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Abstract In this paper, we evaluate several criteria for the

detection of turbulent/non-turbulent interface using direct

numerical simulation and particle image velocimetry data

of an axisymmetric turbulent jet. The possibility of identi-

fying the interface from information available in wholefield

velocity data alone is also explored. The present results

using a Concentration thresholding technique compare well

against available results obtained using a similar detection

criterion. It is noted that Concentration and Vorticity cri-

teria are difficult to apply with standard PIV data and

therefore a new criterion based on azimuthal vorticity and

streamwise velocity—quantities available from such data,

is proposed. The proposed criterion scores over previously

employed criteria in terms of its simplicity of evaluation,

and can possibly be applied to other flows not tested here.

The instantaneous location of the interface as detected from

the different criteria differs substantially. However, the

conditionally averaged streamwise velocity, azimuthal

vorticity, and Reynolds shear stress across the interface

obtained from the new criterion, as well as from the pre-

vious criteria, agree reasonably well against available

results. The present work further suggests that different

criteria, even with slightly sub-optimal threshold value, can

provide quantitatively similar ensemble-averaged results.

1 Introduction

With the widespread use of techniques such as particle

image velocimetry (PIV) and direct numerical simulation

(DNS), wholefield velocity information of a flow in the

region of interest is readily available (Adrian 2005; Prasad

2000). With this spatially resolved velocity data, it should be

possible to examine flows in greater detail and explore

features that are not accessible with the earlier point-wise

measurement techniques (Agrawal and Prasad 2002, 2003a).

Further, the data are quantitative in nature, unlike flow

visualization techniques which provide only qualitative

information (Prasad and Sreenivasan 1989; Agrawal et al.

2004). In this paper, we explore the possibility of detecting

an important characteristic of turbulent flows, the turbulent/

non-turbulent interface, which has not received much

attention primarily because of its irregular and time-varying

shape and position, making it difficult to study. The attempt

here is to use information which is generally available from

wholefield velocity data such as velocity and out-of-plane

vorticity and without taking recourse to any other input.

A thin and highly irregular interface, with a thickness of

about one–two orders of magnitude smaller than the inte-

gral scale (Chevray 1982; Bisset et al. 2002; Hunt et al.

2006; Holzner et al. 2008), is known to separate the tur-

bulent motion from the surrounding flow. The two regions

can be readily identified by adding dye to one region and

using laser or some other light source for illumination

(Dimotakis et al. 1983; Westerweel et al. 2002). Prasad and

Sreenivasan (1989) used thresholding to determine the

scalar interface of an axisymmetric turbulent jet. In gen-

eral, the interface is known to be wrinkled and spread over

a wide range of small scales, particularly at high Reynolds

numbers; these small scales are self similar in structure and

can be well described as fractal (Sreenivasan et al. 1989).
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However, it is not easy to separate out the two regions

when no marker is present in the flow. There is, however, a

rapid change in the magnitude of vorticity across the tur-

bulent/non-turbulent interface, which can be used to

advantage. Furthermore, the flow in the non-turbulent

region is practically irrotational and is rotational in the

turbulent region (Corrsin 1943; Corrsin and Kistler 1954;

see also Pope 2000, p 167–173). This property has been

used by Bisset et al. (2002), Mathew and Basu (2002) and

is further tested in the present paper for interface detection.

The former authors in their analysis of DNS data for a

plane wake required that the magnitude of normalized

vorticity at the interface be equal to a pre-determined

threshold. Mathew and Basu (2002) verified the above

criteria to be satisfactory, with a similar value of threshold,

in their DNS study of a temporal circular shear flow. Note

that such a criterion can be used with DNS data because of

the availability of all three components of vorticity, which

is usually not the case with experimental data.

Westerweel et al. (2002, 2005) and Holzner et al. (2006)

employed a novel method of performing PIV and flow

visualization (LIF) concurrently on an axisymmetric tur-

bulent-free jet and oscillating grid, respectively, to over-

come this difficulty. While a threshold in concentration

provided by the LIF data was used for interface detection,

the PIV data were used to obtain conditionally averaged

quantities across the interface. However, the approach of

Westerweel et al. (2002) is somewhat cumbersome in that

two synchronized cameras viewing the same area and

preferably positioned on opposite sides of the test section

have to be employed. The noise content in the measure-

ments and the finite resolution of PIV further complicates

matters. Nonetheless, the technique has been utilized by

Holzner et al. (2007, 2008) to study the process of

entrainment and the role of small scale eddies. Da Silva

and Pereira (2008) have computed the invariants of the

velocity gradient, rate-of-strain, and rotation tensors across

the turbulent/non-turbulent interface in an effort to under-

stand the process of turbulent entrainment better. Note that

the Schmidt number of the dye is much greater than unity

in these studies. One important observation of their study is

that nibbling by the small eddies contributes substantially

to the total fluid entrained, as suggested by the earlier

studies of Mathew and Basu (2002), Agrawal and Prasad

(2004), and Westerweel et al. (2005).

