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Abstract: An experimental study w as conducted to investig ate the evolut ions of unsteady vor tex structures

dow nstream a lobed mixer / nozzle. A novel dua l�plane st ereoscopic PIV sy st em w as used to measure all 3�

components of vo rticity distributions to rev ea led both the lar ge�scale streamw ise vor tices produced by the lobed

mixer/ nozzle and the Kelvin�H elmho ltz v or tex structures g ener ated due to the Kelvin�H elmholtz instabilities

simultaneously and quant itativ ely for t he fir st time. T he inst antaneous and the ensemble�averaged vor ticit y dis�

tr ibutions displayed quite different aspect s about the evolut ions o f the unsteady vort ex st ructur es. While the

ensemble�averaged vor ticity dist ributions indicated the overall effect of the special g eometry o f the lobed no z�

zle/ mix er on the enhanced mix ing pr ocess, the instant aneous vo rticity distr ibut ions elucidated many details

about how the enhanced mix ing pr ocess w as conduct ed. I n addition to quantitativ ely confirming conjectur es o f

pr evious studies, fur ther insight about the formation, evo lution and inter act ion cha racterist ics o f the unsteady

vor tex str uctur es dow nstr eam of the lobed mixer/ no zzle were also uncover ed quantitatively in the present study.
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Nomenclature

D= diameter of the lobed mixer/ no zzle

H = the height of the lobe

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

to r

U0 = flow velo city at the inlet of the test no zzle

�x = no rmalized vort icity component along X�ax is,

�x =
D
U 0

 w
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�y = no rmalized vo rticity component along Y�ax is,

�y =
D
U 0
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�z= normalized vo rticit y component a long Z�ax is,

!�z=
D
U0
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 x-
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�in�plane = The magnit ude of the vort icity inside the

measurement plane, �in�plane= �2
y + �2

z

Introduction

There are numer ous aerospace applicat ions

w here methods to enhance mix ing betw een co�

f low ing st reams have been identif ied as cr it ical o r

enabling technolog ies. Examples include low

emissions combustor s, ejectors for high lift or jet

noise reduct ion, infr ar ed suppressor nozzles,

turbo fan co re�bypass m ixers and supersonic com�
bustion ramjets. It has been w ell recognized that

an eff icient mechanism for m ix ing enhancement

is to int roduce str ong st reamw ise vort ices be�
tw een the co�f low ing st reams. Lobed nozzles/

m ix ers, w hich are essent ially split ter plates with

corrugated t railing edges, are w idely considered

as an ext raordinary means o f g enerat ing strong

st reamw ise vort ices to enhance m ix ing betw een

co�f low ing st reams. Due to their outstanding

m ix ing enhancement performance, lobed m ixers/

nozzles have been g iv en great at tent ion by many

researchers in recent years.

Besides the cont inuous efforts to opt imize

the geometry of lobed m ixers/ no zzles fo r bet ter
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mixing enhancement perfo rmance and to w iden

the applicat ions of lobed mixers/ no zzles[ 1�5] , ex�
tensive studies about the fundamental mechanism

by which lobed mixer/ nozzles substantially en�
hanced mix ing have also been conducted. Based

on pr essure, temperature, and velo city measure�
ments of the f low field downst ream of a lobed

mixer/ nozzle, Paterson
[ 6]

r ev ealed the ex istence

of large�scale st reamw ise vo rtices induced by the

special g eometry of the lobed nozzle/ m ixer.

Larg e�scale st reamw ise vort ices w ere suggested

to be responsible for the enhanced mixing. Wer le

et al. [ 7] and Eckerle et al. [ 8] suggested that the

st reamw ise vort ices dow nst ream lobed mixers

w ould fo llow a thr ee�step process by w hich the

st reamw ise vort ices fo rm, intensify, and then

break down, and the high tur bulence resulting

from the vo rtex breakdown improved the overall

mixing process. The study of M cCorm ick and

Bennet t[ 9] revealed more details about the evo lu�
t ion and interact ion of unsteady vortex st ructures

dow nst ream of a lobed mixer. Based on qualita�
t ive flow visualization w ith smoke and quant ita�
t ive v elo city measurements w ith hot f ilm ane�
mometer , M cCorm ick and Bennet t

[ 9]
suggested

that the interact ion betw een the larg e�scale stre�
amw ise vor tices produced by the special geometry

of the lobed mixer and the � normal vortex st ruc�
tures generated due to the Kelvin�Helmholtz insta�
bilit ies ( i. e. , Kelvin�Helmholtz vortex st ructures

called in the present study) w ould produce high

lev els of m ix ing . As the Kelvin�Helmho ltz vort i�
ces shed from the tr ailing edge o f the lobed m ix�
er, the st reamw ise vort ices w ould cause defo rm�
at ion to the Kelvin�Helmholtz vo rtices until they

w ere pinched of f and subsequent ly broken down.

