.0) andZ/D
section. As the streamwise distance increased/@=0.5 =2.0 (Z/H=5.33) downstream cross-planes, the “mush-
(Z/H=1.33), the “mushrooms” at the lobe peak grew up, room” shape structures almost disappeared and the flow field
which indicated the intensification of the streamwise vorticesvas filled with small-scale turbulent and vortical structures.

The large-scale streamwise vortices generated by th
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FIG. 7. Stereoscopic PIV measurement results inazHe=2.0 (Z/H=5.33) cross plane of the lobed jet mixing flow.

The stereoscopic PIV measurement results of the presebbth the instantaneous and ensemble-averaged velocity fields
study will give quantitative information about the evolution (Fig. 5. Seven high-speed peaks can be seen from the

and interaction of these vortices. ensemble-averaged velocity field, which represent the six
lobes and the central core. From tie'Y plane view of the
The velocity distributions in the lobed jet mixing flow ensemble-averaged velocity field shown in Figd)5a strong

and circular jet flow cross stream was found to exist in the lobe jet mixing flow.

Figures 5—-8 shows the stereoscopic PIV measuremerthe core jet flow expanded outward in the lobe regions and
results at four typical cross-planes of the lobed jet mixingambient flow injected inward in the lobe trough regions.
flow, which include instantaneous velocity fields andBoth the core jet flow and ambient flow are generally follow-
ensemble-averaged velocity fields. In the present study, th&g the inward and outward contours of the lobed nozzle,
ensemble-averaged velocity fields were calculated using 400hich results in the large-scale streamwise vortices seen in
instantaneous stereoscopic PIV measurement results. Tiee lobed jet mixing flow. The maximum cross stream
projections of the three-dimensional velocity vector in theensemble-averaged velocity in the-Y plane is found to be
cross planegX—Y plane view$ were also given in the fig- about 4.7 m/s at this cross plane. This value is found to be
ures in order to reveal the cross stre@mmeamwise vortices ~ almost the same value &k - sin(6,,), whereUy is the core
in the lobed mixing flow more clearly. jet velocity at nozzle exit and, is the outer penetration

In the Z/D=0.5 (Z/H=1.33) cross plane, the lobed jet angle of the lobes.
flow was found to be in the same geometry as the lobed Figure 6 shows the stereoscopic PIV measurement re-
nozzle trailing edge. The “signature” of the lobe nozzle in sults in thezZ/D=1.0 (Z/H=2.67) cross plane of the lobed
the form of “six-lobe structure” can be seen clearly from jet mixing flow. The instantaneous velocity field was found
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FIG. 8. Stereoscopic PIV measurement results inzHe= 3.0 (Z/H=28.0) cross plane of the lobed jet mixing flow.

to become more turbulent than that in tA€D=0.5 (Z/H neous velocity field. Although seven humps still can be
=1.33) cross plane. However, the “signature” of the lobedfound in the ensemble-averaged velocity field, which repre-
nozzle can still be identified from the instantaneous velocitysent the high speed flow from the nozzle core and six lobes,
field. The core jet flow was found to diffuse to the ambientthey have become much more rounded than that in the up-
flow substantially, and the size of the high-speed region irstream cross planes. The cross stream velocity vector shown
the center of the jet flow became smaller compared with thadn Fig. 7d) also indicated that the magnitudes of the cross
inthezZ/D=0.5 (Z/H=1.33) cross plane given in the Fig. 5. stream velocity have decreased quite a lot compared with
The maximum value of the ensemble-averaged cross-streathose in upstream cross planes. The size of the high-speed
velocity in theX-Y plane is found to decrease to 4.3 m/s.region in the center of the jet flow and six lobes were found
Since the present lobed jet mixing flow is a free jet, theto decrease substantially due the intensive mixing of the core
vector plot of the cross stream fld\ig. 6(d)] shows that the et flow with ambient flow.
center of the streamwise vortices have spread outward as When the downstream distance increaseZtb = 3.0
they travel downstream. The same phenomena were al§@/H=8.0) (Fig. 8), the lobed jet mixing flow became so
found in the LDV measurement results of Bleovich andturbulent that the “six-lobe structure” of the core jet flow
Samimy:® can not be identified in the instantaneous velocity field. The
As the downstream distance increases 2tD=2.0 flow field is almost fully filled with many small-scale vorti-
(Z/H=5.33) (Fig. 7), the lobed jet mixing was found to ces. The ensemble-averaged velocity distribution also
become much more turbulent. The “six-lobe structures” of showed that the distinct hump representing the high-speed
the core jet flow are nearly indistinguishable in the instantacore jet flow has dissipated so seriously that the iso-velocity
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-g ticity (w,) and ensemble-averaged streamwise vorticity
EE* 1.0 —= (w,) were calculated based on the following equations:
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20 : 5 s . nozzle, U,=20m/s is the velocity of the core jet at the