Prior to the advent of wholefield measurement tech-

niques, precise determination of interface location was

difficult and mostly the intermittency function (measuring

the probability of the flow being turbulent) was reported

(see example, Kibens et al. 1974; Chevray 1982). The

generation of the intermittency function, however, suf-

fers from a certain amount of arbitrariness and may not

detect the non-turbulent events occurring in long-duration

turbulent events well; along with these it has several other

difficulties (Antonia 1981). Using a passive scalar (such as

temperature) was found to give better results as compared

to either velocity or vorticity, and has been employed by

LaRue (1974), LaRue and Libby (1974) and Antonia et al.

(1975), among others.

In this paper, a quantitative comparison of three condi-

tionally averaged quantities—streamwise velocity, azi-

muthal vorticity, and Reynolds shear stress—across the

interface, is undertaken. These quantities (appropriately

normalized) are obtained from the Concentration, Vorticity,

and Velocity detection criteria. Although some comparison

of the different detection criteria is provided in Holzner

et al. (2006), our study differs from them in two ways: First,

the availability of three-dimensional data in the present case

is an advantage as it allows us to compute, for example, the

total vorticity. Second, we have chosen a flow for which

results are available in the literature. A novel algorithm

which can be employed to determine the location of the

turbulent/non-turbulent interface from wholefield velocity

data, without requiring any additional input, is also pro-

posed and evaluated. Further, a discussion on choosing the

threshold value is provided. The literature survey suggests

that this is the first attempt to develop such a criterion.

2 Methodology

Both numerical and experimental data have been analyzed

in this work. A brief introduction to these is presented in

this section.

2.1 Direct numerical simulation (DNS)

The same code as developed by Boersma et al. (1998),

Lubbers et al. (2001) and used earlier by Agrawal et al.

(2005), has been employed for the present work. The

simulations are performed on a spherical grid of size

270 9 80 9 48 in r, h, / directions, respectively, for a jet.

The computational domain is a conical volume segment of

spherical shell which spans between 50 and 93 nozzle

diameters in the streamwise direction as measured from the

origin of the spherical coordinate system. The lateral edge

of the domain is angled at p/40 so as to match the

spreading rate of the jet. The scalar field is discretized with

the total variation diminishing scheme and second order

Adams-Bashforth method is used for time integration. The

inflow, outflow, and lateral boundary conditions are kept

similar to that used in the earlier works. The exit Reynolds

number (=U0d/m, where U0 is the exit velocity, d is the

orifice diameter, and m is the kinematic viscosity of

the fluid) is 1000 and Schmidt number (=m/D where D is

the molecular diffusivity of the dye) is unity, in the present

996 Exp Fluids (2009) 47:995–1007

123



simulations. The current simulations are able to resolve the

Kolmogorov length and concentration scale sufficiently

(Boersma et al. 1998; Agrawal et al. 2005). The data set

comprised 37 time frames taken after the jet had become

stationary. A fortran code is developed to automate the

detection procedure, as discussed in detail in Sect. 3.5.

2.2 Particle image velocimetry measurements (PIV)

The PIV data of Agrawal and Prasad (2002, 2003a) have

been reanalyzed in this work. The experiments are per-

formed on a water jet issuing from an orifice 2-mm

diameter with the PIV view-frame located between

110 B x/d B 175, where x is the streamwise coordinate.

The exit Reynolds number of the flow is 3000. The vectors

are spaced 2 mm apart and all scales bigger than the Taylor

microscales are being resolved in the measurements

(Agrawal 2005). The accuracy of the measurements is

1/10th of a pixel (Agrawal and Prasad 2002). The noise

level of velocity is estimated to be of the order of 1 mm/s.

The dataset consists of 126 PIV frames. It was verified that

the flow satisfies the self-similarity condition (Agrawal and

Prasad 2002, 2004). The detection procedure of the inter-

face for the PIV data is similar to DNS data.

3 Algorithm for detection of interface

A brief discussion on the algorithm for detecting the

interface from different criteria used in this paper is pro-

vided in this section. A discussion on the threshold value

employed for each criterion is also presented.