Quant itat iv e turbulence measurements show ed

the regions o f high�turbulence kinet ic energ y that

w ere consistent w ith the qualitativ e f low visual�
izat ion of the pinch�of f ef fect of the Kelvin�
Helmholtz vo rtex st ructures. Yu and Yip[ 10] con�
ducted velocity measur ements dow nst ream of a

lobed mixer w ith a Laser Doppler V elo cimetry

( LDV) sy stem . They suggested that the intense

small�scale turbulence and intensive mixing

downst ream of a lobed m ixer w ould be caused by

the defo rmat ion of the Kelv in�Helmho ltz vor tices

into pinch�of f str uctures as conjectured by M c�
Corm ick and Bennett

[ 9]
. Waitz et al.

[ 11]
summa�

rized the f inding s of previous studies and sugges�
ted that ther e are three primary contributors fo r

the enhanced mixing processes dow nst ream lobed

nozzles/ mix ers. T he first is the lar ge�scale st re�
amw ise vort ices produced by the special g eome�
t ry o f the lobed no zzle/ mix er, the second is the

Kelvin�Helmholtz v ort ices, w hich occur in any

f ree shear lay er s due to the Kelvin�Helmholtz in�
stabilit ies, and the third is the increased interfa�
cial contact area due to the convoluted t railing

edge of the lobed m ixer/ nozzle.

Although the unsteady vortex structures such

as large�scale streamw ise vortices and Kelvin�
Helmholtz vo rt ices have been suggested to play

very important ro les to the enhanced mix ing

process downstr eam lobed mixers/ nozzles, most

o f the pr evious studies w ere based mainly on

qualitat ive f low visualizat ions to invest igate the

format ion, evo lut ions and interact ions of the un�
steady vor tex str uctures. Detailed measurements

to quant ify the behavio rs of the unsteady vo rtex

st ructures have no t become available unt il re�
cent ly. By using advanced f low diagnost ic tech�
niques such as planar laser induced f luo rescence

( LIF ) , par ticle image velo cimetry ( PIV ) and

stereoscopic PIV techniques, Hu et al. [ 12�13] con�
ducted a series of experimental inv estig at ions to

study the evolut ion of the unsteady vo rtex str uc�
tur es dow nst ream lobed no zzles/ mixers instanta�
neously and quant itat ively. How ever, it should

be no ted that since only one component of the

vort icity dist ribut ions could be derived from con�
ventional PIV or stereoscopic PIV measurement

results, only either st reamw ise vo rtices o r

Kelvin�Helmholtz vor tex st ructures could be re�
vealed f rom the PIV measurement r esults presen�
ted in Hu et al[ 12�13] .

It is highly desirable to rev eal both the st re�
amw ise vo rt ices and the Kelvin�Helmholtz vo rtex

st ructures simultaneously and quant itat ively in

o rder to elucidate under lying physics to further
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our understanding about the format ion, evo lu�
t ion and interact ion characteristics of the lar ge�
scale st reamw ise vo rt ices and the Kelvin�
Helmholtz vor tex str uctures in lobed mixing

flows. In the present study, a novel dual�plane

stereo scopic PIV ( DP�SPIV ) system[ 14] , which

is capable of measuring all three components o f

flow vort icity dist ribut ions simultaneously , is

used to conduct detailed measurements to rev eal

bo th the large�scale str eamw ise vortices and the

Kelvin�Helmholtz vortex structures in a lobed mix�
ing flow for the first t ime. The objectives of the

present study are to quantitat ively conf irm conjec�
tures suggested in previous studies based on qualita�
t ive flow visualizations, as w ell as to gain further in�
sight about the format ion, evolution and interact ion

characteristics of the large�scale st reamwise vortices

and Kelvin�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 and flow con�
ditions used in the present study are the same as

those used in Hu et al. [ 13] . where a conventional

stereoscopic PIV system w as used to conduct flow

velocity f ield measurements, therefore, the work

presented here could be considered an ex tension of

the work reported in Hu et al. [ 13] , Since ex tensive

discussion about the characterist ics of the lobed mix�
ing process revealed f rom the velocity and turbulent

kinetic energy dist ribut ions have already been given

in Hu et al. [ 13] , only vorticity dist ributions will be

presented here to quantify the formation, evolut ion

and interact ion characteristics of the large�scale stre�
amw ise vortices and Kelvin�Helmholtz vortex st ruc�
tures in the lobed mix ing flow.

