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Vortex structures downstream a lobed nozzle/ mixer
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Abstract: An experimental study was conducted to investigate the evolutions of unsteady vortex structures

downstream a lobed mixer/nozzle. A novel duat plane stereoscopic PIV system was used to measure all 3

components of vorticity distributions to revealed both the large scale streamwise vortices produced by the lobed

mixer/nozzle and the Kelvim Helmholtz vortex structures generated due to the Kelvir H elmholtz instabilities

simultaneously and quantitatively for the first time. T he instantaneous and the ensemble averaged vorticity dis-

tributions displayed quite different aspects about the evolutions of the unsteady vortex structures. While the

ensemble averaged vorticity distributions indicated the overall effect of the special geometry of the lobed noz

zle/ mixer on the enhanced mixing process, the instantaneous vorticity distributions elucidated many details

about how the enhanced mixing process was conducted. In addition to quantitatively confirming conjectures of

previous studies, further insight about the formation, evolution and interact ion'characteristics of the/unsteady

vortex structures downstream of the lobed mixer/ nozzle were also uncovered'quantitativelyin the present study.
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Nomenclature
D= diameter of the lobed mixer/ nozzle

H = the height-of the lobe

u, v, w= X, Y and Z\components of flow-velocity vec

tor
Uy= flow velocity at the inlet of the test nozzle
@, = normalized-vorticity .c0mponent along X- axis,
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Girpane = The magnitude of the vorticity inside the

measurement plane, T jue= ’0))2+ (o3

Introduction

There are numerous aerospace applications

where methods to enhance mixing between co-
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flowing streams have been identified as critical or

enabling technologies. Examples include low
emissions combustors, ejectors for high lift or jet
noise reduction, infrared suppressor nozzles,
turbofan core bypass mixers and supersonic com-
bustion ramjets. It has been well recognized that
an efficient mechanism for mixing enhancement
is to introduce strong streamwise vortices be
tween the coflowing streams. Lobed nozzles/
mixers, which are essentially splitter plates with
corrugated trailing edges, are widely considered
as an extraordinary means of generating strong
streamwise vortices to enhance mixing between
coflowing streams. Due to their outstanding
mixing enhancement performance, lobed mixers/
nozzles have been given great attention by many
researchers in recent years.

Besides the continuous efforts to optimize

the geometry of lobed mixers/ nozzles for better
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mixing enhancement performance and to widen
the applications of lobed mixers/nozzles ™', ex-
tensive studies about the fundamental mechanism
by which lobed mixer/nozzles substantially err
hanced mixing have also been conducted. Based
on pressure, temperature, and velocity measure-
ments of the flow field downstream of a lobed
mixer/ nozzle, Paterson' ' revealed the existence
of large-scale streamwise vortices induced by the
special geometry of the lobed nozzle/ mixer.
Large scale streamwise vortices were suggested
to be responsible for the enhanced mixing. Werle

I and Eckerle et al.'® suggested that the

et al.
streamwise vortices downstream lobed mixers
would follow a threestep process by which the
streamwise vortices form, intensify, and then
break down, and the high turbulence resulting
from the vortex breakdown improved the overall
mixing process. The study of McCormick and
Bennett'” revealed more details about the evolr
tion and interaction of unsteady vortex structures
downstream of a lobed mixer. Based on_qualita®
tive flow visualization with smoke and-quantita
tive velocity measturements \with \hot film ane-
mometer, McCormick and Bennett suggested
that the interaction between the largescale stre-
amwise vortices produced by\the special-geometry
of the lobed mixer and the “normal” vortex struc
tures generated due to the“Kelvir Helmholiz insta-
bilities (i. e., Kelvir Helmholtz vortex structures
called in the present study) would produce high
levels of mixing. As the Kelvir Helmholtz vort
ces shed from the trailing edge of the lobed mix-
er, the streamwise vortices would cause deform-
ation to the Kelvirr Helmholtz vortices until they
were pinched off and subsequently broken down.
Quantitative turbulence measurements showed
the regions of high-turbulence kinetic energy that
were consistent with the qualitative flow visual-
ization of the pinclroff effect of the Kelvir
Helmholtz vortex structures. Yu and Yip''” con-
ducted velocity measurements downstream of a
lobed mixer with a Laser Doppler V elocimetry
(LDV) system. They suggested that the intense
turbulence and intensive