3.1 Concentration criterion

The instantaneous DNS data are marked as per the fol-

lowing condition:

Cins

C0

[ 0:03 flow in turbulent region ð1Þ

� 0:03 otherwise ð2Þ

where Cins is the instantaneous scalar concentration of the

jet fluid and C0 is the scalar concentration at the nozzle

exit. See Sect. 3.6 for procedure to obtain the threshold

value. This criterion is termed as ‘‘Concentration criterion’’

in this paper. (Note that when referring to criterion, Con-

centration is capitalized.) Normalization of instantaneous

concentration by its nozzle exit value employed here

is similar to that of Holzner et al. (2006), where the max-

imum concentration, obtained from a view frame of

200 9 100 mm2 extending over the entire tank, was used

for normalization. Normalization by average centerline

concentration (Cc) value is also possible; the threshold

value then changes to 0:03C0

Cc
.

3.2 Vorticity criterion

The instantaneous data of the jet fluid are checked for the

following condition:

xtotb

Uc

� �
[ 0:1 flow in turbulent region ð3Þ

� 0:1 otherwise ð4Þ

where xtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2

x þ x2
y þ x2

z Þ
q

is the total magnitude of

the vorticity at any location of the jet fluid, Uc is the mean

streamwise velocity, and b is the velocity width (radial

distance at which streamwise velocity becomes 1/e of the

centerline velocity). This criterion is termed as ‘‘Vorticity

criterion’’ in this paper.

3.3 Velocity criterion

Similar to the Concentration criterion, this criterion checks

for the instantaneous streamwise velocity (Uins) of the jet

as follows:

Uins

U0

[ 0:03 flow in turbulent region ð5Þ

� 0:03 otherwise ð6Þ

where U0 is the streamwise velocity at the nozzle exit. This

criterion is termed as ‘‘Velocity criterion’’ in this paper. It

should be noted that unlike vorticity (which is ideally zero

and non-zero in the non-turbulent and turbulent regions,

respectively), the velocity may be non-zero in the non-

turbulent region. This is attributed to the presence of

velocity induced by the vortical structures in the turbulent

region. The threshold value needs to be carefully chosen

such that it is well above the induced velocity fluctuations.

The threshold value (0.03) satisfies this condition, as shown

in Fig. 1b presented later.

3.4 New (Velocity–Vorticity) criterion

This criterion computes the azimuthal vorticity component

from the instantaneous flow data and then marks as per the

following condition:

Uins

ð xzj jUcbÞ1=2
\0:03 flow in turbulent region ð7Þ

� 0:03 otherwise ð8Þ

where xz is azimuthal vorticity. This criterion is termed as

‘‘Velocity–Vorticity criterion’’ in this paper. The proposed

criterion is somewhat equivalent to satisfying the double
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criteria of normalized velocity and azimuthal vorticity

simultaneously.

3.5 Location of interface

To locate the interface, a fortran code is developed for

each of the above criteria. The code checks for the

interface starting from the jet centerline and moving

radially outwards. The radial position (for each axial

location) where the condition given in Eqs. 1, 3, 5 or 7 is

first violated is marked as the interface for that axial

location. Note that the code does not check for multiple

radial locations at which the above condition can be vio-

lated (as would occur, for example, with a detrained fluid

blob not connected to the main jet body). Also, no explicit

effort to maintain continuity of the interface has been

made in the present work.

3.6 Determination of threshold value

The basis for choosing the threshold values in Eqs. 1–8 is

discussed in this subsection. The threshold values are

evaluated using the following two approaches: in the first

approach, the procedure of Prasad and Sreenivasan (1989)

is employed. For this, the average concentration of all

pixels above an arbitrary chosen threshold value is plotted

as a function of the threshold value. The plot (not shown

here) reveals that there are two regions with different

slopes. The slope of the curve changes at a value of around

0.03. This value (0.03), interestingly matches with that of

Westerweel et al. (2002), and has therefore been chosen as

the threshold value in Eqs. 1 and 2.

The second procedure for obtaining the threshold value

is as follows: a threshold is first arbitrarily chosen and

interface corresponding to this threshold value is obtained.
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Fig. 1 Radial profiles of (a) scalar concentration, (b) velocity and (c) vorticity, at different time instances for the DNS results at axial location

z/d = 22.3
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The root mean square (RMS) difference of this interface

location from that obtained from the Concentration crite-

rion Cins

C0
¼ 0:03

� �
is noted. The reason for choosing this

difference-against-Concentration criterion is that results

are available for this criterion in a turbulent jet (this point is

discussed further in Sect. 6.1). The threshold value at

which the RMS difference is minimized is regarded as the

optimal value. This procedure has been employed with

Vorticity, Velocity, and Velocity–Vorticity criteria.