1 � Experimental setup and dual�
plane stereoscopic PIV system

� � Figure 1 show s the schemat ic of the circular

lobed nozzle/ mixer used in the present study. It

has six lobe st ructures as the no zzle tr ailing

edge. The w idth of each lobe is 6 mm and the

lobe height is 15 mm ( H = 15 mm) . The inw ard

and outw ard penet rat ion angles of the lobed

st ructures are �in = 22! and �out= 14! respectively.

T he diameter of the lobed nozzle/ m ixer is 40 mm

( D = 40 mm) . A centr ifugal compresso r w as

used to supply air jet f low s. Downst ream of the

centrifugal compressor, a cylindrical plenum

chamber w ith honeycomb and mesh st ructures

w as used to sett le the airf low . Through a con�
vergent connection ( conver gent rat io 50 ∀ 1)

dow nst ream to the plenum chamber, the airf low

w as exhausted from the lobed nozzle/ mix er. The

velo city r ange o f the air f low out of the test noz�
zle is adjustable f rom 5 to 35 m/ s. In the pr esent

study, the jet velocity at the inlet of the lobed

nozzle/ mixer w as set as U 0 = 20. 0 m/ s, w hich

corresponds to a Reynolds number o f 5. 5 # 10
5

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

jet f low was seeded w ith 1~ 5  m DEHS ( Di�2�
EthlHexy l�Sebact ) dr oplets gener ated by a see�
ding generato r

[ 15]
. T he DESH dr oplets out of the

seeding generator w ere divided into tw o st reams;

one is used to seed the co re jet flow and the other

for ambient air seeding.

F igure 2 show s the schemat ic o f the dual�
plane ster eoscopic PIV ( DP�SPIV ) sy stem used

in the present study. The DP�SPIV system w as

developed recent ly by taking advantage of the

polarizat ion conservat ion of M ie scattering in air

to achieve stereoscopic PIV measur ements at tw o

spat ial ly�separated par allel planes instantaneous�
ly and simultaneously

[ 14]
. As show n in the Fig.

2, tw o sets of commonly�used double�pulsed Nd:

YAG lasers ( N ew Wave, 50 mJ/ pulse) w ith ad�
dit ional opt ics ( half w ave plate, mirr ors, po lar�
izer and cy lindrical lens) w ere used to illuminate

the lobe jet f low at two parallel planes w ith o r�
thogonally�po larized laser sheets ( thickness of

F ig. 1� T he test lobed nozzle/ mixer
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Fig . 2 � The schematic o f the dual�plane stereoscopic P IV sy stem

each laser sheet w as about 2. 0 mm ) . Since the

po larizat ion o f Mie scat tering in air f low s is con�
servativ e, the scat tering light f rom the seeded

PIV tracer part icles in the tw o orthogonally po�
larized laser sheets w ill keep their original po lar�
izat ion. A specially�designed imag ing sy stem

composed of four high�r esolution CCD camer as

( 1 K pix els by 1 K pixels) w ith a pair o f polari�
zing beam splitter cubes and m ir rors w as devised

to captur e the scat ter ing light select ively. By u�
sing such opt ical setup, the DP�SPIV sy stem can

achieve the stereoscopic PIV measurements of all

three components of velocity vector s at tw o par�
allel planes simultaneously. As the curl of f low

velocity vectors, the dist ribut ions of all three

components of the vort icity vectors could be de�
r iv ed f rom the measured velo city fields.

The gap betw een the two parallel, simulta�
neously�illuminated laser sheets w as set to be

2� 0 mm in the present study . For the PIV image

pro cessing, 32 pixels by 32 pix els interrog at ion

w indow s w ith 50% over lap w ere used to derive

flow velocity vector s, therefo re, the spat ial res�
o lut ion of the present measurement is expected

to be about 2� 5 mm # 2. 5 mm # 2. 0 mm. In or�
der to evaluate the accuracy of the DP�SPIV

measurements, a LDV system and the DP�SPIV

sy stem w ere used to conduct simultaneous meas�
urements o f a jet f low , and the measurement re�
sults w ere compared quant itat ively. It turned

out that the differences betw een the DP�SPIV

and the LDV measur ements o f the st reamw ise

velocity ( u�component ) w ere less than 2. 0% ( ~

0. 36 m/ s) at the compared po ints. As show n in

the Fig. 2, since the half�v iew angle for the ster�
eoscopic image recor ding is about 25 deg ree in

the present study , the measurement uncertainty

fo r the in�plane velo city components ( v�compo�
nent and w�component ) w ould be about 1/ 3 of

the out�of�plane velocity component ( u�compo�
nent ) accor ding to Law son and Wu

