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Natural coherent structures in the near ® eld of an axisymmetric jet havebeen educed, and their dynamics studied
experimentally using hot-wire anemometry. The jet, originating from a fully developed turbulent pipe ¯ ow, was

positioned four jet diameters upstream from an impingement plate. Based on the pipe diameter, a jet Reynolds
number of 1.3 £ 104 was maintained.Using the life cycle method for coherent structure eduction, phased-averaged

vorticity contours were obtained in the jet near ® eld, within 2.3 diameters of the pipe exit. Vorticity contours
suggest that large coherent structures exist in the middle of the shear layer at approximately one jet diameter

downstream from the pipe exit. Their size, 40% of the initial jet diameter, is maximum at this location. A decay
region was also observed 1.6 diameters downstream from the pipe exit. Individual terms in the coherent vorticity

equation were evaluated and signi® cant terms examined.

Nomenclature
D = jet (or delivery tube) diameter
fm = dominant passage frequency,Hz
i = phase point, e.g., i is equal to 1 the ® rst time interval in

the cycle
L = pipe exit to plate spacing
P = time-averaged shear production

h P i i = phase-averagedshear production at the ith phase point
R = radial direction
R/ D = normalized radial distance
S = time-averaged strain rate

h S i i = phase-averagedstrain rate at the ith phase point
t = time
U = time-averaged longitudinal velocity
Ucl = time-averaged centerline pipe exit velocity

h UC i = phase-averagedconvection velocity

h U i i = phase-averagedlongitudinal velocity at the ith phase
point

u 0 = longitudinal turbulent velocity component

h u 0 i i = phase-averagedlongitudinal turbulent velocity
component at the ith phase point

u 0 v 0 = Reynolds stress

h u 0 v 0 i i = phase-averagedReynolds stress at the ith phase point

h V i i = phase-averagedtransverse velocity at the ith phase
point

v 0 = transverse turbulent velocity component

h v 0 i i = phase-averagedtransverse turbulent velocity
component at the ith phase point

X = streamwise direction
X/ D = normalized streamwise distance
H = circumferential direction
x = time-averaged transverse vorticity, in z direction

h x i i = phase-averagedtransverse vorticity at the ith phase
point

0 = random ¯ uctuating part

h i = phase averaged
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Introduction

L ARGE-SCALE coherent structures are known to exist and be
responsiblefor most of the momentum, heat, and mass transfer

in turbulent ¯ ows. With an increased knowledge of the coherent
structures present in jet ¯ ows undergoing impingement, optimum
heat transfer systems can be built for industrial applications, such
as cooling of electronic components and aircraft turbine blades.

Coherent structures have been identi® ed in several ¯ ow visu-
alization studies performed in free shear ¯ ows.1 Usually, laminar
¯ ow conditions and low Reynolds numbers provide suf® cient ¯ ow
stability to ensure good visual resolution, and with that the evi-
dence of coherent structure existence is supplied. However, when
the Reynolds number is high, most ¯ ow visualization techniques
fail to identify the coherent structures, although they are readily
present in the ¯ ow® eld. This dif® culty in ¯ ow visualization at high
Reynolds numbers is inevitable because of the smearing that takes
place within the large-scalestructuresdue to the increased presence
of ® ne grained turbulence.2 Coherent structure visualization is par-
ticularly dif® cult in fully turbulent jet ¯ ows due to the three dimen-
sionality of the structures and the rapid diffusion of ¯ uid markers
caused by small-scale turbulence.3

Hussain4 states that the instabilityof the instantaneouspro® le (not
the mean pro® le) should be able to explain the coherent structure
formation.Therefore, the current phase-averaged(time-dependent)
measurementsare also appropriatefor the studyof vortex formation.
Tso and Hussain5 suggest that coherent structure formation and
growth shouldoccur in thevalleysof shearproduction.Many studies
have also noted that the jet near ® eld is dominated by the jet tone
instabilities and these local instabilities are known to initiate the
evolution of the coherent structures.4, 6±8

Eduction of large-scale coherent structures requires the acquisi-
tion of detailedquantitativedata on such structure characteristicsas
size, strength, convection velocity, etc. The eduction of the coher-
ent structures is rather dif® cult, time consuming, and paradoxical.4