Table 1 presents the RMS difference as a function of

threshold values for these three criteria. For instance, as

depicted in Table 1, the minimum RMS difference for

Vorticity criterion occurs at a threshold of 0.10; therefore, a

threshold value of 0.10 has been taken for this criterion.

Note that the same threshold value (of 0.10) has been

suggested by Mathew and Basu (2002) for a turbulent

circular temporal shear layer. However, this threshold

value is lower than that used by Bisset et al. (2002) (=0.7)

for a turbulent planar wake, owing to difference in the flow.

Again, Table 1 shows that the RMS difference is minimum

at a threshold value of 0.03 for both Velocity and Velocity–

Vorticity criteria. Therefore, threshold value of 0.03 is

taken for detecting the interface with these two criteria.

The threshold value obtained from the second method

was compared against that from the first method for the

Velocity criterion, and the two agreed. A sensitivity of the

results on the threshold value employed is presented later

in Sect. 6.2.

The threshold value of 0.03 obtained for Velocity cri-

terion is coincidentally equal to the threshold value used

for Concentration criterion. It might be tempting to attri-

bute this to the Schmidt number being unity in the simu-

lations. For comparison, in the experimental work of

Holzner et al. (2006), the Schmidt number is 2000, and the

threshold levels are 0.23 and 0.20 for the Concentration

and Velocity criteria, respectively. Thus, the Schmidt

number does not appear to be responsible for the same

threshold value in Concentration and Velocity criteria.

We now present radial variation of instantaneous abso-

lute concentration, streamwise velocity, and total vorticity

(Fig. 1a–c) for the DNS data, at a few arbitrary instants.

The corresponding threshold values are also marked in the

figure, which suggests that the threshold value is well

above the noise level in all cases. For example, with

streamwise velocity, the noise level is about 10-3 which is

much lower then the threshold value of 0.03.

4 Comparison of known criteria

The results for variation of average quantities across the

interface as obtained from the DNS data of an axisymmetric

turbulent jet are presented in this section. The purpose is to

compare the two commonly used criteria—namely, Vor-

ticity and Concentration. A quantitative comparison of

results from different criteria is difficult to find in the lit-

erature (Holzner et al. 2006). The results are compared

against those of Westerweel et al. (2005). This comparison

will be useful while evaluating the new criteria proposed in

Sect. 5.

4.1 Concentration criterion

In this subsection, the results obtained from the Concen-

tration criterion are presented. Note that this criterion has

been employed earlier, for example by Prasad and Sreen-

ivasan (1989) and Westerweel et al. (2002, 2005). Whereas

the earlier results are experimental, the results presented in

this section are numerical. Also, there are differences in the

values of the governing parameters as noted in Table 2. In

particular, the Schmidt number is unity in the simulations

which is much less than that in the experiments. A direct

comparison of the conditionally averaged profiles for the

streamwise velocity, azimuthal vorticity, and Reynolds

shear stress ð��u�vÞ; across the interface against the results

of Westerweel et al. (2005) is shown in Figs. 2, 3, and 4.

(Note that results from several criteria are included in the

figures for ease in comparison and compactness. A

Table 1 RMS difference in the interface location at different

threshold values using different criteria

Threshold

value

RMS difference/velocity width

Concentration

criterion—Vorticity

criterion

Concentration

criterion—Velocity

criterion

Concentration

criterion—Velocity–

Vorticity criterion

0.01 1.573 0.604 1.210

0.02 1.329 0.532 1.054

0.03 1.170 0.514 0.995

0.05 0.974 0.635 1.010

0.07 0.849 0.749 1.043

0.10 0.734 0.917 1.072

0.15 0.779 1.161 1.075

0.20 0.792 1.367 1.082

0.25 0.844 1.534 1.121

Table 2 Value of different parameters employed in the experimental

and DNS study

Source Re Sc

PIV data 3000 –

DNS data 1000 1

Westerweel et al. (2005) 2000 2,000

The values of Westerweel et al. (2005) is also included for

comparison

Exp Fluids (2009) 47:995–1007 999
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discussion of results from other criteria is presented in later

sections.)

It is observed from Fig. 2 that the normalized stream-

wise velocity computed from the numerical simulations

agrees within 8% in the turbulent region with the experi-

mentally obtained value. Note that in the figure, y denotes

the radial coordinate and yi is the instantaneous position of

the interface. Figure 3 compares the conditionally averaged

normalized azimuthal vorticity where normalization is

done with the velocity width and mean centerline velocity

of the jet. The match of the vorticity profile against

Westerweel et al. (2005) is quite encouraging in both the

turbulent and non-turbulent regions. The vorticity remains

constant for almost one jet width in the turbulent region

and then starts to fall as it reaches near the jet centerline.