[ 16]
. T here�

for e, the uncertaint ies for the velo city measure�
ments ar e expected to be about 0. 36 m/ s for the

u�component , and 0. 12 m/ s for the v�component

and w�component in the present study. An adap�
tive scheme

[ 17]
was used in the present study to

derive vort icity dist ribut ions f rom the measured

velocity f ields. Based on the accur acy lev el and

the spat ial r esolution of the measur ed velocity

dist ribut ions, averaged uncertainty level of the

vort icity data g iv en in the present study is expec�
ted to be w ithin 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, in�situ calibration, re�
const ruct ion and image pro cessing procedures fo r

the DP�SPIV measurements, and the quantita�
t ive comparison of the DP�SPIV and LDV meas�
urements is available at Hu et al. [ 14] .

2 � Measurement Results and
Discussions

� � It is w ell know n that the large�scale streamw ise

vort ices produced by the special geometry of lobed

nozzles/ mix ers and the Kelvin�Helmholtz vor tices

generated due to the Kelvin�Helmholtz instabili�
t ies play very impo rtant ro les in the enhanced

mixing process dow nst ream lobed mixer s. Fo r

the large�scale st reamw ise vor tices, their ex ist�
ence w as revealed very clear ly f rom the instanta�

neous st reamwise vor ticity dist ribut ion show n in

Fig. 3( a) , w hich w as measured near the exit of

the lobed no zzle/ m ix er ( i. e. X / D= 0. 25, X / H

= 0. 67 cross plane) . Corr esponding to the six

lobes o f the lobed nozzle/ mixer, six pairs of

counter rotating st reamw ise vort ices were gener�
ated w ith their size almost equivalent to the

height of the lobes. Since the rotat ion ax is of the

Kelv in�Helmho ltz vo rtex str uctures is parallel to

the laser illuminating planes ( Y�Z plane as

show n in Fig. 1) , the �y�component and �z�com�
ponent of the measur ed vort icity vectors w ere

combined to calculate �in�plane vort icity in or der to

visualize the evolution of the Kelv in�H elmho ltz

vortex str uctures more clearly . T he instantane�
ous in�plane vorticity dist ribut ion in the X / D= 0. 25

F ig . 3 � Measured vo rt icity distr ibut ions in the X / D= 0. 25 ( X / H = 0. 67) cro ss plane
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( X/ H = 0. 67) cross�plane is given in Fig. 3( b) . As

expected, the Kelvin�Helmholtz vortex structures

were found to form vortex rings with the same shape

as the trailing edge of the lobed nozzle/ mixer. Al�
though the ex istence of the large�scale streamw ise

vort ices and Kelvin�Helmholtz vortices dow nstream

lobed nozzles/ mix ers have been visualized qualita�
t ively in previous studies, the results show n at here

are believed to be the first measurement to visualize

them quantitat ively and simultaneously.

� � Based on 400 frames of instantaneous meas�
urements, ensemble�averaged st reamw ise vor tic�
ity and in�plane vort icity dist ribut ions w ere cal�
culated, and the results are giv en in Fig . 3 ( c)

and Fig . 3 ( d) . Compared w ith tho se show n in

the instantaneous vort icity distr ibutions, the iso�
vort icity contour lines in the ensemble�averaged

fields w ere found to be smoother. How ever,

they w ere found to have almost the same dist ri�
bution pat tern as their instantaneous counter�
parts, w hich could indicate that the gener at ion

of the large�scale st reamw ise vor tices and the

Kelv in�H elmho ltz v ortex ring s at the exit of the

lobed nozzle/ mixer w as quite steady.

� � Figure 4 gives the measur ed vo rt icity dist ri�
butions in the X / D = 0. 5 ( X / H = 1. 33) cr oss

plane. T he instantaneous st reamw ise vo rt icity

dist ribut ion r evealed that the large�scale st ream�
w ise vort ices generated by the lobed nozzle/ mix�
er began to break into smal ler vort ices. Besides

the st reamw ise vort ices at lobe peaks, smaller

st reamw ise vort ices could also be ident if ied at

the lobe t roughs f rom the instantaneous st ream�
w ise vort icity dist ribut ion. These smaller st re�
amw ise vort ices are believed to be the � horse�
shoe vortex  st ructures named by Paterson

[ 6]

and visualized qualitat ively in the LIF images of

Hu et al[ 12] . Six pair s o f larg e�scale st reamw ise

vort ices could st ill be seen clearly fr om the en�
semble�aver aged st reamwise vort icity distr ibu�
t ion, the centers o f the str eamw ise vo rt icies

w ere found to move outw ard radially compared

w ith those at the ex it of the lobed nozzle/ mix er.

