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Abstract Measurements of a turbulent round air jet,
using Particle Image Velocimetry (PIV), were made

to investigate the dynamics and transport processes

at the continuous bounding interface between the tur-

bulent and non-turbulent regions (T/NT) of the jet

flow. The Reynolds number of the jet was in the range
Red = 3000 to 6500 based on jet diameter with mea-

surements taken between 0 and 40 jet diameters from

the jet nozzle exit, which covers the developing and

self-similar region of the jet. A velocity thresholding
technique was used to define the T/NT interface. The

results based on this methodology were found to agree

well with previously published results (Westerweel et al.

[2005, 2009] and Anand and Boersma [2009]). The evo-

lution of the turbulence characteristics at the inter-
face was investigated using conditionally averaged ax-

ial velocity, azimuthal vorticity, turbulent intensity and

Reynolds shear stress. A distinct change in behavior is

observed between the near-field region, 0 ≤ x/d ≤ 8,
and the far field, self-similar region, x/d > 20. Profiles

of the conditional mean axial velocity demonstrates no

clear jump in the conditional mean axial velocity at

the interface for x/d < 8. However, the emergence of
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the jump is observed at x/d ≈ 8 and the magnitude of
the jump continues to increase between 8 < x/d < 20

before reaching a steady value in the self-similar region,

x/d > 20. All the scaled statistics show self-similar be-

havior downstream of x/d > 20. Similar behavior is ob-

served for the peak in the azimuthal vorticity and the
jump in the Reynolds shear stress profiles. The evolu-

tion of the rate of entrainment also confirms the cre-

ation and growth of the jump in the mean conditional

velocity profiles in the developing region of the jet.

Keywords PIV · T/NT interface · developing area ·

turbulent round jet

1 Introduction

The focus of this study is on the interface between

the non-turbulent and turbulent regions in shear flows,

where turbulent entrainment takes place (Hinze [1975],

Tsinober [2001] and Hunt et al. [2001]). Specifically,
the interest here is the turbulent round jet, where the

size of this thin region is between one-two orders of

magnitude smaller than the integral length scale of the

flow (Anand and Boersma [2009], Bisset et al. [2002]
and Hunt et al. [2006]). The most important feature of

this region is the continuous exchange that occurs lo-

cally at the interface that is essential for the transport

of heat, mass and momentum between the irrotational

surrounding region and the fully-turbulent region of the
jet. The physical mechanism of the entrainment process

is not yet completely understood. Considerable effort

has been invested in this field to understand the evo-

lution and dynamics of the flow structure in the prox-
imity of the interface. It is well known that the vor-

ticity layer leaving the nozzle becomes unstable, form-

ing Kelvin-Helmholtz waves and then forming vortex
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rings that convect downstream. These organized vortex

rings eventually breaks down into more complex struc-

tures within a few diameters of the jet nozzle (see white

square in figure 1). The mechanism of entrainment in

the jet far-field can be viewed as a stochastic process,
which is governed by either small-scale viscous struc-

tures, large-scale structures or both mechanisms. As

recently discussed by Philip and Marusic [2012], histori-

cally , two different physical models have been proposed
to describe the entrainment mechanism. One model due

to Corrsin and Kistler [1954], suggests that entrainment

is associated with small scale (“nibbling”) eddy motions

and this suggestion is supported by a number of exper-

imental and numerical studies (see Westerweel et al.
[2005], Mathew and Basu [2002], Da-Silva and Pereira

[2008], Holzner et al. [2007] and Holzner et al. [2008]).