The conditionally averaged Reynolds shear stress is shown

in Fig. 4. The Reynolds stress is found to be increasing

steadily from the -1.6 radial location in the irrotational

region and is similar to the profile by Westerweel et al.

(2005) in the turbulent region, except when (y - yi)/b is

close to unity.

Both vorticity (Fig. 3) and Reynolds shear stress (Fig. 4)

across the interface agree well between experiments and

simulations; noticeable differences are, however, obtained

for (y -yi)/b [ 0.6. The above results establish confidence

in the data-processing algorithms employed in the present

work, besides reinforcing the earlier results of Westerweel

et al. (2002, 2005). These results also suggest that

results from a new criterion should be compared in the

range (y -yi)/b \ 0.6 while differences (due to factors not

clear to the authors) may occur at larger radial locations.

4.2 Vorticity criterion

The Vorticity criterion employed here was suggested

by Bisset et al. (2002) and Mathew and Basu (2002).
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Fig. 2 Conditionally averaged streamwise velocity profile across the

interface using three different criteria obtained from DNS data. The

data of Westerweel et al. (2005) are also shown for comparison
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Fig. 3 Conditionally averaged normalized vorticity across the inter-

face using three different criteria obtained from DNS data. The data

of Westerweel et al. (2005) are also shown for comparison. Note that

the data in Westerweel et al. (2005) have more points in this figure

than in the original data
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Fig. 4 Conditionally averaged normalized Reynolds stress shear

profile across the interface using three different criteria obtained from

DNS data. The data of Westerweel et al. (2005) are also shown for

comparison
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However, the threshold value to be employed in Eqs. 3 and

4 for an axisymmetric turbulent jet is not available; hence

we evaluate it through a systematic variation of the

threshold value, as discussed in Sect. 3.6.

The conditionally averaged quantities across the inter-

face as obtained from the Vorticity criterion are also

included in Figs. 2, 3, and 4. The conditionally averaged

streamwise velocity increases monotonically in the turbu-

lent region (Fig. 2). The rise in velocity across the interface

and in the turbulent region is, however, less sharp as

compared to the earlier result of Westerweel et al. (2005).

The value obtained is therefore about 10% lower for

0 \ (y - yi)/b \ 0.9, and differs substantially beyond it.

Fig. 3 shows that the vorticity is almost zero in the irro-

tational region and non-zero in the turbulent region. The

rise across the interface is not that steep and the overshoot

is much weaker, with the Vorticity criterion. The vorticity

in the turbulent region is comparable with the results of

Westerweel et al. (2005) in the region (y - yi)/b \ 1.2 and

differs noticeably beyond it. In particular, a rising trend in

vorticity is obtained near the centerline. The Reynolds

shear stress as obtained from the Vorticity criterion

although qualitatively similar to Westerweel et al. (2005) is

almost 30% smaller than that obtained from the Concen-

tration criterion in the turbulent region (Fig. 4). A slower

rise across the interface with the Vorticity criterion as

compared to the earlier result is again noted.

The above results suggest some differences (in particu-

lar for the Reynolds stress) in the conditionally averaged

quantities as obtained from the Concentration and Vorticity

criteria. Note that these results are based on the total vor-

ticity; the results get worse when only azimuthal vorticity

is employed for interface detection, suggesting that azi-

muthal vorticity alone would be inadequate to mark the

interface. As will be discussed in Sect. 6.1, the discrepancy

is due to the Vorticity criterion’s interface lying mostly

outside (away from the jet centerline) with respect to the

Concentration criterion’s interface.

5 New interface detection criteria

As discussed in Sect. 1, employing either Concentration or

Vorticity criteria with experimentally obtained wholefield

velocity data is difficult. In this section, we propose and

evaluate two alternate criteria which are relatively simple

to apply with such data.

5.1 Velocity criterion

The straightforward approach of thresholding the stream-

wise velocity for detection of the interface is explored first.

The fluid is in the turbulent region if the streamwise

velocity is greater than a threshold and in the non-turbulent

region otherwise (see Sect. 3.3). This approach has been

employed earlier by Holzner et al. (2006); in their study the

threshold was set as four times the noise level in an

undisturbed flow. Here, we compute the RMS difference to

determine the value of the threshold as discussed Sect. 3.6.

A threshold of 0.03 is obtained and employed for results

presented in this section.