The dif® culty arises due to the use of point measurements instead
of simultaneous full ® eld measurements. Although particle image
velocimetry is making progress, this techniquehas only had limited
success in low Reynoldsnumber ¯ ows, i.e., less than 1.5 £ 104. Inas-
much as it is impossible (at least for now) to acquire data at each of
the measurementpoints simultaneously,without physicallydisturb-
ing the ¯ ow® eld, coherent structuresmust be educed using separate
point measurements. Applying a predetermined selection criterion,
these individually acquired signals can be event or phase aligned
with one another. Such a strategy allows ensemble averagingof the
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signals and a determination of desired phase-averaged¯ ow quanti-
ties. In the present study, the acquisition of conditionally sampled
time series at many spatial locations has enabled the determination
of phase-averaged¯ ow quantitiesand allowed the reconstructionof
the coherent ¯ ow® eld. This has enabled the time evolution of vor-
tex formation, growth, and downstream convection of the natural
large-scale structures within the shear layer to be investigated.

Experimental Apparatus and Measurement Strategy
Air for the jet was supplied by a compressed air storage system.

The air initially stored at high pressurewas reduced in pressure and
directed to an obstruction type ¯ owmeter. After exiting the ¯ ow-
meter, the airwas introducedintoa 45-diam-long,verticallyoriented
circular delivery tube (or pipe) of inner diameter 5.08 cm, via a
¯ exiblehose.The ¯ ow ratewas set andmaintainedat a constantlevel
to within §2%, ensuring that the jet velocity (Ucl) at the delivery
tube exit remains ® xed at 4 m/s during the experiment. Because
neither a settling chamber nor a nozzle was utilized and the tube
was of suf® cient length, a fully turbulent pipe ¯ ow was obtained at
the jet origin. Figures 1a and 1b represent the normalized velocity
and streamwise component of turbulence intensity 1D downstream
from the delivery tube exit. Upon exiting the delivery tube, the jet
was able to spread and impinge on a ¯ at plate. The impingement
length characterizedby the jet to plate spacing, L/ D, was set to 4.

Using constant temperature anemometry and an X-wire probe,
velocity measurements throughoutthe ¯ ow® eld were acquired.The
active region of the probe was formed with two 4-l m tungsten
wires 3 mm in length and separated by a 1-mm spacing. Each wire
was oriented at an angle of 55 deg with respect to the probe axis.

Fig. 1a Time-averaged normalized streamwise velocity pro® le.

Fig. 1b Normalized streamwise turbulence intensity pro® le.

Fig. 2 Experimental con® guration and measurement grid.

The calibration of the X-wires was performed using the calibration
procedure of Foss et al.9 This strategy calibrates the wires at 15
angles with respect to the incoming ¯ ow and seven speeds from 0.1
to 5.0 m/s for each angle.

A referenceprobe, used to detect the passingof vortical motions,
consisted of a single straight 4-l m tungsten wire. After extensive
fast Fourier transform (FFT) surveys, the referenceprobe was posi-
tioned in the ¯ ow® eld at X/ D = 1.0 and R/ D = 0.25. To minimize
reference probe interference, the X-wire probe was positioned on
the opposite side of the jet (see Fig. 2). Analog signals provided
by the three anemometers were sampled simultaneously in 0.5-ms
intervals using a 12-bit multichannel A/D converter. A measure-
ment plane formed by the jet centerlineand delivery tube exit plane
extended 2.3D in the streamwise direction and 0.8D in the radial
direction.The measurementdomain was made of 330 measurement
points or nodes. Speci® cally, this domain was subdivided into 30
measurementplanes in the streamwise(X) direction,with each plane
consistingof 11 measurementnodes in the radial (R) direction.This
procedureresultedin a spacingof 4.064mm between each measure-
ment node.The uncertaintyin the spatial locationof thesenodeswas

§0.102 mm, whereas the experimental uncertainties in the stream-
wise and radial velocity componentswere determined to be 5.0 and
6.1%, respectively. Similarly, the Reynolds stress and vorticity had
estimated uncertainties of 6.8 and 13%.

The eductionof the coherentstructureswas obtainedusingthe life
cycle method,10 which uses a double decompositionrepresentation.
This method of conditional sampling and phase averaging utilizes
the complete time series from both the measurement probe (the
X-wire) and the reference probe.