Downstream Distance

FIG. 9. Decay of the normalized maximum velocity of the ensemble-
averaged cross stream in the lobed mixing flow.

nozzle exit.

Figure 11a) shows the instantaneous streamwise vortic-
ity distribution in theZ/D =0.5 (Z/H=1.33) cross plane. As
indicated in the above velocity vector plots, six pairs of

counter-rotating streamwise vortices were found to be gener-

ated in the lobed jet flow downstream of the six lobes. The

) ] size of these streamwise vortices is found to be equivalent to

contours of the high-speed core jet flow have become smajhe height of the lobes. Compared with the instantaneous

concentric circles in the center of the jet flow. The ensemble'streamwise vorticity field, the ensemble-averaged stream-
averaged cross stream velocity in this cross plane is so wegkiceo vorticity was found to be smoother. The maximum

that it almost cannot be identified from the velocity vector, 5 e of the ensemble-averaged streamwise vorticity, which

plot. _ . is about 4.0, is found to be a bit smaller than that of its
Figure 9 shows the decay of the maximum value of thesiantaneous counterpart, which is about 4.5.
ensemble-averaged cross-stream velocity normalized by the |, the Z/D=1.0 (Z/H=2.67) cross plane, the six pairs

value ofUo-sin(f,) with increasing downstream distance. o he |arge-scale streamwise vortices shown in Figaill

It can be seen that the maximum velocity of the ensemblegqre found to deform seriously. Some of the streamwise vor-

averaged cross stream velocity decayed very quickly withij.as were even found to break into smaller vorti¢eiy.

the firs't two dia_lmeters due to intensive mixing of the core jetlz(a)]_ The adjunct streamwise vortices were found to merge
flow with ambient flow, then the decay rate became moOrg i, each other to form a vortex ring in the lobe troughs,
moderate further downstream. In the downstream cross plangnich is quite similar to the planar LIF flow visualization

of Z/ID=2.0 (Z/H=5.33), the maximum value of the jnaqe5 shown in Fig. @). The maximum value of the in-
ensemble-averaged cross _stream velocity became less thal nianeous streamwise vorticity in this cross plane was
20% of the value at the exit of the lobed nozzle. ¢4 nq to be almost at the same level as the value in the
Figure 10 shows the ensemble-averaged velocity f'eldilDzo.S (z/H=1.33) cross plane. From the ensemble-
in the circular jet flow at the same four cross planes as thosgeraged streamwise vorticity distributions shown in Fig.
shown in Figs. 5-8 for the lobed jet mixing flow. From the 15y “the six pairs of large-scale streamwise vortices were
figures it can be seen that the ensemble-averaged veloCifyng to grow and expand radially. The strength of these
distribution of the circular jet was found to be a round humpensemble-averaged streamwise vortices were found to de-

as it is expected. As the downstream distance increases, the,oce with the maximum value of the ensemble-averaged
hump expands radially due to the growth of the shear layegeamuise vorticity being about the half of that at Z@®
between the core jet flow and ambient flow. =0.5 (Z/H=1.33) cross plane.