The results obtained for the conditionally averaged

streamwise velocity, azimuthal vorticity, and Reynolds

shear stress across the interface are again included in

Figs. 2, 3, and 4. The conditionally averaged streamwise

velocity is zero in the irrotational region with this criterion,

and it increases monotonically in the turbulent region

(Fig. 2). However, the Velocity criterion over-predicts the

velocity (relative to Concentration criterion) in the turbu-

lent region, other than near the jet centerline. The differ-

ence in velocity in the turbulent region is up to 28%. Note

that the velocity is less than 0.03 in the non-turbulent

region owing to cancelation of positive and negative

velocities present outside the interface. The vorticity is

observed to be zero in the irrotational region and exhibits

an overshoot across the interface. However, the rise starts

somewhat earlier and the overshoot at the interface is much

larger than the earlier result of Westerweel et al. (2005).

The vorticity value remains larger than the benchmark

result for (y - yi)/b \ 1, and becomes less towards the jet

centerline. The Velocity criterion gives better results for

Reynolds stress than the Vorticity criterion but worse than

the Concentration criterion (Fig. 4). For instance, the dif-

ference with respect to Westerweel et al. (2005) is still

large (upto 45% at y = yi and 24% in the turbulent region).

Furthermore, an earlier rise in Reynolds stress is noticed on

moving from non-turbulent to turbulent region for this

criterion.

These results suggest that the location of the interface

detected could possibly be more toward the jet centerline as

compared to the Concentration interface. This point is

discussed further through Figs. 11 and 12 presented later.

The Velocity criterion does not seem to describe the

streamwise velocity well. This motivates us to look for an

alternate interface detection criterion.

5.2 Proposal of a new (Velocity–Vorticity) criterion

It is postulated that a detection criteria could be constructed

based on streamwise velocity and azimuthal vorticity. The

proposed Velocity–Vorticity criterion takes the following

form:

U

xz
1=2jj \threshold flow in turbulent region ð9Þ

� threshold otherwise ð10Þ
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Equations 9 and 10 when normalized appropriately take

the form of equations 7 and 8, respectively. The motivation

for taking the square-root of vorticity in the above equation

is that, in the self-similar regime of an axisymmetric

turbulent jet, the mean vorticity varies as (x - x0)-2,

whereas the mean streamwise velocity decays as (x -

x0)-1 which makes the above combination of vorticity and

velocity independent of the streamwise coordinate. In the

above-mentioned equation, x is the streamwise distance as

measured from the virtual origin of the jet (x0). The

criterion has specifically been tested on an axisymmetric

turbulent-free jet but could possibly be used with other

turbulent flows (with appropriate powers for velocity and

vorticity) as well. Note that the present criterion involves

vorticity and velocity which are associated with the small

scale and large scale of turbulent motion, respectively.

5.3 Evaluation of the Velocity–Vorticity criterion

An instantaneous interface is presented in Fig. 5 and

quantitative comparison is provided through Figs. 6, 7, and

8. Figure 5 shows a PIV frame with superimposed interface

contours as detected by the Velocity–Voriticity criterion

and shows both the turbulent as well as non-turbulent

regions in the flow. Note that due to the finite resolution

(2 mm) of the measurements, the detected interface

appears discontinuous. Some waviness may, however,

be inherent, as also evident from Fig. 10 presented later.

These discontinuities cannot be avoided by using

interpolated fields, as interpolation does not provide new

information. Some issues associated with the quotient of

two small quantities in the presence of noise are also

apparent from the figure. As already stated, no explicit

effort to ensure continuity of the interface has been made in

this work. At some axial positions the interface is beyond

the view frame—these instances are not used in the com-

putation of the statistics.
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Fig. 5 Velocity vectors with superimposed interface contours as

detected by the Velocity–Vorticity criterion obtained from PIV data.

Here ‘‘d’ is the diameter of the orifice (d = 2 mm)
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Fig. 6 Conditionally averaged streamwise velocity across the inter-

face as obtained using the Velocity–Vorticity criterion, from both

DNS and PIV data. The data of Westerweel et al. (2005) are also

shown for comparison
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Fig. 7 Conditionally averaged normalized vorticity across the inter-

face as obtained using the Velocity–Vorticity criterion, from both

DNS and PIV data. Note that the data in Westerweel et al. (2005)

have more points in this figure than in the original data
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The streamwise velocity as obtained by DNS compares

well with that from PIV and both of them agree with

Westerweel et al. (2005) for (y - yi)/b \ 0.8. Beyond it

the PIV results are about 5% higher than the benchmark

result, while the DNS result is lower. Some discrepancy in

results (using the same detection criterion i.e., Concentra-

tion criterion, as used earlier) with respect to the results of

Westerweel et al. (2005) near the jet centerline, has already

been noted in Sect. 4.1. The small non-zero streamwise

velocity outside the turbulent region from PIV is due to

the relatively small view frame employed in these

measurements.

