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ABSTRACT
We study experimentally the entrainment mechanism in

a turbulent round submerged liquid jet atRe= 3.5×103. This
is an extension of several previous works. The main difference
is that we detect the turbulent/non-turbulent interface directly
from the vorticity. For that, we set up a careful experiment,
zooming in at the fluctuating boundary of the jet. With the
Tomographic Particle Image Velocimetry, we measure the full
velocity gradient tensor in multiple points with a sufficient
spacial resolution. We can identify the laminar superlayer and
obtain conditional flow statistics relative to it. The results al-
low us to reexamine the assumptions validity used in previous
experimental studies with conclusions derived from them.

INTRODUCTION
Turbulent entrainment is a similarity hypothesis intro-

duced first in 50’s by Taylor and further developed by Batche-
lor and his co-workers (Turner (1986)). It states that the mean
flow across the edge of a turbulent flow (V from the inset in
figure 1) is assumed to be proportional to a characteristic ve-
locity, usually local time-average maximum mean velocity at
the level of the inflow (Uc in figure 1(a)). This simple idea
turned out a very powerful tool for predicting the behavior
of turbulent flows with free surfaces, such as all free shear
flows (jets, plumes, wakes, mixing layers), penetrative con-
vection, avalanches, gravity currents, etc. More broadly, the
entrainment process can be regarded as a transition phenom-
ena when practically irrotational fluid elements from the free
stream flow region cross the turbulent boundary and acquire
“turbulence”. This perspective has raised questions what the
mechanism of the process is and how it varies between differ-
ent types of turbulent flows with free surfaces (Turner (1986);
Corrsin & Kistler (1955)). Historically, two major views can
be identified as engulfment and nibbling.

Engulfment is when large packets of fluid are drawn into
the turbulent region by the inviscid action of the dominant ed-
dies inside the turbulent flow region (Turner (1986)). Initial
stage of the process is viewed as Kelvin-Helmholtz type of
instability with subsequent formation of Stuart’s type vortices
or “cat’s eye” pattern (Stuart (1967)). The vortex pairing leads
to the growth of the layer. Inviscid action implies that the fluid

Figure 1. (a) Sketch of a turbulent jet showing the region
of investigation in this study with TPIV. Streamlines pattern
is based on visualizations 169-171 in Van Dyke (1982). The
insert illustrates the concept of the T/NT interface separating
irrotational (I) and turbulent (T) flow regions. (b) Photograph
of the set-up. For the visualization, we marked the jet fluid
with a rhodamine dye. It fluoresces red excited by the green
laser light. (c) Schematic of the planar PIV experiment. (d)
Schematic of the TPIV experiment.

packets are irrotational according to the mechanism, i.e. fluid
takes part only in solid body rotation. The packets break down
within the turbulent region and acquire vorticity by viscous
diffusion at small-scales.

Nibbling is an outward spreading of small-scale vortices,
i.e. engulfing motion on small scales. This view is based on a
well known fact that in free turbulent flows such as jets, wakes
and boundary layers, there is a sharp but convoluted interface
between the region where the flow is turbulent and the exter-
nal region of irrotational motion (Corrsin & Kistler (1955);
Phillips (1972)). We refer to this boundary as a turbulent/non-
turbulent (T/NT) interface (inset in figure 1(a)). This means
that the boundary entrainment maybe be thought of as an in-
terface moving through the fluid with some velocity (Eb from
the inset in figure 1(a)) normal to itself. Non-turbulent or prac-
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tically irrotational fluctuations here are understood as non-
contributing ones to the shear stress. In the first place vorticity
is acquired by a fluid element outside the T/NT interface only
through the action of molecular viscosity. Once such an ele-
ment has some vorticity, it can be amplified by the straining
induced by the neighboring turbulence.