However, quantitative measurements (e.g., Kovasz-

nay et al. [1970]) failed to confirm the existence of this
interfacial layer. Brown and Roshko [1974] showed that

the former classical picture of jet entrainment may not

be correct and that transport on large-scales (“engulf-

ing”) may be the dominant process for the entrainment

of non-turbulent flow particles toward the turbulent re-
gion. In the Brown and Roshko [1974] study, they vi-

sualized mixing layers using spark shadow photogra-

phy which were seen to be dominated by large coherent

structures. High-speed movies also showed that these
structures convect at nearly constant speed, and in-

crease their size and spacing discontinuously by amalga-

mation with neighboring structures, creating large-scale

structures in the jet far-field. According to this descrip-

tion of the jet flow, the turbulent entrainment process is
dominated by large scale flow structures (“engulfing”),

where non-turbulent regions are pushed into turbulent

regions. This “engulfing” process is supported by vari-

ous experimental studies (Dahm and Dimotakis [1987],
Dimotakis [2000], Mungal et al. [1991] and Ferre et al.

[1990]).

Westerweel et al. [2002] obtained experimental sup-

port for “nibbling” from a combination of PIV and PLIF

(planar laser induced fluorescence) on an axisymmet-
ric free jet. This yielded a large set of data including

information on the instantaneous location of the inter-

face between the turbulent and non-turbulent regions.

A threshold on the concentration value of dye was used

to detect the interface location. The resulting profile of
the mean conditional axial velocity showed a distinct

jump at the T/NT interface which agreed with the DNS

based results of Bisset et al. [2002]. A further study by

Westerweel et al. [2005] of the mechanics and transport
processes at the interface also showed the existence of a

finite jump in the conditional mean axial velocity at the

interface, as well as a small peak in the vorticity profile

Fig. 1 Instantaneous particle seeded image of Jet2 experi-
ment. In this figure only the jet was seeded for visualization
purposes.

at the T/NT interface. They found that the magnitude
of the vorticity peak is proportional to a jump in the

axial velocity profile, which agrees with the results of

Holzner et al. [2006]. In a more recent study, Westerweel

et al. [2009] showed that the mean outward boundary
interface velocity, Eb, is proportional to a fraction of

the value of the jump in the mean axial velocity and

Reynolds shear stress value where this ratio is found to

be 0.07 of the mean centerline velocity.

To date, the experimental and computational in-

vestigations of the T/NT interface are predominantly

based on measurements in the self-similar region. The
region upstream of the self-similar region has received

little attention. The present study aims to provide more

information by investigating the T/NT interface of a

turbulent jet upstream of the self-similar jet up to and
including the self-similar region. Of particular interest

is the emergence and axial development of the jump

in mean conditional axial velocity, from the jet exit to

the self-similar region. Thus, the characteristics of the

interface in a transitional turbulent round jet are inves-
tigated in detail. Therefore, the first objective of this

study is to examine the spatial evolution of the inter-

face characteristics in the region up to 30d downstream

of the jet nozzle, where d is the jet diameter.

In order to observe the transitional process of the

flow, results of high resolution 2D-2C Planar-PIV of
the Jet1 (facility of the LTRAC laboratory located at

Monash University) at Red = 3000 were initially used.

In addition the Planar-PIV results of Jet2 (facility of

Walter Bassett Aerodynamic Laboratory lab located
at the University of Melbourne) at twice the Reynolds

number of the first experiments were also performed in

the near field region of the round jet. This was done to
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validate the statistical results of the first experiment in

this region with sufficient and improved spatial resolu-

tion than was possible with the Jet1. The quality and

validity of the experimental measurements were estab-

lished by comparison with other published results in
the self-similar region. One of the novel aspects of the

present study is the use of two large sensors simultane-

ously (PCO−4000 CCD arrays with 4008×2670 pixels

resolution), providing high spatial resolution PIV mea-
surements. Table 1 summarizes the details of several

previous studies compared with the present study.