Besides the six pairs of large-scale streamwise vortices
corresponding to the six lobes, six pairs of smaller and
weaker streamwise vortices can also be identified from the

The above velocity vector plots show the existence of ansemble-averaged streamwise vorticity distributions, which
very strong cross streafstreamwise vorticgsin the lobed  are at the six-lobe troughs. These smaller and weaker stream-
jet mixing flow. The core jet flow expands outward along thewise vortices at lobe troughs are the horseshoe vortex struc-
lobes and ambient flow injects inward in the lobe troughstures noted by Patersdf,which had also been visualized
which results in the generation of large-scale streamwise vorlearly in Fig. 4. McCormick and Bennéttalso proved the
tices with the vortex size on the order of the lobe height. Aexistence of such horseshoe vortex structures in a planar
pair of counter-rotating streamwise vortices in the lobed jetobed mixing flow.
mixing flow can be generated for each lobe. In order to study As the downstream distance increased 46D =2.0
the evolution characteristics of these streamwise vorticeZ/H=15.33), the six pairs of large-scale streamwise vortices
guantitatively, the streamwise vorticity distributions in sev-could no longer be easily identified from the instantaneous
eral cross planes of the lobed jet mixing flow were calculatedstreamwise vorticity field shown in Fig. 8. Instead of
based on the velocity data obtained by the stereoscopic PIlarge-scale streamwise vortices, many smaller streamwise
measurement. The normalized instantaneous streamwise vamertices were found in the instantaneous streamwise vorticity

The streamwise vorticity distributions in the lobed jet
mixing flow
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FIG. 10. The ensemble-averaged velocity fields in the circular jet flow.

distributions. The large-scale streamwise vortices observed As the downstream distance increased 4D =3.0
in the upstream cross planes have been broken down in{@/H=8.0) (Fig. 14), so many small-scale streamwise vor-
many smaller streamwise vortices. However, it should beices were found to appear in the lobed jet mixing flow that
mentioned that the maximum value of the instantaneoushey almost fully filled the measurement window. The maxi-
streamwise vorticity is found to be at the same level as thosemum vorticity value of these smaller instantaneous stream-
in the upstream cross planes. wise vortices was found to be still at the same level of those
From the ensemble-averaged streamwise vorticity distritn upstream cross planes. However, from the ensemble-
bution shown in Fig. 1), it can be seen that the large-scale averaged streamwise vorticty distribution in this cross plane,
streamwise vortices revealed in the ensemble-averageat can be seen that the size and strength of the ensemble-
streamwise vorticity distributions of upstream cross planesveraged steamwise vortices decreased substantially. The
were found to break down into many smaller vortices. The'signature” of the lobed geometry of the nozzle almost can-
strength of these streamwise vortices decayed substantiallgpt be identified from the ensemble-averaged streamwise
and the maximum value of the ensemble-averaged streamorticity distribution.
wise vorticity was found to be just about one-fifth of that in From the above instantaneous streamwise distributions
theZ/D=0.5 (Z/H=1.33) cross plane. in different downstream cross planes, it can be seen that as
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FIG. 11. The streamwise vorticity distributions&tD =0.5 (Z/H=1.33) cross plane of the lobed jet mixing flow.

the downstream distance increases, the size of the instantat a finer scale could also be achieved in the lobed jet mixing
neous streamwise vortices in the lobed jet mixing flow de-flow. The result, therefore, agrees well with those obtained
creases. This indicates the large-scale streamwise vorticityy Belovichet al3!

generated by the lobed nozzle broke into smaller vortices as The ensemble-averaged streamwise vorticity distribution
they travel downstream. However, the maximum vorticitycan be used to indicate the overall effect of the special ge-
values of the smaller vortices were found to be almost at themetry of the lobed nozzle on the mixing processes in the
same level as their parent streamwise vortices. These resultsbed jet mixing flows. The cross stream generated by the
suggested that the dissipation of the large-scale streamwispecial geometry of the lobed nozzle results in the generation
vortices generated by the corrugated trailing edge of thef large-scale ensemble-averaged streamwise vortices in the
lobed nozzle did not happen abruptly, but rather appeared tiobed jet mixing flow. The large-scale ensemble-averaged
be a gradual process. The large streamwise vortices westreamwise vortices revealed in the ensemble-averaged
found to break down into many smaller, but not weaker,streamwise vorticity distributions were found to grow up and
streamwise vortices as the downstream distance increaseekpand radically within the first diameter, which may corre-
Thus, besides the mixing enhancement at large scale, mixingpond to the streamwise vortex formation and intensification