small-scale mixing

downstream of a lobed mixer would be caused by
the deformation of the Kelvin-Helmholtz vortices
into pinclroff structures as conjectured by Mc-
Cormick and Bennett'”. Waitz et al.'" summar
rized the findings of previous studies and sugges-
ted that there are three primary contributors for
the enhanced mixing processes downstream lobed
nozzles/ mixers. The first is the large scale stre-
amwise vortices produced by the special geome-
try of the lobed nozzle/ mixer, the second is the
Kelvirr Helmholtz vortices, which occur in any
free shear layers due to the Kelvirr Helmholtz in-
stabilities, and the third is the increased interfa-
cial contact area due to the convoluted trailing
edge of the lobed mixer/ nozzle.

Although the unsteady vortex structures such
as largescale streamwise” vortices and Kelvir
H elmholtz-vortices \have heen_suggested to play
very important roles to the‘enhanced mixing
procéss downstream lobed mixers/nozzles, most
of the previous studies, were based mainly on
qualitative flow visualizations to investigate the
formation;—evolutions and interactions of the un-
steady-vortex structures. Detailed measurements
to quantify the behaviors of the unsteady vortex
structures have not become available until re-
cently. By using advanced flow diagnostic tech-
niques such as planar laser induced fluorescence
(LIF), particle image velocimetry (PIV) and
stereoscopic PIV techniques, Hu et al.'"*" con-
ducted a series of experimental investigations to
study the evolution of the unsteady vortex struc-
tures downstream lobed nozzles/ mixers instanta
neously and quantitatively. However, it should
be noted that since only one component of the
vorticity distributions could be derived from con-
ventional PIV or stereoscopic PIV measurement
results, only either streamwise vortices or
Kelvirr Helmholtz vortex structures could be re-
vealed from the PIV measurement results presen-
tedin Hu et al'*",

It is highly desirable to reveal both the stre-
amwise vortices and the Kelvir Helmholtz vortex

structures simultaneously and quantitatively in

order to elucidate underlying physics to further
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our understanding about the formation, evolu
tion and interaction characteristics of the large
scale streamwise vortices and the Kelvir
Helmholtz vortex structures in lobed mixing
flows. In the present study, a novel dual plane
stereoscopic PIV ( DP-SPIV) system'', which
is capable of measuring all three components of
flow vorticity distributions simultaneously, is
used to conduct detailed measurements to reveal
both the large scale streamwise vortices and the
Kelvirr H elmholtz vortex structures in a lobed mix-
ing flow for the first time. The objectives of the
present study are to quantitatively confirm conjec
tures suggested in previous studies based on qualita
tive flow visualizations, as well as to gain further irr
sight about the formation, evolution and interaction
characteristics of the large scale streamwise vortices
and Kelvir Helmholtz vortex structures to improve
our understanding about the fundamental mechanism
of the lobed mixing process. It should be noted that
the lobed nozzle/ mixer, jet supply rig andflow corr
ditions used in the present study are the same a3

13 >
13l where a conventional

those used in Hu et al.
stereoscopic PIV _system ‘was ‘used t0 conduct flow
velocity field' meastrements, therefore, the work
presented here could bhe considered an ‘extension-of
the work reported in Hu et al.'", Since-extensive
discussion about the chavacteristics of the lobed mix-
ing process revealed from the velocity and turbulent
kinetic energy distributions have already been given
in Hu et al.'"",

presented here to quantify the formation, evolution

only vorticity distributions will be

and interaction characteristics of the large scale stre
amw ise vortices and Kelvirr Helmholtz vortex struc

tures in the lobed mixing flow.