2 T/NT Interface Detection Methodology

In this study, a thresholding method is used to de-

tect the T/NT interface. Since the measurements in the

present study are limited to two components of velocity

(U, V ), we will use the velocity criteria first proposed
by Holzner et al. [2006]. In this algorithm, a flow field

is defined to be in a turbulent region when

U

Uo
≥ k, (1)

where k is a threshold value and Uo is the axial veloc-

ity at the nozzle exit. Conversely, the flow is consid-

ered to be irrotational whenever U
Uo

< k. Here we use a
threshold value of k = 0.03, as was used by Anand and

Boersma [2009], who showed that the detected inter-

face position is insensitive to small changes in the value

of k. A sample of this interface detection method with

contours of the instantaneous vorticity field is shown
in figure 2. It is clear that this interface detection al-

gorithm encompasses most of the vorticity field and at

least in a visual sense distinguishes between the turbu-

lent and non-turbulent regions.

Fig. 2 Contours of vorticity Ωz and the jet interface (colors
are normalized between 1 and -1).

The following process was undertaken in order to

measure mean conditional values and profiles for each

flow property. Firstly, the value of U
Uo

is computed for

all data points in the instantaneous flow field and the

location of the interface is defined where U
Uo

≈ 0.03 .
Then a new origin of coordinates at the location of the

interface, O′(x, r− ri), is defined, as indicated in figure

3. Finally, temporal averages of all the data over the

entire samples with respect to the location of the new
origin are computed to obtain the conditional average

of the flow property.

Fig. 3 Instantaneous velocity field in the transitional region
of a round turbulent jet. The T/NT interface is shown.

The study of the flow characteristics in a cross sec-

tion of the interface can be achieved by analyzing a con-
trol volume on that area including the non-turbulent,

interface and turbulent regions (see figure 3). Following

Westerweel et al. [2009], if we assume U as a property

of the flow, a simple control volume analysis yields:

Eb∆U = −FU , (2)

where FU is the flux of U into the control volume and Eb

is the velocity of interface toward the irrotational region

and normal to the interface curve (figure 3). Holzner
and Luthi [2011] showed that the shape of the boundary

is continuously deformed to maintain the volume flux

value as the jet expands. Equation 2 suggests a non-

zero value for ∆U for flux of U to exist (see e.g. figure
2 of Westerweel et al. [2009]). Westerweel et al. [2009]

showed that:

Eb ≈
∆(uv)

∆U
, (3)

where the ratio of the jump in the mean conditional

axial and Reynolds shear stress profiles is proportional

to the velocity of the interface. The magnitude of the
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Table 1 Experimental parameters.

Parameter Jet1 Jet2 Westerweel [2005] Westerweel [2009] Agrawal [2002]

Nozzle Diameter(mm) 2 25 1 1 2

Measurement 0 < x/d < 40 0 < x/d < 6 60 < x/d < 100 60 < x/d < 100 110 < x/d < 175

Flow Type Air Air Water Water Water

Red 3000 6500 2000 2000 3000

Sensor Size 2 × 4008 × 2670 4008 × 2670 992 × 1004 992 × 1004 1026 × 1000

Magnification 0.93 0.35 0.27 0.27 0.07

Resolution/diameter 0.144 0.0328 0.7 0.37 1

ratio of these two properties (and hence Eb) in the self-

similar region of the jet has been measured and found

to be Eb = ∆(uv)/∆U ≈ 0.07Uc.

3 Experimental Setup

A brief summary of the experimental techniques is in-

cluded in this section. Figure 4 shows a schematic of the
experimental setup used for the Jet1 experiments. The

facility consists of an axi-symmetric air jet with a noz-

zle diameter of 2mm. High pressure air was provided

by the Monash University compressed air supply and

passed through a large high pressure vessel before en-
tering the settling chamber of the jet. The air flow then

enters a 19 : 1 axisymmetric contraction before issuing

from the circular jet nozzle. The mean velocity of the

air at the jet outlet was 23m/s resulting in a Reynolds
number based on the jet exit diameter of 3000. The

Jet2 apparatus was similar to the Jet1 except that the

exit diameter of the nozzle was 25mm with a mean jet

velocity of 4m/s resulting in a Reynolds number equal

to 6500.