wf :
i 30|
30 |- B
i 20f e S
20F N 16 2.00
r Level VORT N 15 1.73
- 10 4.50 10 14 1.47
o 9 350 i 13 1.20
e | 8 250 e f 12 093
[ 7 150 - 11 0867
E of & oso E OF 10 040
> - 5 050 > [ 9 0.13
[ 4 150 3 8  -013
A0 3 -250 A0F 7 040
i 2 350 3 6 067
[ 1 -4.50 I 5 093
20 20 |- 4 4120
L [ 3 147
C - 2 73
-30 — 230 L 1 -2.00
L A 1 - ol T 1 PRSI N | R
20 0 20 0 -40 20 0 20 20
X mm X mm
a.instantaneous streamwise vorticity b. ensemble-averaged streamwise vorticity

FIG. 12. The streamwise vorticity distributionsatD=1.0 (Z/H=2.67) cross plane of the lobed jet mixing flow.
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FIG. 13. The streamwise vorticity distributions2tD =2.0 (Z/H=5.33) cross plane of the lobed jet mixing flow.

steps suggested by Wer al!! and Eckerleet all? (Their  streamwise vortices were found to break down into many
LDV measurement results only reveal the ensemblesmaller vortices, then the decay rate of the ensemble-
averaged streamwise vortices in a planar lobed mixing flow.aqveraged streamwise vorticity slows down. In the down-
In the downstream cross planes 2fD=2.0 (Fig. 13 and  stream cross plane @D =3.0 (Z/H=8.0), the ensemble-

Z/ID=3.0 (Fig. 14, the large-scale ensemble-averaged,eraged streamwise vorticity dissipated so seriously that the

stre_amW|se vortices were found to break down into Srnall‘:‘_‘rstrength of the streamwise vortices became about one-tenth
vortices. The strength of the ensemble-averaged streamwis

g : of that at the lobed nozzle exit. This may also indicate that
vorticity was also found to decay rapidly as the downstream) _
he overall effect of the special geometry of the lobed nozzle

distance increases. Figure 15 gives the decay of the maxﬁ- i . : )
mum value of the ensemble-averaged streamwise vorticity if"" the iet flow mixing has almost disappeared at this down-
the lobed jet flow quantitatively. From the figure, it can be Stream location. It should be noted that the profiles shown in
seen that over the first diameter of the test nozzle, th&19. 9 and in Fig. 15 are very similar. This may be explained

ensemble-averaged streamwise vorticity decayed very ray that since the streamwise vorticity is computed by taking

idly. In the downstream region of th&/D=1.0 (Z/H the gradient of the cross-stream velocity components, there-
=2.67) cross plane, the large-scale ensemble-averagddre, the decay of ensemble-averaged streamwise vorticity
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FIG. 14. The streamwise vorticity distributionsatD =3.0 (Z/H=8.0) cross plane of the lobed jet mixing flow.
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dimensional PIV systef s also given in Fig. 15. From the

comparison of the maximum ensemble-averaged streamwise
vorticity decay profiles at two Reynolds number levels, it can
be seen that the ensemble-averaged streamwise vorticity at
higher Reynolds numbers decayed more rapidly. This indi-
cates that the location where the large-scale ensemble-
averaged streamwise vortices break down into smaller vorti-
ces is expected to move upstream for the higher Reynolds

number case.

The distribution of the turbulent kinetic energy

FIG. 15. The decay of the maximum value of the ensemble-averaged
streamwise vorticity in the lobed jet mixing flow.

The mixing process between the core jet flow and ambi-
ent flow can be represented directly and quantitatively from
the distribution of the turbulent kinetic energy distributions.
shown in Fig. 15 is quite similar to the decay of the maxi- The turbulent kinetic energy distributions of the lobed jet
mixing flow in four selected cross planes are shown in Fig.
Measurements of the same lobed nozzle at lower Rey16. The turbulent kinetic energy values shown in these fig-

ures are calculated by using the following equation:
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FIG. 16. The turbulent kinetic energy distributions in the lobed jet mixing flow.
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FIG. 17. The turbulent kinetic energy distributions in the circular jet flow.