After careful structure identi® cation and selection, phase aver-
aging is applied by means of structure phase alignment. In this
procedure, the time average of the reference signal was used to
establish the threshold level for both triggering and cycle determi-
nation. Speci® cally, when the reference wire output signal shows a
positive signal value, travelingacross the preset threshold level, that
location is marked as the beginningof a cycle. The end of the cycle
is determinedwhen the referencesignal shows a second positivego-
ing crossing. This establishes the beginning and end of each cycle
in the time series. In a similar manner, the corresponding X-wire
time series is also marked and saved as multiple cycles. The life
cycle in the present study consisted of 30 phase points (i = 1±30).
Therefore, each phase point represents part of the total cycle, i.e.,
the fraction of time that has elapsed.

The preset thresholdlevelutilizedwas selectedafteran evaluation
of two different sampling criteria: 1) a constant voltage threshold
level and 2) a threshold level based on the time-averaged voltage.
In the ® rst method, a constant voltage level is selected and used
to mark the beginning of each cycle. Four constant voltage levels
were chosen for evaluation: 4.50, 4.53, 4.54, and 4.56 V. In all
four cases, vortical structures were educed; however, the number of
cycles that would make up the ensembles varied. Higher threshold
levels resulted in larger educed structures and a smaller number of
cycles contributing to the ensemble. Similarly, low-threshold levels
produced the opposite effect, i.e., a smaller structure but a larger
number of cycles. For the case of 4.56 V, the number of acquired
cycles over the total measurement grid varied between 17 and 25.
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On average, this only represented 4% of the total reference wire
signal. In the 4.50-V case, 199±220 cycles were recorded over the
same measurement grid, representing approximately 40% of the
¯ ow. Althougha greaternumberof cycleswere obtained,the educed
structure was determined to be smaller than the typical structure.
To try and account for the dynamic changes in a typical vortical
structure, at each spatial location, the time average of the reference
wire signal was evaluated. This method was also able to produce
robust structures and accounted for approximately 28% of the ¯ ow,
based on the reference wire signal.

In the following sections, comments based on phase-averaged
(coherent) ¯ ow quantities (i.e., vorticity, velocity, turbulent inten-
sity, Reynolds stress, shear productionand strain rate) using the life
cycle method are presented. Three distinct regions are identi® ed
and examined. They are referred to as 1) the tongue region, 2) re-
gion of vortex formation, and 3) the decay region.10 Note that the
magnitude of vorticity displayed in the present contours has been
nondimensionalized by the dominant frequency fm . In a similar
manner, the coherent Reynolds stress has been nondimensionalized
by (Ucl)

2, the strain rate by fm , and the coherent shear production
by the quantity fm(Ucl)

2.

Fig. 3 Nondimensional coherent vorticity h !i i at phase point i = 2.

Fig. 4 Nondimensional coherent vorticity h !i i at phase point i = 7.

Fig. 5 Nondimensional coherent vorticity h !i i at phase point i = 12.

Observations
The following recordedobservationswere based primarily on the

visual inspection of the vorticity contour plots. This examination
highlighted three distinct vortical regions the character of which is
also supported by contours of other coherent ¯ ow quantities. Be-
cause coherent structure activity is not constant throughout its life
cycle, ® ve key coherent vorticity contours will be presented. The
temporal order in which the vorticity contours were sampled is rep-
resented by phase points, i = 2, 7, 12, 17, and 29 (Figs. 3, 4, 5, 6
and 7, respectively).However, for the following discussion, which
only seeks to identify key features of these contours, this order will
be modi® ed. In addition, contoursof normalizedcoherentReynolds
stress, coherent shear production, and coherent strain rate for phase
point, i = 12 have been included (Figs. 8±10).

Tongue Region
This initial region begins at the exit of the delivery tube and

extendsdownstreamto approximatelyX/ D = 0.85 (see phasepoint
i = 12, Fig. 5). High levels of concentratedvorticity, characteristic
of the tongue region, are readily visible. Such a region of highly
concentrated coherent vorticity was also observed by Disimile3, 11
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Fig. 6 Nondimensional coherent vorticity h !i i at phase point i = 17.