Single-exposed image cross-correlation PIVmeasure-

ments were used to measure both the rotational turbu-

lent flow of the jet and the irrotational ambient flow

outside the jet. In order to ensure good measurements
in both the turbulent jet and non-turbulent ambient re-

gions two seeders were operated during the PIV exper-

iments. The compressed air flow for the jet was seeded

in the high pressure vessel, which was developed in-

house and contained eight ultrasound devices (APC
Nebuliser) that generated nominally 2µm diameter wa-

ter particles. The external ambient air was seeded with

a fog-generator that also produced nominally 2µm di-

ameter water particles. Since the latter seeding process
generated a small movement in the surrounding envi-

ronment of the jet, each set of experiments was carried

out two minutes after the ambient air was seeded to

minimise disturbances of the ambient air by external

factors.

Fig. 4 Schematic of the experimental configuration.

The seed particles were illuminated during the PIV

experiments by a Big Sky Nd-YAG laser capable of a
maximum 180mJ per 5ns pulse at 532nm wavelength.

The laser sheet was formed using a set of spherical and

cylindrical lenses, resulting in a light sheet thickness of

2mm. The laser illuminated a plane perpendicular to
the cameras along the jet axis. Measurements along a

large domain in the jet flow direction with high spatial

resolution were enabled by employing two PCO4000

cameras (4008×2700 pixels) with 200mm Micro Nikkor

lenses set at an f-stop number of 4 resulting in a mag-
nification of 0.93 with a corresponding field of view for

each camera of 40× 26mm for the smaller diameter jet

experiments. For the larger jet diameter experiments

105mm Sigma lenses were used with a magnification of
0.35. The single-exposed double-frame acquisition fre-

quency was 2Hz. 2000 statistically independent velocity

samples were acquired.
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Fig. 5 The instantaneous velocity field in the transitional
region of the turbulent round jet (Jet2).

The single exposed image pairs were analysed us-

ing the multigrid cross-correlation digital PIV (MCCD-

PIV) algorithm described in Soria et al. [1999]. Table 2
indicates the interrogation parameters used in the anal-

ysis of the PIV images. The estimated depth of field

(dof) was calculated to be 20 pixels with the current

camera setup. Details of the performance, accuracy and

uncertainty of the MCCDPIV algorithm with applica-
tions to the analysis of single exposed PIV (2C-2D) and

holographic PIV (HPIV) (3C-2D) images have been re-

ported in Soria [1998] and von Ellenrieder et al. [2001],

respectively. The uncertainty relative to the maximum
velocity in the velocity components at the 95% confi-

dence level for these measurements is 0.3%.

Table 2 PIV image acquisition and analysis parameters

Parameter Quantity

δt Jet1 7 µs
δt Jet2 65 µs

Grid Spacing 16 pixels
IW0 32 pixels
IW1 64 pixels
dof 20 pixels

The azimuthal vorticity,Ωz, was also calculated from

the MCCDPIV velocity field measurements using a lo-

cal least-squares fit procedure to the velocity field. A
sample of the instantaneous velocity field from the PIV

data in the turbulent region of the jet is shown in figure

5.

4 Results and Discussions

4.1 Near-Field Region

The statistics of the velocity field of the Jet2 in the
near-field region are presented first. These results are

used to confirm the characteristics of the interface of

the smaller diameter jet in the near-field region as the

Jet2 results have significantly high spatial resolution in
the near-field region. All the statistics are normalized

with the mean local centerline velocity, Uc, and jet half

width δ1/2. Figure 6 shows the mean axial velocity and

Reynolds shear stress profiles for several near-field loca-

tions. The profiles are symmetric within the PIV spatial
resolution and show the evolution of the statistics from

x/d = 0 to 6. Assuming that the jet exit velocity has a

top-hat distribution, the mean centerline velocity U is

constant along the potential core.