Same phenomena w ere also found from the LDV

measurements of Bleovich and Samimy[ 19] . The

instantaneous in�plane vort icity dist ribut ion

show s that the instantaneous Kelv in�H elmho ltz

vortex ring , w hich had the same shape as the

lobed trailing edge at the ex it of the lobed noz�
zle/ mixer, w as deformed and even tor n to open

due to � st retch effect of the st reamw ise vor tices

at lobe peaks and lobe t roughs as conjectur ed by

Hu et al[ 1 2] . The ensemble�averaged in�plane

vort icity dist ribut ion show s that the ensemble�
aver aged Kelvin�Helmholtz v ortex ring w as st ill

in the same shape as the lobed trailing edge of

the lobed nozzle/ m ixer w ith it s size gr ow ing and

spreading slight ly outw ard.

As the downst ream distance increased to X /

D= 1. 0 ( X / H = 2. 67, and Fig . 5) , the six pairs

of large�scale st reamw ise vor tices seen in the in�
stantaneous st reamw ise vortcity dist ribut ions

upst ream could not be seen here any longer . The

large�scale st reamw ise vort ices w ere found to

br eak into many smaller st reamwise vort ices.

How ever, it should be noted that the max imum

vort icity of the smaller st reamw ise vort ices w as

found to be almost the same as their � parent 
st reamw ise vort ices, i. e. , the large�scale st re�
amwise vo rt ices w ere found to break down into

smaller, but not w eaker streamw ise vortices. Six

pairs of large�scale st reamwise vort ices could st ill be

identified from the ensemble�averaged streamw ise

vort icity dist ribut ion show n in Fig. 5( c) , how ever,

the st rength of the ensemble�aver aged st ream�
w ise vort ices w as found to decay signif icantly

compared that at the ex it of the lobed nozzle/

mix er. T he instantaneous in�plane vo rt icity dis�
tributions in this cross plane show s that the Kel�
v in�Helmho ltz vo rtex ring s, w hich w er e in the

same shape as the lobed trailing edge at the exit

of the lobed nozzle/ mix er , w ere found to br eak

down into disconnected vortex fragments. The

ensemble�averaged in�plane vo rt icity dist ribut ion

displays that the ensemble�averaged Kelvin�
Helmholtz v ortex s t ructures w ere ser iously de�
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Fig . 4 � Measured vor ticity dist ributions in the X / D= 0. 50 (X / H = 1. 3) cross plane

fo rmed. Based on qualitat iv ely f low visualiza�
t ion, M cCo rmick and Bennet t[ 9] suggested that

the Kelv in�H elmho ltz vo rtex st ructures w ould

be pinched of f due to the interact ion w ith the

st reamw ise vo rtices, w hich w ould result in in�
tense mix ing . T he pinch�of f ef fect o f the Kelvin�
Helmholtz vo rtex st ructures w as r evealed clearly

and quantitat iv ely from the ensemble�averaged

in�plane vort icity dist ribut ion show n in Fig� 5

( d) . It should be no ted that the present meas�
urement result is believed to be the first to visu�
alize the pinching�of f of the Kelv in�H elmho ltz

vortex str uctures from the vort icity dist ribut ion

measurements, w hich verif ies the conjecture of

McCormick and Bennet t [ 9] quant itat ively.

Figure 6 gives the measur ed vo rt icity dist ri�

butions in the X / D = 1. 5 ( X / H = 4. 0) cr oss

plane. T he instantaneous st reamw ise vo rt icity

dist ribut ion show s that there w er e mor e and

more small�scale streamw ise vort ices appearing

in the jet m ixing f low w ith the max imum vo rti�
city o f the smaller str eamw ise vort ices being st ill

at the same level as their � parent vort ices. The

ensemble�averaged st reamw ise vort ices w ere

found to break down w ith their st reng th sub�
stant ially dissipated. T he typical instantaneous

in�plane vo rt icity dist ribut ion reveals that the

Kelv in�Helmho ltz v ortex structures kept on

br eaking into smaller f ragments and being dissi�
pated as they t raveled downstr eam. T he ensem�
ble�averaged in�plane vort icity dist ribut ion

displayed that the Kelvin�Helmholtz vortex ring

1272



� 第 7 期 H ui H u et a l. : Vor tex str uctures downstream a lobed nozzle/ mixer

Fig . 5 � Measured vor ticity dist ributions in the X / D= 1. 00 (X / H = 2. 7) cross plane

was found to br eak down into subst ructur e after

pinch�o ff to form a w reath�like�st ructure sur�
r ounded by six � crescents .