1 the core jet flow with ambient flow is conducted mainly at
KxY.2)= 552 (rmgu’))?+(rms(v"))?+(rmsw’)®)  the interface of the two streams. A low turbulent kinetic en-
0 ergy region was found in the center, which corresponds to
1 1 — 1 N —, the unmixed high-speed core in the center of the jet flow. It
= ZTJS N;l (u—U)=+ N; (vt—=V) should also be noted that the regions with higher turbulent
kinetic energy values are found to concentrate at the lobe
N _ troughs instead of lobe peaks. This may be caused by the
+ NZ (wt—W)Z), (3)  earlier rolling-up of the azimuthal Kelvin—Helmholtz vorti-
ces at the lobed troughs, which has been reported and visu-
where N=400 is the number of the instantaneous stereoalized in the earlier work of the authdfsby using planar
scopic PIV measurement frames used for the ensemblgaser induced fluorescencklF) technique.
averaged parameter calculatian., vy, andw, are the in- In the Z/D=1.0 (Z/D=2.67) cross plane, the mixing
stantaneous velocity componentsny, andz direction,  area between the core jet flow and ambient flow was found to
while U, V, andW are the ensemble-averaged velocity com-increase and the mixing region was found to expand outward
ponents. and inward. The unmixed core jet flow in the center of the jet
IntheZ/D=0.5 (Z/H=1.33) cross plane, the contour of flow decreased. The contour of the turbulent kinetic energy
the turbulent kinetic energy distribution was found to exhibitdistribution was found to form “mushrooms structures” in-
the lobed nozzle “signature,” which indicates that mixing of the downstream projections of the lobed peaks, which may
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FIG. 18. The averaged turbulent kinetic energy profile in the lobed jet ‘\I/
mixing flow and the circular jet flow.

be caused by the pinch-off effect of the streamwise vortices a. ensemble averaged velocity vectors
on the azimuthal Kelvin—Helmholtz vortices suggested by
McCormick and Benneft! The similar “mushrooms struc-
tures” in the lobed jet flow has also been reported by Belov-
ich et al3 in their passive scalar measurement results.

As the downstream distance increased 4D =2.0
(Z/H=5.33), the mixing region between the core jet flow
and ambient flow increased substantially, which almost filled
the investigation window fully. The adjacent “mushroom
structures” merged with each other. At tZ¢D=3.0 (Z/H
=8.0) cross plane, the contour of the turbulent kinetic en-
ergy were found to be circular, which is quite similar to that
in the far field of a circular jet flow.

Figure 17 shows the turbulent kinetic energy distribu-
tions in the same cross planes for the circular jet flow. At the
exit of the circular jet flow, the contour of the turbulent ki-
netic energy distribution was found to be a thin “ring struc-
ture” as it is expected. As the downstream distance in-
creased, the “ring structure” was found to expand inward b. velocity iso-surfaces
and outward, which corresponds to the growth of the shear
layer between the core jet flow and ambient flow. Compare(‘f'G- _19. Reconstrugted three-dimensional flow fields of the lobed jet mixing
with the turbulent kinetic energy distribution in the lobed jet flowin the near region4/D <3.0).
mixing flow at the same downstream locations, it can be seen
that the area of the mixing region in the lobed jet mixing
flow will be much bigger than that in the circular jet. (ZIH>2.67). The ATKE growth rate reached the peak value

In order to compare the mixing effectiveness in the lobedat Z/D=2.0 (Z/H=5.33), then began to decrease. This is
jet mixing flow and circular jet flow more clearly and quan- because that within the first one diameter of the test nozzle
titatively, averaged turbulent kinetic ener¢fTKE) of the  (Z/H<2.67), due to the stirring effect of the large-scale
jet mixing flows(Fig. 18 at each measured cross plane werestreamwise vortices revealed in the ensemble-averaged
calculated by using the following equation: streamwise vorticity distributions, the core jet flow and am-
_ bient flow mixed intensively. In the downstream region of
JpW(x,y,2)K(x,y,z)dx dy 4 Z/D>1.0 (Z/H>2.67), the large-scale streamwise vortices

fpV_V(x,y,z)dx dy ' “ generated by the Ipbed nozzl_e were found to break down into