Fig. 7 Nondimensional coherent vorticity h !i i at phase point i = 29.

Fig. 8 Nondimensional coherent Reynolds stress h u0 v0 i i at phase point i = 12.

Fig. 9 Nondimensional coherent shear production h Pi i at phase point i = 12.

in a weakly excited planar free shear layer and is called the tongue
region. Within this region, no de® nable large coherent structures
are observed. This agrees with earlier shear layer studies that also
reportedan absenceof large coherentstructures immediately down-
stream of the nozzle exit. These tightly packed contours of high
vorticity are an indication of the potential for the downstream for-
mation of large-scalestructures.Alsoobservedwithin this region,up
to X/ D = 0.6, are correspondinghigh levels of coherent Reynolds

stress (Fig. 8). In addition, a careful examination of the coherent
streamwise velocity contours12 h U i i shows a sudden jump in the
shear layer thickness and a prelude to vortex formation at approxi-
mately X/ D = 0.35.

Vortex Formation Region

Farther downstream, as can be observed in Fig. 4 (i = 7), the
region of vortex formation is noted. This region is found between
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Fig. 10 Nondimensional coherent strain rate h S i i at phase point i = 12.

X/ D = 0.85 and 1.60. Within this region, large isolated coherent
structures are observed to form, grow, and convect downstream. A
varietyof locationshavebeen reportedin the literaturefor the begin-
ningof this region.This variationis believedto bedue to thedifferent
jet initial conditions and Reynolds numbers.13 , 14 For free axisym-
metric jets, Yule8 reports X/ D = 4.5, whereas Hussain and Zedan15

note X/ D = 3.3. Zaman and Hussain13 report that the shear layer
activity, i.e., vortical structure signatures, can be felt on the jet cen-
terline as early as X/ D = 1.5. For the current experimentalcon® gu-
ration, the regionof vortex formation starts very early.This observa-
tion was expected, ® rst, due to the existenceof a highlyperturbedjet
central region at the delivery tube exit. Such a ¯ ow condition is not
representative of a jet potential core stemming from a converging
nozzle. Therefore, the necessary instabilities for vortex formation
exist closer to the delivery tube exit in the present study. Second, in
the current case the jet impinges on a plate placed four diameters
downstream from the tube exit, L/ D = 4. Although the ¯ ow speed
in the present study is low, there may still be a small feedback in¯ u-
ence due to the presenceof the plate. Several researchershave noted
that a feedbackeffect from the downstreamplate alters the ¯ ow® eld
upstream to some degree.4 , 16, 17 Ho and Nosseir16 report that this
feedback deforms the shear layer and alters the coherent structure
formation, especially at high Reynolds numbers. Third, it is well
documented that a turbulent shear ¯ ow persists shorter distances
downstream than a laminar shear ¯ ow.6 This implies that the higher
the level of upstream turbulence, the shorter the downstream persis-
tence of the coherent structures. Therefore, it is expected that this
highly turbulent jet emanating from the delivery tube should result
in reduced distances of coherent structure existence compared with
that found in jets with an undisturbed central core.

Decay Region
Unlike the regionof vortexformation,thecharacteristicsin thede-

cay region are poorly phase correlatedand scattered (Fig. 5, i = 12).
This region of declining coherent vorticity can be estimated to be-
gin at X/ D = 1.6 and extend downstream beyond X/ D = 2.3. De-
cay is attributed to the dilution and eventual destructionof coherent
vorticity by background turbulence.18 As seen from the coherent
vorticity contours, the decay region is easily identi® ed by the large
regions of nonconcentric contours of relatively low-level vorticity.
The large-scale coherent structures, developed in the upstream re-
gion, are being diluted and destroyedby the high levels of Reynolds
stress and result in increasedturbulentproduction.That is, the trans-
fer of energy apparentlyfrom coherent to incoherentmotions can be
attributed to the deformation work done by the Reynolds stress.19

Coherent Vortex Dynamics
The results of the life cycle method will be utilized to study the

coherent vortex dynamics in the near ® eld of this jet ¯ ow. First, the
coherent vorticity equation will be investigated. Second, a general
discussion based on the phase-averagedcontour plots for vorticity,
velocity, turbulent intensity, Reynolds stress, shear production, and
strain rate will be presented.