1 Experimental setup and dualk
plane stereoscopic PIV system

Figure 1 shows the schematic of the circular
lobed nozzle/ mixer used in the present study. It
has six lobe structures as the nozzle trailing
edge. The width of each lobe is 6 mm and the
lobe height is 15 mm (H = 15 mm). The inward

and outward penetration angles of the lobed

structures are 0= 22° and Gu= 14 respectively.
The diameter of the lobed nozzle/ mixer is 40 mm
(D= 40 mm).

used to supply air jet flows. Downstream of the

A centrifugal compressor was
centrifugal compressor, a cylindrical plenum
chamber with honeycomb and mesh structures
was used to settle the airflow. Through a con-
vergent connection ( convergent ratio 50 @ 1)
downstream to the plenum chamber, the airflow
was exhausted from the lobed nozzle/ mixer. The
velocity range of the air flow out of the test noz-
zle is adjustable from 5 to 35 m/s. In the present
study, the jet velocity at the inlet of the lobed
nozzle/ mixer was set as Uo= 20.0 m/s, which
corresponds to a Reynolds number of 5.5 % 10°
The
jet flow was seeded with-T~ 5"Bm DEHS (Dr2-

EthlH exyFSebact) \droplets generared by a see

(‘based on the nozzle diameter D= 40 mm) .

ding generator[ " The DESH droplets out of the
seeding generator-were divided into two streams;
one is used to seed the core jet\flow and the other
for ambient air/seeding.

Figure 2 shows the schematic of the dual
plane-stereoscopic PIV ( D SPIV) system used
in'the present study. The DP-SPIV system was
developed recently by taking advantage of the
polarization conservation of Mie scattering in air
to achieve stereoscopic PIV measurements at two
spatially separated parallel planes instantaneous-
ly and simultaneously[ "' As shown in the Fig.
2, two sets of commonly-used double pulsed Nd:
YAG lasers (New Wave, 50 mJ/pulse) with ad-
ditional optics (half wave plate, mirrors, polar
izer and cylindrical lens) were used to illuminate

the lobe jet flow at two parallel planes with or

thogonally-polarized laser sheets ( thickness of

PN

D=40 mm
Lobe peak

[Lobe trough

Fig. 1

T he test lobed nozzle/ mixer
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Host computer I
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CCD camera 3

Fig.2 The schematic of the duat plane stereoscopic PI1V\system

each laser sheet was about 2. 0 mm). Since the
polarization of Mie scattering in air flows is corr
servative, the scattering light from the seeded
PIV tracer particles in the two-erthogonally po-
larized laser sheets will keep their original polar
ization. A speeially-designed imaging. system
composed of \foutr higlrreésolution CCD cameras
(1 K pixels by 1 K pixels) ‘with\a pairof polarr
zing beam splitter cubes and mirrors was devised
to capture the scattering light selectively. By
sing such opticalisetup, the DP-SPIV system can
achieve the stereoscopic PIV measurements of all
three components of velocity vectors at two par
As the curl of flow

the distributions of all three

allel planes simultaneously.
velocity vectors,
components of the vorticity vectors could be de
rived from the measured velocity fields.

The gap between the two parallel, simulta
neously-illuminated laser sheets was set to be

For the PIV image
processing, 32 pixels by 32 pixels interrogation

2 0 mm in the present study.

windows with 50% overlap were used to derive
flow velocity vectors, therefore, the spatial res
olution of the present measurement is expected
to be about 2 5 mm x2.5 mm X 2. 0 mm. In or
der to evaluate the accuracy of the DP-SPIV
measurements, a LDV system and the DP-SPIV

system were used to'conduct simultaneous meas-
urements-of a jet flow, and the measurement re-
sults were compared quantitatively. It turned
out that the differences between the DP-SPIV
and the LDV measurements of the streamwise
velocity (- component) were less than 2.0% (~
0.36 m/s) at the compared points. As shown in
the Fig.2, since the halfview angle for the ster-
eoscopic image recording is about 25 degree in
the present study, the measurement uncertainty
for the irrplane velocity components (v~ compo-
nent and w-component) would be about 1/3 of
the outof plane velocity component ( w compo-
nent) according to Lawson and Wu''". There
fore, the uncertainties for the velocity measure
ments are expected to be about 0.36 m/s for the
w component, and 0. 12 m/s for the v-component
and w-component in the present study. An adap-
tive scheme''" was used in the present study to
derive vorticity distributions from the measured
velocity fields. Based on the accuracy level and
the spatial resolution of the measured velocity
distributions, averaged uncertainty level of the
vorticity data given in the present study is expec-
ted to be within 10. 0% according to the discus-
sions given in reference [ 18]. Further informa-

tion about the technical basis and system setup
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of the DP-SPIV system, irrsitu calibration, re
construction and image processing procedures for
the DP-SPIV measurements, and the quantita
tive comparison of the DP-SPIV and LDV meas

urements is available at Hu et al.'™ .