� � As the downst ream distance cont inually in�
creased, the number o f the smaller st reamw ise

vort ices o riginat ing fr om the breakdown of the

large�scale str eamw ise vort ices w as found to in�
crease at first, reaching its max imum in the

neighborhood of dow nst ream reg ion of X / D =

2� 0 ( X / H = 5. 3) , and then beginning to de�
crease. Af ter breakdown into smal ler str uc�
tures, the ensemble�aver aged st reamw ise vort i�
ces w ere dissipated rapidly, and no appar ent en�
semble�aver aged st reamw sie vo rtex st ructur es

could be ident ified anymore at farther dow n�
st ream of X / D> 2. 5 ( X / H > 7. 0) . Few er and

few er f ragments of the broken Kelv in�H elmho ltz

vortex tubes could be ident ified fr om the instan�
taneous in�plane vor ticity dist ribut ions. As the

downst ream distance increased, the � crescents 

seen from the ensemble�averaged in�plane vor tic�
ity dist ribut ions w ere found to fade out quickly,

and eventually v anish. T he w r eath�like�
st ructures rev ealed upst ream wer e found to be

rounded up to be cir cular vor tex rings, w hich

ar e sim ilar to those found in the far fields of a

circular jet f low . Such results w ere found to a�
g ree w ith the findings o f Bell and M ehta[ 20] , w ho

suggested that a jet f low w ith added st reamw ise

vort ices to enhance the m ix ing process w ould re�
sume back to a no rmal jet flow after the larg e�
scale st reamw ise vort ices w ere dissipated in the

far field.
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Fig . 6 � Measured vor ticity dist ributions 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 vo rticity dist ribut ions

displayed quite differ ent aspects of the facts

about the evo lut ion of the lar ge�scale st reamw ise

vort ices and the Kevin�Helmholtz vortex str uc�
tures in the lobed m ixing f low . The instantane�
ous str eamw ise vo rt icity dist ribut ions show ed

that the lar ge�scale st reamw ise vor tices g enera�
ted by the lobed nozzle/ m ixer w ould break into

smaller, but not weaker, st reamw ise vo rtices as

they t rav eled downst ream. The smaller but not

w eaker st reamw ise vort ices w ere found to con�
centrate at the reg ions downst ream of lobe peaks

at first, then, mig rated everyw here in the mix�
ing f low as the downstr eam distance incr eased.

This is believed to be the r eason why a lobe noz�

zle/ mix er w ould enhance both large�scale mix ing

and small�scale mixing as r eported by prev ious

studies[ 21] . T he number o f the smaller, but not

w eaker, st reamw ise vort ices w as found to in�
crease at f ir st , reaching its max imum number in

the neighbo rhood o f dow nst ream region of

X / D= 2. 0 ( X / H = 5. 3) , and then decreasing

further downstr eam. T he instantaneous in�plane

vort icit ity dist ribut ions indicated that the

Kelv in�Helmholtz v ortex st ructur es ro lling up at

the inter face betw een the lobed jet and ambient

flow w ould fo rm vortex ring s. As expected, the

Kelv in�Helmho ltz vo rtex rings had the same

shape as the lobed trailing edge at the ex it of the

lobed no zzle/ m ix er. T he Kelvin�Helmholtz vo r�
tex ring s w ere deformed and tor n open, and bro�
ken into many smaller fragments as they t raveled
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downst ream. The broken Kelvin�Helmholtz vo r�
tex tubes w ere found to be seriously dissipated

and eventual ly v anished farther downstr eam.

F ig. 7� T he decay the streamw ise vor ticit y

and in�plane vor ticity

The ensemble�averaged vort icity distr ibu�
t ions could be used to demonstr ate the overall

ef fect of the special geometry of the lobed noz�
zle/ mixer on the enhanced m ixing process. The

large�scale st reamw ise vort ices g enerated by the

special g eometry of the lobed no zzle/ mix er could

be thought to act as � st irrers to enhance the

mix betw een the core jet f low and ambient flow.

The � stirr ing ef fect could be evaluated f rom the

evolution of the ensemble�averaged st reamw ise

vort ices in the lobed mixing flow , w hich w as re�
presented quant itat ively by the decay prof ile of

the max imum ensemble�averaged st reamw ise

vort icity w ith the increasing downstr eam dis�
tance. As shown in Fig. 7, the ensemble�
aver aged st reamw ise vort icity w as found to de�
cay ver y r apidly w ithin the first diameter s o f the

lobed nozzle/ mixer ( about f irst three lobe

heights) , w her e the ensemble�averaged st ream�
w ise vort ices w ere generated, g rew up, and m i�
g rated outw ard radially. T he decay rate of the

ensemble�averaged st reamw ise vort icity w as

found to be mor e moderate in the r eg ions of

1. 0< X / D< 2. 0 ( 2. 7< X / H < 5. 3) , w here the

ensemble�averaged str eamw ise vort ices w ere

found to break down into smaller st ructures.