4.2 Evolution of the One- and Two-Point Statistics in
the Transitional Region

Hereafter only the results of the small diameter jet

(Jet1) in the transitional region will be presented and

some of the graphs, especially in the near-field region,

will be compared with the results of the large diameter
jet (Jet2) experiment. The results for the mean centre-

line velocity Uc and the jet half-widths δ1/2, based on

the velocity field, are presented in figure 7. As expected

for a near-field turbulent round jet, Uc has a constant

value. The jet half-widths δ1/2 increase linearly pro-
portional to the distance from the nozzle. It should be

noted that the rate at which the jet half-width grows

and the rate at which the jet centerline velocity decays

originates from different virtual origins as indicated in
figure 7b, where the virtual origin of the mean cen-

terline velocity and the jet half-width are located at

x/d = 3 and 2, respectively.The influence of the down-

stream distance on the integral length scales in the jets

can be considered by measuring integral length scale L
(equation 4) as a function of x/d,

L =

∫

∞

0

〈u(x)× u(x+ r)〉

〈u(x)2〉0.5〈u(x+ r)2〉0.5
dr. (4)

Figure 7c displays the centreline evolution of the in-

tegral scale for Jet1. It can be observed that the integral
scale consistently increases as the flow evolves toward

its self similar state.

The axial mean velocities, normalized by the cen-

terline velocity, Uc, at different axial positions x/d, are
presented in figure 8. The top-hat profile at the noz-

zle exit decays as x/d increases, reaching a self-similar

profile at x/d ≈ 15. This result agrees with the data of
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Fig. 6 Profiles of a) mean axial centerline velocity, and b) Reynolds shear stress, for several different distances from the jet
exit of Jet2 experiment.

Weisgraber and Leipman [1998] in the transitional re-

gion and Hussain [1998] and Panchapakesan and Lum-

ley [1993] obtained in the self-similar region. The corre-

sponding axial and radial turbulence intensity profiles,

for x/d < 20 are displayed in figures 9 and 10, respec-
tively. The axial and radial turbulence intensities have

nearly the same shape. In general, the axial turbulence

intensity, u, is greater than the radial turbulence in-

tensity, v, along the axial direction. At x/d = 15, the
turbulence intensities are clearly anisotropic and the

reason for this is likely due to turbulence structure in-

fluences, which will be revisited below. One of the most

interesting features of the transition region is the way

in which the turbulence intensities re-distribute across
the jet as the flow evolves downstream. That said, at

x/d = 15, the time averaged turbulence distributions

are remarkably similar in shape. Figure 11 presents the

Reynolds shear stress, normalized by the square of the
centerline velocity U2

c . The maximum Reynolds stress

moves toward the jet centerline with downstream dis-

tance.

The Taylor micro-scale λT can be estimated from

the axial rms velocity and axial velocity gradient using

the following equation:

λT =

√

u2

√

∂u
∂x

2
(5)

Using this equation and with
√

u2 ≈ 0.27Uc (figure

9), it is found that λT is approximately 0.9mm, which is

nominally three times larger than the equivalent dimen-
sion of the interrogation domain. Using the estimated

value of rate of dissipation, ε = 15ν u2

λ2

T

, an estimation

for the Kolmogorov length scale η = (ν
3

ε )
1

4 is found to

be 75µm. Therefore, the spatial resolution of the PIV

data (0.28mm) is 3.8 times the Kolmogorov scale. More-

over, at the self-similar regime, the Reynolds number

based on the Taylor micro-scale and on the root mean

square of the streamwise velocity is equal to Reλ ∼ 122.

4.3 Mean Conditional Statistics

Results from the self-similar region will be presented

first. The results of mean conditional average (data con-
ditioned on the location of the interface) of the axial ve-

locity, azimuthal vorticity and Reynolds shear stress in

the self-similar region (x/d = 25) of the jet, scaled with

the half-jet width, δ1/2, and normalized by the mean
centerline velocity, Uc, will now be considered. Figure

12 shows several instantaneous and temporal averaged

conditional profiles of the axial velocity. The overbar in

these graphs indicates temporal conditional averages. It

is clear from this graph that none of the instantaneous
profiles shows a jump at the interface. However, there

is clearly a jump in the mean temporal conditional av-

erage, U , at the interface. This is consistent with the

data presented by other investigators (Westerweel et al.
[2005, 2009]).