. smaller vortices, i.e., the stirring effect of the ensemble-
wherep is density of the air jet flowsyV is the ensemble- averaged streamwise vortices weakened. So, the growth rate
averaged velocity in th&-direction andK is the turbulent of the averaged turbulent kinetic energy was found to de-
kinetic energy value of the stereoscopic PIV measurementrease, and reach its peak at tAED=2.0 (Z/H=5.33)
result at each measurement cross plane. cross plane. The ensemble-averaged streamwise vorticity has

For the lobed jet mixing flow, it can be seen that thebecome so weak that it almost cannot affect the mixing pro-
averaged turbulent kinetic energy profile grew very rapidlycess in the downstream region 8fD>2.0 (Z/H>5.33).
within first diameter of the test nozzle, then decrease to &lost of the turbulent kinetic energy in the lobed jet mixing
more moderate rate in the downstream regiorzdd>1.0  flow dissipated in the intensive mixing upstream, so the av-

w 20,000

ATKE=
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eraged turbulent kinetic energy begins to decrease furthewise vortices in the lobed jet mixing flow is revealed clearly
downstream. It also indicates that most of the enhancemeritom stereoscopic PIV measurements. From the instanta-
of mixing caused by the lobe nozzle occurs within the firstneous streamwise vorticity distributions of the lobed jet mix-
two diameters. The mixing between the core jet flow andng flow, it can be seen that the large-scale streamwise vor-
ambient flow beyond the first two diameters occurs by theices generated by the corrugated trailing edge of the lobed
same gradient-type mechanism as that for a conventional cinozzle break into smaller, but not weaker streamwise vorti-
cular jet. This result is also found to agree with the findingsces gradually as they travel downstream. This is proposed as
of McCormick and Bennett and Glauseet al”in a planar  the reason that a lobed nozzle can enhance both the large-
lobed mixing flow, who suggested that the maximum effec-scale mixing and small-scale mixing in flow field as reported
tiveness region for a lobed mixer is about the first six lobein previous studies. The overall effect of the lobed nozzle on
heights. mixing process in the lobed jet flow was evaluated by ana-
For the circular jet flow, the averaged turbulent kineticlyzing the ensemble-averaged streamwise vorticity distribu-
energy is found to grow linearly in the investigated regiontions. The ensemble-averaged streamwise vortices in the
(Z/D<4.0). The linear growth behavior is consistent with lobed jet flow were found to expand radially within the first
classical thin-layer approximations assuming simple eddyediameter downstream, then break down into smaller and
viscosity turbulent transpoft At the exit of the nozzle, the weaker vortices in the following region, as has been called as
averaged turbulent kinetic energy in lobed jet mixing flow isthe formation, intensification, and breakdown processes by
found to be much greater than that in the circular jet flow.other researchers. The strength of the ensemble-averaged
This is believed to be caused by the mixing enhancemergtreamwise vorticity was found to decay very rapidly over
associated with the increased initial interfacial area of thehe first diameter of the lobed nozzle, then decay at a more
lobe geometry as suggested by Elliettal 13 moderate rate further downstream. The turbulent kinetic en-
As mentioned above, the enhancement of mixing causedrgy distributions also indicated that most of the intensive
by the special geometry of the lobes is almost negligiblemixing between the core jet flow and ambient flow occurred
after the first two diameters, and the mixing between the corever the first two diameters of the lobed jet fldfirst six
jet flow and ambient flow will occur by the same gradient-lobe heights In the downstream cross plane of three nozzle
type mechanism as that of a conventional circular jet flowdiameters, contours of turbulent kinetic energy distribution
Due to the intensive mixing upstream, the velocity of theare quite similar to those in a circular jet flow at far field.
core jet flow decays very quickly. A weaker shear layerThese may indicate the mixing enhancement caused by the
(lower velocity ratig is expected in the further downstream special geometry of the lobed nozzle is almost finished after
region (Z/D>3.0 andZ/H>8.0) of the lobed jet mixing the first two diameters downstream of the lobed nozizfet
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