The conditionally averaged normalized azimuthal vor-

ticity (Fig. 7) shows a rapid change across the interface, in

accord with our earlier discussion. Westerweel et al. (2005)

found approximately 20% overshoot in vorticity, before it

settles to a value of about 0.5. In the present PIV data, the

overshoot of vorticity is higher as compared to Westerweel

et al. (2005), and the amount of overshoot agrees with the

DNS result. The comparison between the three throughout

the turbulent region is satisfactory. The conditionally

averaged normalized Reynolds stress (Fig. 8) compares

reasonably well with the result of Westerweel et al. (2005)

particularly for PIV results in the turbulent region, whereas

some differences are observed for the DNS results. The

agreement between PIV and DNS results with the bench-

mark result improve closer to the jet axis.

Figure 9 shows the variation of cross-stream velocity

across the interface from both DNS and PIV data of jets.

The overall match of the cross-stream velocity with the

data of Westerweel et al. (2002) is reasonable. Considering

that the magnitude of cross-stream velocity is very small

(of the order of the measurement accuracy itself; see also

Agrawal and Prasad 2003b), the overall match between the

three can be regarded as acceptable.

The Velocity–Vorticity criterion gives better results than

both Vorticity and Velocity criteria, with respect to the

quantities tested in this work. The reason for better results

from the new criterion as compared to both Vorticity and

Velocity criteria is explored in the next section.
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Fig. 8 Conditionally averaged normalized Reynolds shear stress

across the interface as obtained using the Velocity–Vorticity criterion,

from both DNS and PIV data. The data of Westerweel et al. (2005)

are also shown for comparison
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Fig. 9 Conditionally averaged normalized cross-stream velocity

across the interface as obtained using Velocity–Vorticity criterion,

from both DNS and PIV data. The data of Westerweel et al. are also

shown for comparison
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Fig. 10 Contours of interface using four different criteria tested in

this study obtained from DNS data. Here ‘‘d’’ refers to the diameter of

the nozzle
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6 Discussion

The instantaneous interface locations (contours) as detec-

ted from all criteria stated above are presented in Fig. 10.

The interface detected by the Velocity criterion is toward

the jet centerline as compared to the other interfaces in

most of the region. The interface found from the Vorticity

criterion is mostly further away from the jet centerline. The

proposed Velocity–Vorticity criterion gives an interface

which is sometimes inside and sometimes outside of the

Concentration interface. A direct comparison of available

criteria has not been demonstrated earlier to the best of our

knowledge. The comparison is useful because a good

match in the interface would suggest that other criterion

could also be used for detection.

6.1 Probability distribution function (PDF)

Figure 11 shows the probability distribution function

(PDF) of the interface location for DNS results using all the

four criteria discussed above. It is observed that all the four

curves are approximately Gaussian in nature with mean

values (yi, mean/b) of 1.86, 2.10, 1.72, and 1.95 for Con-

centration, Vorticity, Velocity, and Velocity–Vorticity

criteria, respectively. The corresponding standard devia-

tions are 0.65, 0.71, 0.51, and 0.96, respectively. The value

of (yi, mean/b) suggests that the maximum probability of

finding the interface with Concentration criterion is 1.86

times the local jet width from the jet centerline. The mean

and standard deviation obtained here using Concentration

criterion compare reasonably well with the reported mean

(1.97) and standard deviation (0.41) of Westerweel et al.

(2005).

The explanation for the differences observed in the

conditionally averaged quantities is explored next. The

difference in locations of interface position obtained from

Vorticity, Velocity, and Velocity–Vorticity criteria with

respect to that obtained from the Concentration criterion’s

interface are noted. The choice of Concentration criterion

for computing the difference is somewhat arbitrary. Note,

however, that visually one detects an interface with the

help of a passive scalar and the earlier results of Wester-

weel et al. (2002, 2005) employed this criterion; therefore,

it has been preferred here. As a matter of fact, the interface

obtained here from the Concentration criterion provides

only the basis (and is used) for making a comparison

against the rest of the criteria. The above treatment is

repeated for the entire dataset for each criterion and the

probability density function is calculated. A graph is

plotted between probability density function and difference

between the interface location obtained from those of

Concentration criterion and the other criteria—diff (yi/b).