Conditional mean axial velocity profiles are shown

in figure 13a. A created small jump (∆U) in the mean

conditional velocity distribution is observed in the fig-
ure 13a. Westerweel et al. [2009] measured the size of

this jump using two mathematical models with and

without jumps at the interface (figure 13a inset) and

found the mean axial jump at the interface to be 0.09Uc.
Figure 13b shows that the value of uv is not equal to

zero at the interface. Note that this nonzero property

in the irrotational side does not contribute to the tur-
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Fig. 7 Mean centreline velocity (a), jet half-width profiles as
a function of distance from the jet exit (b) and the evolution
of the integral length scale, L (c). Note that the inset of (b)
shows the U0/Uc, illustrating the virtual origin of the decay
of jet centreline velocity.
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Fig. 8 Profiles of axial mean velocity at different axial posi-
tions.
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Fig. 9 Profiles of axial turbulence intensity at different axial
positions.

bulent momentum transport (Pope [2000]). The mag-

nitude of uv at the interface location is equal to 0.0037

which is in agreement with the finding of Westerweel

et al. [2009].

Figure 13c shows the mean conditional azimuthal

vorticity and it is seen that the height of the peak Ωz

from our data is a bit higher than published data in
the open literature. This may be caused by the choice

of different interface detection algorithms and spatial

resolution differences in the experimental data (Anand

and Boersma [2009]). Nevertheless, the reason for this
peak is the tendency of the vortex sheet structures to

form at the border of the jet (Westerweel et al. [2009]).

Figure 13c also shows a zero value Ωz in the irrotational
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Fig. 10 Profiles of radial turbulence intensity at different
axial positions.
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Fig. 11 Profiles of Reynolds shear stress at different axial
positions.

region, followed by a more or less constant value for

Ωzδ1/2/Uc in the turbulent side at (r − ri)/δ1/2 ≈ 0.3.

One important question in the context of the in-
terface is the thickness of the viscous superlayer which

can be seen as the inner layer of the viscous super-

layer (Westerweel et al. [2005, 2009]). As seen in figure

13, substantial changes in the momentum and vorticity

magnitude appear in this thin region, therefore it is now
valuable to measure the thickness of this layer and com-

pare with the resolution of the PIV results. The thick-

ness of the T/NT interface can be defined by the width

of the peak in the mean conditional azimuthal vorticity
profile. Note that in the present study the width of this

peak is limited to the resolution of the measurements.

Figure 14 again shows the conditional mean azimuthal

−1 −0.5 0 0.5 1 1.5 2

0

0.2

0.4

0.6

0.8

1

(r − ri)/δ1/2

U
/U

c

 

 

x/d=25

Fig. 12 Temporal-average conditional axial velocity with
some instantaneous samples. The gray lines are some sam-
ple profiles.

vorticity profile where the horizontal axis is normal-

ized with the local Taylor micro-scale and Kolmogorov

length scale. The distance between the point at which
the peak starts to appear and the maximum vortic-

ity peak can be defined as half of the interface thick-

ness. Thus, the thickness of the interface for the present

study is approximately to the Taylor micro-scale, which
is the same value observed in the experimental data of

Westerweel et al. [2005] and in the DNS study of a plane

jet by da Silva and Taveira [2010].

In the subsequent section, data showing the evolu-

tion of mean conditional axial velocity, azimuthal vor-

ticity and Reynolds shear stress will be presented and
compared with the self-similar turbulent region in order

to shed light into the development interface structure

of turbulent round jets.

4.4 Evolution of Conditional Statistics

In this section, we will apply the ideas and analysis in-

troduced in the last section to the data obtained in the

near field, transient and fully turbulent regions of the

turbulent jet in order to study the evolution character-
istics of the jet interface.