2 Measurement Results and
Discussions

It is well known that the large scale streamw ise
vortices produced by the special geometry of lobed
nozzles/ mixers and the Kelvir Helmholtz vortices
generated due to the Kelvirr Helmholtz instabilr
ties play very important roles in the enhanced
mixing process downstream lobed mixers. For
the large scale streamwise vortices, their exist

ence was revealed very clearly from the instante

Normalized streamwise vorticity
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neous streamwise vorticity distribution shown in
Fig. 3(a), which was measured near the exit of
the lobed nozzle/ mixer (i. e. X/D= 0.25 X/H
= 0. 67 cross plane). Corresponding to the six

lobes of the lobed nozzle/ mixer,

counter rotating streamwise vortices were gener

six pairs of

ated with their size almost equivalent to the
height of the lobes. Since the rotation axis of the
Kelvin-Helmholtz vortex structures is parallel to
the laser illuminating planes ( Y-Z plane as
shown in Fig. 1), the @-component and @-com-
ponent of the measured vorticity vectors were
combined to calculate @irpwne vorticity in order to
visualize the evolution of the KelvirH elmholtz
vortex structures more clearly. The mstantane
ous irr plane vorticity distribution in the X/ D= 0. 25

Notmalized in=plane vokticity

N

40

20
£ 0F
=20
-40 CL 1 1 1 I
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(b) Instantaneous in-plane vorticity
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Fig.3 Measured vorticity distributions in the X/ D= 0.25 (X/H = 0.67) cross plane
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(X/H= 0.67) crossplane is given in Fig. 3(b). As
expected, the Kelvir Helmholtz vortex structures
were found to form vortex rings with the same shape
as the trailing edge of the lobed nozzle/ mixer. AF
though the existence of the large scale streamw ise
vortices and Kelvirr Helmholtz vortices dow nstream
lobed nozzles/ mixers have been visualized qualita
tively in previous studies, the results shown at here
are believed to be the first measurement to visualize
them quantitatively and simultaneously.

Based on 400 frames of instantaneous meas
urements, ensemble averaged streamwise vortic
ity and irrplane vorticity distributions were cab
culated, and the results are given in Fig. 3(¢)
and Fig. 3(d). Compared with those shown in
the instantaneous vorticity distributions, the iso-
vorticity contour lines in the ensemble averaged
fields were found to be smoother. However,
they were found to have almost the same distrr
bution pattern as their instantaneous counter
parts, which could indicate that the generation
of the large scale streamwise vortices-and the
Kelvin-H elmholtz vortex rings at theexit of the
lobed nozzle/ mixer was '\quite steady:

Figure 4 gives'\the measured vorticity distrr
butions in the X/D= 0. 5\(X/H= 1.33) cross
plane. The instantaneous streamwise~vorticity
distribution revealed that the large scale stream-
wise vortices generated by the lobed nozzle/ mix-
er began to break-into smaller vortices. Besides
the streamwise vortices at lobe peaks, smaller
streamwise vortices could also be identified at
the lobe troughs from the instantaneous stream-
wise vorticity distribution. These smaller stre

amwise vortices are believed to be the “horse
[6]

4

shoe vortex” structures named by Paterson

and visualized qualitatively in the LIF images of

Hu et al'™.

Six pairs of large scale streamwise
vortices could still be seen clearly from the err
semble averaged streamwise vorticity distribur
tion, the centers of the streamwise vorticies
were found to move outward radially compared

with those at the exit of the lobed nozzle/ mixer.

Same phenomena were also found from the LDV
measurements of Bleovich and Samimy'"”'. The
instantaneous irrplane vorticity distribution
shows that the instantaneous Kelvir H elmholtz
vortex ring, which had the same shape as the
lobed trailing edge at the exit of the lobed noz-
zle/ mixer, was deformed and even torn to open
due to “stretch effect” of the streamwise vortices
at lobe peaks and lobe troughs as conjectured by

Hu et al'.