A statistical analysis of the resulting approximately

Gaussian profiles is shown in Fig. 12. The PDF of the diff

(yi/b) has mean values at -0.236, 0.147, and -0.0835 for

Vorticity, Velocity, and Velocity–Vorticity criteria,

respectively. The corresponding standard deviations are

0.696, 0.511, and 0.989, respectively. It is worth men-

tioning that although the PDF of interface differences is

found to be approximately Gaussian, it does not imply that

they should be centered on the concentration interface.

Note that the mean value is positive for the Velocity

interface for 56.5% of the time, suggesting that the
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Fig. 11 Probability distribution functions of interface for four

different criteria as obtained from DNS data
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Velocity criterion gives interface more towards the jet

centerline as compared to the Concentration interface. This

result is consistent with the well-known fact that on an

average the velocity width is smaller than the concentration

width (bconc/bvel = 1.2) where bconc is the concentration

width and bvel is the velocity width of the jet; see, for

example, Agrawal and Prasad 2003b). Similarly, the

interface obtained from the Vorticity and Velocity–Vor-

ticity criteria are, respectively, 60.4 and 54.3% of the time

away from the jet centerline as compared to the Concen-

tration interface. The relatively flat nature of the curve for

the Velocity–Vorticity criterion suggests that although this

criterion will predict substantially different interfacial

locations at certain instants, both larger and smaller posi-

tions are equally likely.

The results in Figs. 2, 3, and 4 obtained from Vorticity

criterion show that their values are overall less as compared

to the results of Westerweel et al. (2005). This could be due

to the interface being away from the Concentration inter-

face as observed by a noticeable variation in the mean

locations. Similarly, the Velocity criterion yields higher

values as compared to Westerweel et al. (2005), in par-

ticular for velocity and vorticity. This could be attributed to

the position of interface being more towards the jet cen-

terline as compared to the benchmark data. Figures 11 and

12 show that, the interface for the Velocity–Vorticity cri-

terion is only slightly away from the jet centerline as

compared to the interface from the Concentration criterion.

This leads to a slightly smaller value of streamwise

velocity (near the jet centerline), cross-stream velocity, and

Reynolds shear stress measured for the Velocity–Vorticity

criterion as compared to that of Westerweel et al. (2005).

6.2 Sensitivity of threshold on Velocity–Vorticity

criterion

In this subsection, a sensitivity analysis of the conditionally

averaged PIV results obtained from Velocity to Vorticity

criterion for different threshold values is presented. The

threshold values tested are 0.01, 0.03, 0.1, and 0.25. It is

evident from Figs. 13 and 14 that the streamwise velocity

and vorticity compare reasonably well against the bench-

mark data for the three threshold values between 0.01 and

0.1, and perhaps all values in this range. However, Fig. 15

shows that the Reynolds stress agrees with the benchmark

data for threshold values of 0.03 and 0.1 only. Note that a

threshold value of 0.25 does not yield acceptable results for

any of the quantity considered herein. A similar set of

results is obtained with the DNS data.

These results suggest that sub-optimal threshold values

(differing by up to a factor of three from the optimal value)

may still render acceptable results for the ensemble aver-

aged quantities.

7 Conclusions

The different methods for detecting the turbulent/non-tur-

bulent interface proposed in the literature are compared in

this work; these include Concentration, Vorticity and

Velocity based detection schemes. Towards this end, PIV

and DNS data for an axisymmetric turbulent jet have been

analyzed. Instantaneous interface and conditionally

averaged streamwise velocity, azimuthal vorticity and

Reynolds shear stress have been compared against the data
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of Westerweel et al. (2002, 2005). The availability of three-

dimensional data and benchmark results in the literature

allow for a more meaningful comparison.

A novel method to detect the turbulent/non-turbulent

interface from planar wholefield velocity data alone is also

proposed. This new criterion is based on a suitable com-

bination of streamwise velocity and azimuthal vorticity—

quantities which are available or can be easily computed

from such data. The proposed criterion is simpler to apply

than the other criteria, and yields comparable accuracy at

least for the ensemble averaged quantities.

Although the interface results on an instantaneous basis

differ substantially for different criteria, the differences

are small for the ensemble-averaged quantities. The

ensemble-averaged results are also rather insensitive to

the value of threshold (with in a range). These results

suggest that both conventional quantities like spectrum

(Agrawal 2005) and more difficult-to-obtain quantities

like conditionally averaged vorticity and Reynolds stress

across a turbulent/non-turbulent interface, which were not

accessible earlier, can indeed be obtained with particle

image velocimetry.
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