Figure 15 shows two instantaneous detected inter-
faces superimposed with the vorticity field. Transition

is seen to occur somewhere between 5 < x/d < 10. The

starting point of transition, however, can be defined as

the end of the potential core where the mean centerline
velocity profile falls from its maximum (figure 7a). A

better definition of the starting point of transient re-

gion can be achieved by looking at the characteristics
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(c)

Fig. 13 Mean conditional average of the axial velocity,
Reynolds shear stress and azimuthal vorticity with respect to
the interface location (r−ri) in self-similar region (x/d = 25)
of the jet.

Fig. 14 Profile of mean conditional azimuthal vorticity, hor-
izontal axis is normalized with the local Kolmogorov length
scale and the local Taylor micro-scale.

Fig. 15 Two instantaneous interface lines superimposed
with the vorticity field (a, b).

of the jet at the interface location in these particular

locations. Conditional statistics are determined by av-

eraging data at fixed distances relative to the envelope
for both near-field and transition areas as well as the

self-similar regions.

In figure 16, we present the mean conditional axial

velocity profile for 8 (figure 16a) and 3 (figure 16b) dif-

ferent axial locations with respect to the jet exit. As

shown in the graphs, U is equal to zero at the non-
turbulent side of the interface and increases rapidly af-

ter passing the interface in the turbulent region. An-

other interesting observation is that there is no clear
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Fig. 16 Profiles of mean conditional axial velocity for several
different distances from the jet exit, in the developing area
(a) and the self-similar turbulent region (b) of the jet.

jump in the mean conditional profile of U in the graphs

before x/d = 8. For 0 < x/d < 8, U appears to de-

cay without any jump in the interface. To make a clear

understanding of the jump at the interface, two graphs

from the small box in the figure 16a (x/d = 8 and 20)
are selected and plotted as an inset inside figure 16a.

No jump created in the near-field region may be caused

by the limited spatial resolution in this region. In or-

der to make sure that there is no jump in the mean
axial velocity profile in this region a comparison was

made with the results of the highly resolved Jet2 and

the results are shown in figure 17.

At x/d ≈ 8, a small jump in U begins to emerge,

while for 8 < x/d < 20, the magnitude of ∆U increases

and the jump in U grows linearly. The flow in this re-
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Fig. 17 Profiles of mean conditional axial velocity for several
different distances from the jet exit. Solid markers are from
the Jet2.

gion is quite unstable and the interface starts to fluc-

tuate, caused by a small jump in U . Finally, the pro-

file assumes a self-similar shape for x/d > 20 (figure

16b), consistent with published experimental results of
Westerweel et al. [2005, 2009] and Anand and Boersma

[2009]. The ∆U for different distances from the jet out-

let is plotted in figure 18. The zero value of ∆U for

x/d < 8 is followed by a linear region, and reaches a
plateau at around 0.09Uc at x/d = 20. Note that the

measured ∆U in this experiment is limited to the finite

spatial resolution of the PIV data.

0 10 20 30 40
−0.02

 0.00

 0.02

 0.04

 0.06

 0.08

 0.10

x/d

∆
U

 

 

Fig. 18 The jump in the mean conditional axial velocity as
a function of distances from the jet outlet.

Figure 19 shows the evolution of the mean condi-

tional azimuthal vorticity for several different axial po-
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Fig. 19 Profiles of mean conditional azimuthal vorticity for
several different distances from the jet exit, in the developing
area (a) and the self-similar turbulent region (b) of the jet.

sitions with respect to the jet exit. The general pattern

of the plots is the same as the profiles of U . As men-
tioned, the existence of the peak in the graphs demon-

strates the formation of vortex sheet structures at the

interface location in the jet (Westerweel et al. [2009]).