The ensemble averaged irrplane
vorticity distribution shows that the ensemble
averaged Kelvir Helmholtz vortex ring was still
in the same shape as the lobed trailing edge of
the lobed nozzle/ mixer with its size growing and
spreading slightly outward.

As the downstream-distance increased to X/
D=1.0(X/H= 267, and Fig\5), the six pairs
of large-scale streamwise\vortices séen in the in-
stantaneous streamwyise vorteify distributions
upstream couldnot be seen here any longer. The
large-scale streamwise \vortices were found to
break into many smaller streamwise vortices.
However,—~it shotld be noted that the maximum
vortieity-of the smaller streamwise vortices was
found to be almost the same as their “parent”
streamwise vortices, i.e., the large scale stre-
amwise vortices were found to break down into
smaller, but not weaker streamwise vortices. Six
pairs of large scale streamwise vortices could still be
identified from the ensemble averaged streamwise
vorticity distribution shown in Fig. 5(¢), however,
the strength of the ensemble averaged stream-
wise vortices was found to decay significantly
compared that at the exit of the lobed nozzle/
mixer. The instantaneous irplane vorticity dis-
tributions in this cross plane shows that the Kel-
vin-rHelmholtz vortex rings, which were in the
same shape as the lobed trailing edge at the exit
of the lobed nozzle/ mixer, were found to break
down into disconnected vortex fragments. The
ensemble averaged iir plane vorticity distribution
displays that the ensemble averaged Kelvir

Helmholtz vortex s tructures were seriously de



1272

23

Normalized streamwise vorticity

40 - 4.5-35-25-15-05 05 15 25 35 45
20
L
£ of
!
-20F
40k, 1 AP T ol
-40 =20 0 20 40
Z/mm
(a) Instantaneous streamwise vorticity
Normalized streamwise vorticity
40 -
20 -
E of
=20 F
r
_4O‘L.4 ] e 1N\ - i ]
-40 -20 0 20 40

Zimm
(c)Ensemble-averaged streamwise vorticity

Normalized in-plane vorticity

40( 40 50 60 70 80 90 100110 120 130 140
20
£
é 0F
=20
-40 CL 1 1 1 I
-40 =20 0 20 40
Z/mm

(b) Instantaneous in-plane vorticity

Normalized in-plane vorticity

40 - 20 30 40 50 _&0 7.0 80 9.0 100 110 120

-40 =20 0 20 40
Z/mm
(d)Ensemble-averaged in-plane vorticity

Fig.4 M easuted vorticity distributions in the X/D= 0.50 (X/H= 1. 3) cross plane

formed. Based on qualitatively flow visualiza
tion, McCormick and Bennett'” suggested that
the KelvirHelmholtz vortex structures would
be pinched off due to the interaction with the
streamwise vortices, which would result in imr
tense mixing. T he pinclroff effect of the Kelvir
Helmholtz vortex structures was revealed clearly
and quantitatively from the ensemble averaged
irr plane vorticity distribution shown in Fig 5
(d). It should be noted that the present meas
urement result is believed to be the first to visu
alize the pinchingoff of the Kelvir H elmholiz
vortex structures from the vorticity distribution
measurements, which verifies the conjecture of
McCormick and Bennett!” quantitatively.

Figure 6 gives the measured vorticity distrr

butions in the X/D= 1.5 (X/H = 4. 0) cross
plane. The instantaneous streamwise vorticity
distribution shows that there were more and
more smallscale streamwise vortices appearing
in the jet mixing flow with the maximum vorti-
city of the smaller streamwise vortices being still
at the same level as their “ parent” vortices. The
ensemble averaged streamwise vortices were
found to break down with their strength sub-
stantially dissipated. The typical instantaneous
irrplane vorticity distribution reveals that the
Kelvin-Helmholtz vortex structures kept on
breaking into smaller fragments and being dissi-
pated as they traveled downstream. The ensem-
vorticity  distribution

ble averaged urplane

displayed that the Kelvirr Helmholtz vortex ring
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Fig.5 Measured vorticity distributions in the X/D= 1. 00 (X/H= 2.7) cross plane

was found to break down into substructure after
pinclroff to form a wreatlr like structure sur