Phase-Averaged Coherent Vorticity Equation
The coherent vorticity equation will be examined term by term

at several phase points and physical locations. This will provide a

better understanding of each term and its physical signi® cance on
the coherent vorticity dynamics in the present con® guration.

Using theassumptions@/ @h ¼ 0 andu 0H ¼ 0, the reducedcoherent
vorticity equation in cylindrical coordinates (R, h , X) is presented.
An order of magnitudeanalysiswas also performedon each term of
the coherent vorticity equation. Results obtained for the right-hand
side (RHS) of the equation are given below each term:
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where h x i , h S i , h U i , and h u 0 v 0 i are the phase-averaged vorticity,
strain rate, velocity,and Reynoldsstress, respectively.The left-hand
side (LHS) of the coherent vorticity equation was also evaluated
using Taylor’s hypothesis
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As a result, the LHS of the coherentvorticityequation then becomes
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Retaining terms with high order of magnitude, i.e., ¸ O(0.1), a
reduced coherent vorticity equation can be rewritten as
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These terms were then evaluated by curve ® tting the experimental
dataacquiredat manyphysicallocations(X/ D, R/ D) andat several
phase points (i = 4, 7, 12, 17, 24, and 30), and the following major
® ndings are reported.

1) Even at this moderate jet Reynolds number (ReD = 1.3 £ 104),
the effects of viscosity were found to be negligible. The viscous
terms were determined to be at least one order of magnitude smaller
than the nonviscous terms. Estimations performed at several loca-
tions generally found that the ratio of nonviscous to viscous terms
varied randomly. Throughout the ¯ ow® eld, typical values ranging
between 11 and 50 were estimated.

2) The second derivatives of the Reynolds stress were found to
be the most dominant terms on the RHS of the coherent vorticity
equation. The direct effect of the Reynolds stress distribution on
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the coherent vorticity at this moderate Reynolds number was high-
lighted. The same conclusion was also reached by Hussain4 from
pure dimensionalanalysis and a high Reynolds number assumption.

3) In general, the differencebetween LHS and RHS of the coher-
ent vorticity equation is slightly higher within the core of the coher-
ent structure and decreases as one moves away from the center of
the core.A comparisonof the LHS and RHS of the reducedcoherent
vorticity equationshows agreement rangingbetween2% (best case)
and 67% (worst case). Evaluating the experimentally acquired data
from randomly chosen spatial locations and phase points, an aver-
age difference of 33% between both sides of the reduced coherent
vorticity equation was estimated.

It is felt that thisdifferencemay be in partdue to the inapplicability
of Taylor’s hypothesis, which was used in the calculation of the
LHS of the vorticity equation because there are high levels of h u 0 i
in the core region. Hussain4 reported that the longitudinal turbulent
intensity must be small for the successful application of the Taylor
hypothesis. To obtain a simple measure of the difference resulting
from the application of Taylor’s hypothesis, the reduced coherent
vorticity equation is rearranged and the term representing Taylor’s
hypothesis is solved for

h UC i
@h X i
@x

The uncertainty is then given by the absolute value of the differ-
ence between the preceding term and all remaining terms in the re-
duced vorticity equation. Excluding eight data points, this resulted
in differencesranging from 0.5 and 69.4%. Accountingfor the eight
excluded data points, errors as high as 386% were noted.

Coherent Vorticity Redistribution
One of the salient features of the vorticity contours is the drop