After breakdown, the decay rate of the ensem�
ble�averaged st reamw ise vo rt icity w as found to

significant ly slow down farther dow nst ream of

X / D> 2. 0 ( X / H > 5. 3) , w here the smaller and

w eaker ensemble�averaged st reamw ise vor tices

w ere dissipated rapidly, and no apparent

ensemble�averaged st reamw sie vortex st ructures

could be ident if ied in the lobed mix ing flow.

Farther downstr eam of X / D > 3. 0 ( X / H > 8.

0) , the ensemble�averaged st reamw ise vor tices

became so w eak that they w er e not able to affect

the mixing process any longer. T herefore, it

could be suggested that the enhanced m ix ing due

to the special g eometry of the lobed no zzle/ m ix er

w ould be concentrated in the upstr eam of the

first tw o diameters o f the lobed no zzle/ m ix er

( about first six lobe heights) . T he conclusions

ar e found to be consistent w ith the velocity and

turbulent kinet ic energy measurement results

reported in Hu et al. [ 13] , w hich also agree with

the f indings of M cCorm ick and Bennet t
[ 9]

and

Glauser et al. [ 22] who suggested that the max i�
mum ef fect iveness r eg ion for a lobed m ixer is

w ithin the first six lobe heights.

� � The evo lut ion o f the ensemble�aver aged

Kelv in�Helmho ltz vortex st ructur es could be

shown schematical ly in Fig� 8. T he ensemble�
aver aged Kelv in�Helmho ltz vortex st ructures

w ere found to form vo rtex rings w ith the same

shape as the lobed trailing edge at the ex it of the

lobed no zzle/ m ix er. T he Kelvin�Helmholtz vo r�
tex rings w ould g row in size and expand outw ard

at first as they t rav eled downstr eam. Due to the

interact ion w ith the larg e�scale st reamw ise vort i�
ces generated by the lobed nozzle/ m ixer, the

Kelv in�Helmho ltz v ortex ring s w ould be pinched

of f as conjectured by the M cCo rmick and Ben�
net t[ 9] . T he pinched�of f Kelv in�Helmholtz vo r�
tex ring s w ould break down into subst ructures

to form w reath�like�st ructur es surrounded by

� cr escents . The � crescents were found to rap�
idly dissipate and eventual ly vanish farther

dow nst ream. T he wr eath�like�st ructures w ere

found to be rounded up to become circular vo rtex

ring s, w hich were sim ilar to those found in the

far field of circular jet flow s. As shown in Fig.

7, the decay of the ensemble�averaged Kelvin�
Helmholtz vortex st ructures w as found to fo llow
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Fig . 8 � The evo lution of t he Kelv in�Helmho ltz vo rtex structures

almost ident ical t rends as that of the ensemble�
aver aged st reamw ise vor tices. T he st rength of

the Kelvin�Helmho ltz vortex st ructures ( in�
plane vor ticity) w as found to decay dr amat ically

at the first diameter o f the lobed no zzle/ mix er

( f ir st three lobe heights ) , where the Kelvin�
Helmholtz v ortex ring g rew up in size and

pinched o ff due to the interaction w ith the st re�
amw ise vo rt ices. A fter the pinched�of f Kelvin�
Helmholtz vo rtex ring s broke down into sub�
st ructures to fo rm w reath�like�st ructures sur�
r ounded by � crescents  , their st reng th w as

found to decay at a mo re moderate rate in the

downst ream reg ion of 1. 0< X / D < 2. 0 ( 2. 7<

X / H < 5. 3) . Since the Kelv in�H elmho ltz vo rtex

st ructures had already been dissipated seriously

upst ream, the decay rate w as found to slow

down ver y much farther dow nst ream of X / D >

2. 0 ( X / H > 5. 3) , w here the � crescents were

found to eventually vanish, and the w r eath�like�
st ructures w ere rounded up to become cir cular

vortex rings.

4 � Conclusions

An exper imental invest igat ion w as conduc�
ted to gain further insight about the behaviors of

unsteady vor tex st ructures dow nst ream of a cir�
cular lobed nozzle/ mix er. A novel dual�plane

stereo scopic PIV system w as used to conduct

simultaneous measurements o f all three compo�
nents of v ort icity dist ribut ions in the lobed mix�
ing f low to quant itat ively visualize bo th the

large�scale st reamw ise vort ices produced by the

lobed nozzle/ mix er and the Kelv in�H elmho ltz

vortex structures g enerated due to Kelvin�
Helmholtz instabilities simultaneously fo r the

first t ime. In addit ion to quant itatively conf ir�

ming conjectures suggested in prev ious studies,

many mo re details about the evolut ion and inter�
act ion char acterist ics of the unsteady vo rtex

st ructures in the lobed jet m ix ing f low w ere also

uncovered in the pr esent study.