« 2
crescents .

rounded by six

As the downstream distance continually i
creased, the number of the smaller streamwise
vortices originating from the breakdown of the
large scale streamwise vortices was found to ir
crease at first, reaching its maximum in the
neighborhood of downstream region of X/D =
20(X/H = 5.3), and then beginning to de
crease. After breakdown into smaller struc
tures, the ensemble averaged streamwise vortr
ces were dissipated rapidly, and no apparent err
semble averaged streamwsie vortex structures
could be identified anymore at farther dowmr
stream of X/D> 2.5 (X/H > 7.0). Fewer and

fewer fragments of the broken Kelvir H elmholiz

vortex tubes could be identified from the instan-
taneous urplane vorticity distributions. As the
downstream distance increased, the “crescents”
seen from the ensemble averaged irr plane vortic-
ity distributions were found to fade out quickly,
vanish. The

structures revealed upstream were found to be

and eventually wreatlrlike
rounded up to be circular vortex rings, which
are similar to those found in the far fields of a
circular jet flow. Such results were found to a
gree with the findings of Bell and Mehtd*', who
suggested that a jet flow with added streamwise
vortices to enhance the mixing process would re-
sume back to a normal jet flow after the large

scale streamwise vortices were dissipated in the

far field.
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Fig.6 Measured vorticity distributions in the X/D= 1. 50 (X/H = 4. 0) cross plane

From the ‘measurement results described
above, it can be seen that the instantaneous and
the ensemble averaged vorticity distributions
displayed quite different aspects of the facts
about the evolution of the large scale streamwise
vortices and the Kevir Helmholtz vortex struc
tures in the lobed mixing flow. The instantane
ous streamwise vorticity distributions showed
that the large scale streamwise vortices genera
ted by the lobed nozzle/ mixer would break into
smaller, but not weaker, streamwise vortices as
they traveled downstream. The smaller but not
weaker streamwise vortices were found to corr
centrate at the regions downstream of lobe peaks
at first, then, migrated everywhere in the mix
ing flow as the downstream distance increased.

This is believed to be the reason why a lobe noz

zle/ mixer would enhance both large scale mixing
and smallscale mixing as reported by previous

studies'?"

The number of the smaller, but not
weaker, streamwise vortices was found to in-
crease at first, reaching its maximum number in
the neighborhood of downstream region of
X/D= 2. 0(X/H =5.3), and then decreasing
further downstream. T he instantaneous irr plane
vorticitity distributions indicated that the
Kelvin-Helmholtz vortex structures rolling up at
the interface between the lobed jet and ambient
flow would form vortex rings. As expected, the
Kelvin-Helmholtz vortex rings had the same
shape as the lobed trailing edge at the exit of the
lobed nozzle/ mixer. The Kelvir Helmholtz vor
tex rings were deformed and torn open, and bro-

ken into many smaller fragments as they traveled
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downstream. The broken Kelvir Helmholtz vor
tex tubes were found to be seriously dissipated

and eventually vanished farther downstream.

15 5
o——o Streamwise vorticity
12F v— —v In-plane vorticity ~ 14
E Streamwise vorticity —>
.3é 6r
3 < In-plane vorticity
(i rrorwewerrae e T T e
XYHO 1 2 3 4 5 6 7 8 9 10
XD 1 ) 3 4

Fig. 7 T he decay the streamw ise vorticity

and ir plane vorticity

The ensemble averaged vorticity distribu
tions could be used to demonstrate the overall
effect of the special geometry of the lobed noz
zle/ mixer on the enhanced mixing process. The
large scale streamwise vortices generated-by the
special geometry of thelobed nozzle/ mixer could