in the peak phase-averaged vorticity levels in the middle of the
shear layer with increasing downstream distance. For instance,
at phase point i = 12 (Fig. 5), the nondimensional peak vortic-
ity level in the center of the shear layer is approximately 5.85 at
X/ D = 0.03, 4.15 at X/ D = 0.48, 3.17 at X/ D = 0.9, and ® nally
2.68 at X/ D = 1.4. Similar decreasesin vorticitywere alsoobserved
by other researchers for axisymmetric as well as plane free shear
layers.7, 8, 11 , 18 , 20 Likewise, peaks in both the coherent production
by background turbulence and coherent momentum transport by
background turbulence terms in the energy equation were also seen
to decrease in magnitude with increasing X/ D. Therefore, lower
levels of coherent vorticity, coherent production, and coherent mo-
mentum transport are consistently observed as one moves down-
stream. One reason for this streamwise decrease in the vorticity
level is the redistributionof vorticity via jet spreading.This is self-
evident from the coherentvorticity contour plots.The redistribution
of coherent vorticity by means of the Reynolds stress is inferred
because it was shown to be the only dominant term remaining
in the coherent vorticity equation. This ® nding, coherent vortic-
ity dilution due to high levels of Reynolds stress, was also noted
by previous researchers.4, 8Additional support for this is found in
the phase-averagedenergy equation. Speci® cally, the coherent mo-
mentum transport term has broader and broader pro® les as the ¯ uid
moves downstream.12 Additionally, a phase lag is observed, that
is, the zones of high Reynolds stress indicate a dilution effect af-
ter some time. This means if high magnitudes of h u 0 v 0 i were ob-
served in the structure core at one particular phase point, only at
a later phase point would one notice coherent structure dilution.
For instance, at phase point i = 12 (Fig. 5), there is approximately
a 0.24 drop in the nondimensional phase-averaged vorticity level
in the second structure. This loss is related to the high magnitudes
of Reynolds stress that were observed in the center of the second
structure during earlier phase points. This observationsuggests that
¯ ow required time to adjust and the effect only becomes apparent
at later phase points. Therefore, to thoroughly understand the dy-
namics of jet turbulence, an examination of the time evolution of
several ¯ ow characteristics, i.e., the utilization of a double decom-
position, is essential.15 Otherwise, valuable information can be lost
or misinterpreted using a time-averaged treatment of the governing
equations.

Vortex Formation, Growth, and Interaction
Vorticity dynamics (vortex formation, growth, their downstream

convectionand interaction,etc.) is investigatedphasepoint by phase
point using phase-averaged ¯ ow quantities. Analysis of vortex dy-
namics in the decay region is dif® cult due to the threedimensionality
and scatter of the data that exist within this region. Therefore, the
following discussion will focus on the ® rst two regions: the tongue
and vortex formation regions.

Coherent structure formation is presented in Fig. 3, phase point
i = 2. Sudden changes in the slope of the several phase-averaged
vorticity contour lines, i.e., their waviness, are observed at ap-
proximately (X/ D, R/ D) = (0.92, 0.50) and (1.2, 0.50). Chan-
ges at X/ D = 0.92 are manifestationsof the structuresthat are about
to be born. In addition, the observed ¯ uctuations, particularly in

h u 0 v 0 i and h V i , within the tongue region are also signatures of the
instabilitiesneeded for vortex formation.4, 6 At this phase point, the
distinctionbetween the tongue and region of vortex formation is un-
clear. Contours of phase-averagedvorticity are observed to be very
straight and similar to time-averagedvorticity contours up to about
R/ D = 0.52. However, the decay region, even at this early phase
point, has a very different character, i.e., the vorticity is relatively
constant, dispersed, and poorly phase correlated. A similar decay
character due to the large scatter in data representing the coherent
production by background turbulence and the coherent momentum
transport by background turbulence terms12 is also noticeable.

Five phase points later, i.e., after 2.5 ms, at phase point i = 7
(Fig. 4), the coherent structures are observed to grow in size and
strength. The peak vorticity level in the core of each structure is
approximately 3.17, 2.93, and 2.44 for the ® rst, second, and third
structures, respectively.This growth in the vortical structures is be-
lieved to be due to the low Reynolds stress level, i.e., the local
valley in the h u 0 v 0 i contours, experienced in the structures core. At
this phase point, the redistribution of vorticity within the coher-
ent structures by the high levels of Reynolds stress (in the second
and third structures) is not yet apparent. As already mentioned, the
peak h u 0 v 0 i levels are expected to reduce the strength of the co-
herent structures.4 , 8 Further, this effect is not immediate and will
be observed at a later phase point. A look at the coherent energy
equation, for the same phase point, indicates that there was an in-
crease in the phase-averagedenergy convected from X/ D = 0.5 to
1.0, while the coherent production by the background turbulence
was maintained at approximately the same levels. Inside and out-
side the structures,the effects of viscosityare still negligible.At this
particular phase point (i = 7), the coherent momentum transport by
background turbulence is found to be lower in the tongue region
than in the region of vortex formation. Momentum transport also
drops as one moves downstream from X/ D = 0.5 to 1.0. However,
at X/ D = 1.5, the coherent momentum transport returns to levels
higher than those at X/ D = 0.5. Therefore, during the process of
vortex formation,an increasein the coherentmomentumtransport is
observed.