The results for the near field region (x/d < 8) shows

that there is no peak in the profiles of Ωz. The graphs
show a gradual decay, followed by the emergence of a

peak at the interface at x/d ≈ 8. For 8 < x/d < 20, the

height of this peak continues to increase (figure 19a) un-

til the normalized profile of Ωz evolves to a self-similar
shape beyond x/d = 20 (figure 19b).

A further examination of the evolution of the char-
acteristics was carried out for mean conditional Reynolds

shear stress for the locations mentioned previously and

presented in figure 20. As mentioned, uv is not zero
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(b)

Fig. 20 Profiles of mean conditional Reynolds shear stresses
for several different distances from the jet exit, in the devel-
oping area (a) and the self-similar turbulent region (b) of the
jet.

at the interface and shows a jump like those in the U

graphs, in the fully turbulent region. Figure 20a shows
that uv for the near field area (x/d < 6) is zero. This

value increases as the jet evolves, reaching a value of

0.0037 at the interface in the self-similar region. On the

other hand, the evolution of the uv shows a pattern

similar to the mean conditional axial velocity profiles.
Furthermore, the value of ∆uv at the interface for the

self-similar region is estimated at 0.006U2
c , which can

be used in equation 3. Using the values of∆U and ∆uv,

the propagation velocity of the interface (Eb) was mea-
sured and found to be 0.066Uc, which is comparable

with the results of the experiments of Westerweel et al.

[2009] (Eb = 0.07Uc).
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Fig. 21 The normalized entrainment rate versus down-
stream distance.

4.5 Evolution of the Rate of Entrainment

The PIV results in the developing region of the jet

showed the creation and growth of a jump in the mean

axial and Reynolds shear stress profiles. The side views

of the jet indicated that the interface location in the

transient region of the jet moved out into the quies-
cent ambient fluid with a non-linear profile, followed by

a linear pattern in the fully turbulent region. It is ev-

ident that this interface propagation speed can affect

the rate of entrainment:
dQ

dx
=

∫

(Vi − Eb)rdθ (6)

where Vi is the radial velocity at the interface. Figure

21 shows the rate of entrainment for different distances

from the jet exit. It is clear that at the fully turbu-
lent region the rate of entrainment reaches a constant

value. Another observation of figure 21 is the consid-

erable changes in the rate of entrainment at around

x/d = 8, which can support our earlier statement for
the creation of the jump in the mean axial velocity pro-

file. On the other hand, we can assume that the value

of Eb for x/d < 8 is approximately equal to zero and

increases between x/d = 8 and x/d = 15. The plot

also shows that the self-similarity stage starts at about
x/d = 15.

5 Conclusion

In this paper, experimental data of high-resolution 2D-

2C planar PIV has been presented for a turbulent round
jet at Reynolds number in the range 3000 to 6500. The

main aim of this paper was to study physical and statis-

tical properties of the flow near the boundary between

turbulent and non-turbulent flow regions, with a par-

ticular emphasis on the evolution of conditionally aver-

aged properties from the laminar to the fully turbulent

region.

Consistent with published data in the open liter-
ature (see Westerweel et al. [2005, 2009] and Anand

and Boersma [2009]), profiles of mean conditional axial

velocity show a clear jump at the interface in the self-

similar region. This jump in U does not exist in the near
field of the jet (x/d < 8). The magnitude of the jump

increases linearly from zero when x/d ≈ 8 to 0.09Uc in

the self-similar region. This same pattern is seen for the

profiles of the mean conditional Reynolds shear stress.

The value of the jump for the latter property uv started
to increase from its zero values at x/d = 6, approach-

ing to its maxima at about x/d = 20. The evolution of

the mean conditional azimuthal vorticity profiles shows

that there is no peak in the profiles at the interface for
x/d < 8 (and is in agreement with the results of U), at

which the peak emerges and evolves in the transitional

region reaching self-similar values at x/d = 20.

Finally, the profile of rate of entrainment in the de-

veloping region agrees with our earlier conclusion re-
garding the emergence of the jump and the location of

the start of the self-similar region.
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