1

be thought to act as “ stirrers” to enhance the
mix between the-core jet flow and ‘ambient flow.
The “stirring, effect” could be evaluated from the
evolution of the ensembleaveraged ‘streamwise
vortices in the lobed mixing flow,\ which was re
presented quantitatively by jthe decay profile of
the maximum <ensemble averaged streamwise
vorticity with the increasing downstream dis
tance. As shown in Fig. 7, the ensemble
averaged streamwise vorticity was found to de
cay very rapidly within the first diameters of the
lobed nozzle/ mixer ( about first three lobe
heights), where the ensemble averaged stream-
wise vortices were generated, grew up, and mr
grated outward radially. The decay rate of the
ensemble averaged streamwise vorticity was
found to be more moderate in the regions of
1.0< X/D< 2.0 (2.7< X/H < 5.3), where the
ensemble averaged streamwise vortices were
found to break down into smaller structures.
After breakdown, the decay rate of the ensem-
ble averaged streamwise vorticity was found to

significantly slow down farther downstream of

X/D> 2.0 (X/H> 5.3), where the smaller and
weaker ensemble averaged streamwise vortices
were rapidly, and no

dissipated apparent

ensemble averaged streamwsie vortex structures
could be identified in the lobed mixing flow.
Farther downstream of X/D> 3.0 (X/H > 8.
0), the ensemble averaged streamwise vortices
became so weak that they were not able to affect
the mixing process any longer. Therefore, it
could be suggested that the enhanced mixing due
to the special geometry of the lobed nozzle/ mixer
would be concentrated in the upstream of the
first two diameters of the lobed nozzle/ mixer
(about first six lobe heights). The conclusions
are found to be consistent with the velocity and
turbulent kinetic energy measurement results
reported in Hu et"al.'"”\"which also agree with
the findings of M'cCormick and Bénnett'” and
Glauser-et al. '™ who suggested that the maxi
mum effectiveness_region for a lobed mixer is
within the first six lobe heights.

The evolution of the ensemble averaged
Kelvin=Helmholtz vortex structures could be
shown-schiematically in Fig 8. The ensemble
Kelvir Helmholiz

were found to form vortex rings with the same

aver aged vortex structures
shape as the lobed trailing edge at the exit of the
lobed nozzle/ mixer. The Kelvir Helmholtz vor
tex rings would grow in size and expand outw ard
at first as they traveled downstream. Due to the
interaction with the large scale streamwise vorti
ces generated by the lobed nozzle/ mixer, the
Kelvin-Helmholtz vortex rings would be pinched
off as conjectured by the McCormick and Ben-
The pinchedoff KelvirHelmholtz vor

tex rings would break down into substructures

nett[g].

to form wreath-like structures surrounded by

1

‘crescents”. The “crescents” were found to rap-
idly dissipate and eventually vanish farther
downstream. The wreatlrlikestructures were
found to be rounded up to become circular vortex
rings, which were similar to those found in the
far field of circular jet flows. As shown in Fig.
7, the decay of the ensemble averaged Kelvimr

Helmholtz vortex structures was found to follow



1276

23

 C
Xe

U

Formation

Pinch-off

Breakdown

ﬂ’“@ -0

W mlh—llku— structure
surrounded bv crescents

Circular ring

Fig.8 The evolution of the Kelvir Helmholtz vortex structures

almost identical trends as that of the ensemble
averaged streamwise vortices.

the Kelvir Helmholtz

plane vorticity) was found to decay dramatically

The strength of
vortex structures ( irr
at the first diameter of the lobed nozzle/ mixer
(first three lobe heights), where the Kelvir
Helmholtz vortex ring grew up in size and
pinched off due to the interaction with the stre

After the pinchedoff Kelvir

Helmholtz vortex rings broke down into subr

amwise vortices.

structures to form wreathr like structures sur
rounded by
found to decay at a more moderate rate_in the
downstream region of 1. 0< X/D< 20 (2. 7<
X/H<5.3).

structures had already been\dissipated seriously

“ crescents”, their strength was

Since the Kelvir H elmholtz vortex
upstream, the decay rate was found to slow
down very much farther downstream_of X/D>
20(X/H> 5.3),

found to eventually vanish, and the wreathlike

where the “ crescents” were
structures were rounded-up to become circular

vortex rings.