At phase point i = 12, the initial structure, i.e., the ® rst large-
scale motion closest to the tube exit, continues to grow in size,
reaching about 0.25D. By comparing Figs. 5, 8, and 9, coherent
structure growth can be observed between the peak Reynolds stress
and coherent shear production regions, i.e., around the valleys of

h u 0 v 0 i and h P i . A similar ® nding was also reported for excited shear
layers.11 , 21 This observation agrees with the earlier ® nding from
the phase-averaged vorticity equation, i.e., the second derivative
of the Reynolds stress plays the dominant role in coherent vortic-
ity dynamics. A valley in the coherent strain rate distribution was
also observed at the same location (Fig. 10). None of the other
phase-averaged quantities (coherent velocity, turbulent intensity,
etc.) shows any salient features suggesting vortex growth of the
® rst structure. Therefore, strong vortex growth is observed 1) in the
valley of coherentshear production(within this region less energy is
consumedby the incoherentturbulence);2) downstreamor between
regions of peak coherent Reynolds stress, i.e., in the h u 0 v 0 i valley;
and 3) in the valley of the coherent strain rate.

An examination of the phase-averagedvorticity contour at i = 12
(Fig. 5) yields informationsuggestingthat the ® rst structure is tilted
about 45 deg, i.e., the orientation of its major axis, with respect to
the ¯ ow direction. Such a tilting of coherent structures was also
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observed by Tso and Hussain.5 This tilting is believed to be related
to the strain rate and, as pointed out by Hussain and Zaman,18 its
® nal adjustment should be with the main ¯ ow gradient. Indeed, this
® nal adjustment, i.e., coherent structure main axis being aligned
with the main ¯ ow direction, is apparent in Fig. 7, phase point
i = 29. At this phase point, the second and third structures are seen
to be diluted due to the production of the incoherent turbulence by
the high h u 0 v 0 i levels that were observed within these structures at
earlierphasepoints.The supportfor this comes from thecomparison
of the phase-averagedshear production plot (Fig. 9) and the phase-
averaged vorticity plot (Fig. 5). Because the double decomposition
can be thought of as the incoherent (or random) component riding
on top of coherent, i.e., periodic, ¯ ow, production relates to the
mechanism of energy transfer from coherent to incoherentmotions.
Recall, low turbulence production was also noted in the center of
the ® rst coherent structure, i.e., less incoherent turbulence being
created, as it grows in size, while simultaneously high production
of the incoherent turbulence in the center of the second and third
structures was observed.

At phase point i = 17 (Fig. 6), the only surviving large coherent
structure in the near ® eld is elongated and tilted and is beginning
to align itself with the streamwise direction. Yet structure growth
continues due to the low levels of shear production within that re-
gion. According to Fiedler,14 the vortex cross section is deformed
and, eventually, its main axis is aligned with the axis of the prin-
cipal strain and this is its most deterministic direction. Further, as
the Reynolds number increases, the structuresbecome stronger and
more rounded.Therefore,the elongatedstructureshape, as observed
in the present study, is expecteddue to the moderate Reynolds num-
ber. The large-scale coherent structure reaches its largest size of
about 0.4D (in streamwise extent). Even though the initial condi-
tions are different, the current coherent structure size is comparable
with Zaman and Hussain’s13 and Yule’s8 results for axisymmetric
freejets. They found the structure size to be about 0.5D at X/ D = 3
and about 0.4D at X/ D = 4.5, respectively. Their coherent struc-
tures were also located in the middle of the shear layer, as in the
currentcase.This meansLau’s two streetcoherentstructuremodel13

(which argues that there are two coherent structures in the jet shear
layer moving side by side) does not ® nd any support from the cur-
rent study either. The only remaining coherent structure generates
a second peak at the same location where a valley in the h u 0 v 0 i and

h P i contours were observed. This ® nding is interestingbecause the
coherent structure ® rst becomes large and elongated and then, due
to the low Reynolds stress and strain rate levels, develops a second
peak. Because the structure is too elongated, it is unable to keep its
oneness and splits. Eventually, as the structure moves downstream
decay will occur.