The presented instantaneous and ensemble�
aver aged vort icity dist ribut ions revealed quite

dif ferent aspects about the evolut ion o f the larg e�
scale streamw ise vort ices and the Kelv in�H elm�
ho ltz v ortex st ructur es. T he instantaneous vo r�
ticity dist ribut ions displayed that the large�scale
st reamw ise vo rt ices generated by the lobed noz�
zle/ mixer br oke into smal ler, but not w eaker,

st reamw ise vo rt ices rapidly as they t raveled

downst ream. T he smaller, but not w eaker,

st reamw ise vort ices w ere found to concentrate in

the r eg ions downst ream lobe peaks at f ir st , and

then mig rate to everyw here in the lobe jet mix�
ing f low . It is pr opo sed as the reason why a

lobed mixer/ no zzle could enhance both larg e�
scale mix ing and small�scale mixing as conjec�
tured in previous studies. The Kelv in�H elmho ltz

vortex st ructures ro lling up at the interface be�
tw een the lobed jet and ambient flow w ere found

to form vo rtex rings w ith the same shape as the

t railing edge o f the lobed no zzle/ m ix er as expec�
ted. A s they tr av eled downstr eam, the Kelvin�
Helmholtz vo rtex ring s w ere found to be de�
formed, to rn open, then broken down into dis�
connected fragments, and eventually vanished

farther dow nstr eam of X / D> 3. 0 ( X / H > 8. 0) .

While the instantaneous vort icity measure�
ment results revealed mor e details about the evo�
lut ions of the unsteady vor tex st ructur es, the

ensemble�averaged vort icity distr ibutions dem�
onst rated the overall ef fect o f the special g eome�
try o f the lobed nozzle/ m ixer on the enhanced
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mixing pr ocess. With their size equivalent to the

lobe height at the exit of the lobed nozzle/ mix er,

the ensemble�averaged st reamw ise vort ices w ere

found to gr ow up and expand outw ard radially at

first, and then break down, w hich confirmed the

conjectur e of three�step pr ocess ( i. e. , the

st reamw ise vort ices form, intensify, and then

break down) suggested in previous studies. The

ensemble�averaged Kelvin�Helmholtz vo rtex

st ructures w ere found to form vortex rings w ith

their shape the same as lobed trailing edge at the

ex it of the lobed nozzle/ mix er. The Kelvin�
Helmholtz vo rtex ring s w ere found to expand

outw ard, then became pinched o ff due to the in�
teract ion w ith the larg e�scale streamw ise vor tices

as they t raveled downst ream. The pinchvo ff

ef fect of the Kelvin�Helmhol tz vo rtex ring s re�
sulted in breakdown of the vo rtex ring s into sub�
st ructures to fo rm w reath�like�st ructures sur�
r ounded by � crescents . T he � cr escents were

rapidly dissipated and eventually vanished far�
ther dow nst ream , w hile the w reath�like�str uc�
tures were r ounded up to become circular vo rtex

ring s.

The st reng th the ensemble�averaged st re�
amw ise vort ices and the Kelvin�Helmholtz vo r�
tex structures w ere found to follow almost iden�
t ical t rends, w hich decrease monotonically as the

downst ream distance increasing. Such decay

tr ends suggest that the enhanced mixing due to

the special geometry of the lobed no zzle/ mix er

w as concentrated in the r eg ions of the f ir st tw o

diameters o f the lobed nozzle/ mix er ( about f ir st

six lobe heights) , w hich agree w ith the f indings

of previous studies based on the velocity and tur�
bulent kinet ic energ y measurements, i. e. , the

maximum ef fectiveness region of a lobed mixer is

w ithin the f irst six lobe heights.

It should be noted that although numerous

previous studies have been conducted to invest i�
gate the behav io r o f the unsteady vortex str uc�
tures in lobed mix ing f low s, the w ork presented

here is believed to be the first to pr ovide detailed

vort icity measurements to quantify the evo lut ion

of the large�scale st reamw ise vor tices and the

Kelv in�Helmho ltz vo rtex st ructures simultane�
ously and instantaneously. Fur ther insight about

the evo lut ion of the unsteady vo rtex st ructures

gained thr ough the pr esent study also highlights

the advantages of using advanced diagnost ic

techniques, such as the DP�SPIV technique, to

elucidate underly ing physics to impr ove our un�
derstanding about the fundamental mechanism of

complex f low phenomena.
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