4 Conclusions

An experimental investigation was conduc
ted to gain further insight about the behaviors of
unsteady vortex structures downstream of a cir
cular lobed nozzle/ mixer. A novel dualplane
stereoscopic PIV system was used to conduct
simultaneous measurements of all three compo-
nents of vorticity distributions in the lobed mix
ing flow to quantitatively visualize both the
large scale streamwise vortices produced by the
lobed nozzle/ mixer and the KelvirH elmholtz
vortex structures generated due to Kelvir
Helmholtz instabilities simultaneously for the

first time. In addition to quantitatively confi-

ming conjectures suggested in previous studies,
many more details about the evolution and inter
action characteristics of the unsteady vortex
structures in the lobed jet mixing flow were also
uncovered in the present study.

The presented instantaneous and ensemble
averaged vorticity distributions revealed quite
different aspects about theevolutionof the large
scale streamwise vortices7and the Kelvin-H elm-
holtz vortex-structures. I he instantaneous vor
ticity distributions displayed that the large scale
stredmwise vortices generated by the lobed noz-
zle/ mixer broke into smaller,, but not weaker,
streamwise vortices rapidly as they traveled
downstream. The smaller, but not weaker,
streamw-ise vortices were found to concentrate in
the regions downstream lobe peaks at first, and
then migrate to everywhere in the lobe jet mix-
ing flow. It is proposed as the reason why a
lobed mixer/ nozzle could enhance both large
scale mixing and small-scale mixing as conjec
tured in previous studies. The Kelvir H elmholtz
vortex structures rolling up at the interface be-
tween the lobed jet and ambient flow were found
to form vortex rings with the same shape as the
trailing edge of the lobed nozzle/ mixer as expec
ted. As they traveled downstream, the Kelvir
Helmholtz vortex rings were found to be de
formed, torn open, then broken down into dis-

connected fragments, and eventually vanished

farther downstream of X/D> 3.0 (X/H > 8.0).

While the instantaneous vorticity measure-
ment results revealed more details about the evo-
the

ensemble averaged vorticity distributions dem-

lutions of the unsteady vortex structures,

onstrated the overall effect of the special geome-

try of the lobed nozzle/ mixer on the enhanced
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mixing process. With their size equivalent to the
lobe height at the exit of the lobed nozzle/ mixer,
the ensemble averaged streamwise vortices were
found to grow up and expand outward radially at
first, and then break down, which confirmed the
conjecture of threestep process ( i. e, the
streamwise vortices form, intensify, and then
break down) suggested in previous studies. The

Kelvirr Helmholtz

structures were found to form vortex rings with

ensemble averaged vortex

their shape the same as lobed trailing edge at the
The Kelvir

Helmholtz vortex rings were found to expand

exit of the lobed nozzle/ mixer.

outward, then became pinched off due to the ir

teraction with the large scale streamw ise vortices
The pinchvoff

effect of the Kelvir Helmholtz vortex rings re

as they traveled downstream.

sulted in breakdown of the vortex rings into subr
structures to form wreatlr like structures sur
rounded by “crescents”. The “ crescents” were
rapidly dissipated and eventually vanished far
ther downstream, while the wreatlrlike struc
tures were rounded up to become circular vortex
rings.

The strength the ensemble averaged stre
amwise vortices and\the Kelviir Helmholtz vor
tex structures were found to\follow almost iderr
tical trends, which decfease monotonically as the
downstream distance inCreasing. Such decay
trends suggest that the enhanced mixing due to
the special geometry of the lobed nozzle/ mixer
was concentrated in the regions of the first two
diameters of the lobed nozzle/ mixer (about first
six lobe heights), which agree with the findings
of previous studies based on the velocity and tur
bulent kinetic energy measurements, 1i.e., the
maximum effectiveness region of a lobed mixer is
within the first six lobe heights.

It should be noted that although numerous
previous studies have been conducted to investr
gate the behavior of the unsteady vortex struc
tures in lobed mixing flows, the work presented
here is believed to be the first to provide detailed
vorticity measurements to quantify the evolution

of the large scale streamwise vortices and the

Kelvin-Helmholtz vortex structures simultane-
ously and instantaneously. Further insight about
the evolution of the unsteady vortex structures
gained through the present study also highlights
the advantages of using advanced diagnostic
techniques, such as the DP-SPIV technique, to
elucidate underlying physics to improve our un-
derstanding about the fundamental mechanism of
complex flow phenomena.
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