Approaching the last phase point, i = 29 (Fig. 7), the end of the
life cycle is near, the coherentstructure’s strengthand size decrease,
which represents the decay and break up of the large organized
vortical structures. As expected, the cycle repeats, a new coherent
structure is born, and the vorticity ® eld is once again representedby
the initial phase points, e.g., i = 2 (Fig. 3).

Convection Velocity

The average convection velocity of the coherent structure can
be estimated using the phase-averagedvorticity contours. Tracking
the position of the ® rst structure from X/ D = 1.04 at phase point
i = 4 to X/ D = 1.28 at phase point i = 20 correspondsto a 1.22-cm
movement in a time interval of 8 ms. This equates to an estimated
average coherent structure convection velocity (UC ) of 1.52 m/s,
which compares to the measured value to within 10%. The mea-
sured convectionvelocityof the large-scalestructure,1.68 m/s, was
determined from the time average of the streamwise velocity com-
ponentat the structurecenter. This small difference is attributableto
1) the differentsize structurespresentin the ¯ ow® eld, 2) the acceler-
ation and decelerationof the structures while traveling downstream
as already noted,7, 8 , 11 and 3) alignment of the different size struc-
tures during the eduction of the typical structure.

The spacing(or the wavelength)between the large coherentstruc-
tures was also estimated from the vorticity contoursand determined
to be approximately0.43D. At a central locationwithin the coherent
structure an average streamwise velocity of approximately 42% of

the centerline velocity (Ucl = 4.0 m/s) was determined.Performing
FFTs on the hot-wire signals, it was determined that the dominant
vortex shedding frequency fm was 82 Hz. This is very close to the
66 Hz that was related to the time scale for the life of a typical large-
scale structure, i.e., the life cycle period. As a veri® cation of the
structure wavelength, the dominant time scale (1/ fm) and measured
convection velocity were used to calculate the coherent structure
wavelength. This resulted in a wavelength of 0.418D. If, instead,
the time scale based on the life cycle method was used, a spacing
approximately 20% larger would be obtained.

Coherent Structure Growth
It is possible to get some insighton the growth rate of the coherent

structure by a direct area measurement using the topologicalphase-
averaged vorticity contours. For this purpose, the area surrounded
by the vorticitycontour level 2.50 of the ® rst structurewas measured
using graphical integration at each phase point. The size of the ® rst
coherentstructureincreasesalmost linearly by as much as 34% until
phase point i = 17, beyond which point the typical structure begins
to shrink.

Winant and Browand22 report that they observed pairing at mod-
erate Reynolds numbers. However, there was no pairing observed
in the current jet near ® eld. This agrees with Zaman and Hussain’s13

claim that pairing is observed for the laminar jet but not for the tur-
bulent jet case. Therefore, no smearing due to pairing is present in
the educed structures.5, 7 Similarly, no vortex merging was observed
in the current study. According to Fiedler,14 vortex mergers are not
expected in a natural free shear layer.

Summary
After careful examination of the educed coherent structures and

the terms in the coherent vorticity equation in the jet near ® eld, the
following observations are reported.

1) Phase-averaged vorticity contours suggest the existence of
large coherent structures in the jet near ® eld. The ® rst large co-
herent structure is formed at about one diameter downstream of the
delivery tube exit with an approximate core size of 0.4D.

2) Even at the moderate Reynolds number of 1.3 £ 104 , the in-
¯ uence of viscosity on the vorticity dynamics of the large vortical
structures is shown to be negligible.

3)Throughshearproduction,thepeakReynoldsstress is observed
to slowly dilute and destroy the large-scale organized structures
within the shear layer.

4) Near-® eld coherent structures in the current, fully turbulent jet
were observed to grow at locations where a valley in coherent shear
production was observed. This also corresponded to regions in the
¯ ow® eld where Reynoldsstress and strain rate levels were minimal.

5) The use of Taylor’s hypothesis is found to producepoor results
in the region around the core of the coherent structure.
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