The engulfment can explain why the entrainment rate is
independent from viscosity at high Reynolds numbers (Turner
(1986)). Nibbling predicts the existence of a finite veloc-
ity jump at the T/NT interface from idealized control volume
analysis for the tangential momentum due to the momentum
flux balance (Corrsin & Kistler (1955); Reynolds (1972)). In
70’s attempts to determine this jump via conditionally sam-
pled hot-wire data in Turbulent Boundary Layers (TBLs) were
not successful (Kaplan (1968); Kovasznayet al.(1970)). Con-
trary to the prediction, in these studies velocity appeared to be
continuous across the entrainment interface.

Originally, Corrsin & Kistler (1955) came up with the
idea behind nibbling. They conjectured the existence of a so-
called “laminar superlayer”. It is thought to bound the T/NT
interface (Holzner & L̈uthi (2011); Westerweelet al. (2011)).
This is a conjunction region of local velocity gradient or a
shear layer that is essentially viscous or laminar. Large eddies
are straining this shear layer and keeping it thin. The layer
entraps irrotational fluid into the turbulent motion via viscous
force. This idea was buried under the overwhelming exper-
imental evidence from mixing layer visualizations of Brown
& Roshko (1974). They demonstrated the existence and per-
sistence of quasi two-dimensional large coherent structures.
This gave a support to the engulfment process, i.e. large-
scale Reynolds shear stress. Starting from mixing layers, the
mechanism was extended to jets and other free turbulent shear
flows (Turner (1986); Dahm & Dimotakis (1987)). The prob-
lem here is that well-defined large-scale eddies are not ubiq-
uitous in other types of free turbulent shear flows, except mix-
ing layers. In particular, in jets distinct vortex rings can be
unambiguously identified only within few diameters from the
nozzle.

The discussion was revamped by Mathew & Basu
(2002). They conducted a DNS of a circular shear-layer as
a model for a developing jet atReλ ≈ 50. The direct mea-
surement of the engulfed volume showed that it contributed
only about 10÷ 20% to the growth of the jet fluid volume.
Also they followed fluid parcels released in the irrotational
part near the interface. If the engulfment mechanism out-
lined above had been dominant, then fluid elements on aver-
age would acquire vorticity already an order of magnitude fur-
ther inside the turbulent flow region than in case of nibbling.
The opposite was observed. This cofirmed indirectly the im-
portance of the small-scale process at the boundary. They tried
to reconcile the contradiction that the entrainment could be
predicted based on large-scale quantities even though the pro-
cess occurred at small-scales. For that, they stated that a fixed
relationship across scales as in fully developed turbulent flows
was the only requirement.

Bissetet al. (2002) analyzed DNS of a plane wake at
Reλ ≈ 50. They used both passive scalar and enstrophy based
thresholds to detect the T/NT interface. Conditional statis-
tics relative to the T/NT interface revealed sharp jumps of the
streamwise velocity component and the scalar. To inspect the
flow pattern near the interface, they used sectional streamlines

relative to vorticity surfaces. The conclusion was that engulf-
ing motions were dominant and no significant nibbling was
observed.

Westerweelet al. (2005, 2009, 2011) investigated an ax-
isymmetric jet atReλ ≈ 50. They used 2D PIV for vorticity
measurements. However, insufficient resolution and only one
vorticity component did not let them detect the interface di-
rectly. Instead, fluorescent dye and temperature field were
used as passive scalars to distinguish between turbulent and
surrounding fluid. The existence of a sharp jump in scalars
over the interface was shown. There was evidence, though in-
complete, of a similar sharp jump in the streamwise velocity
component relative to the interface. The propagation velocity
of the interface (Eb in figure 1(a)) was estimated from con-
ditional statistics (Eb∆U = −Fτ , whereFτ is the momentum
flux) and compared to its estimate from the entrainment ve-
locity (Eb = −2〈V〉 in figure 1(a)). The match between two
quantities was within the experimental error.

These studies are of relevance, because regions between
turbulent and non-turbulent motion of very inhomogeneous
turbulence play a critical role in many engineering and natu-
ral flows. For instance, Meinhart & Adrian (1995) discovered
that zones of roughly constant streamwise velocity component
can be identified in the instantaneous structure of velocity in
a TBL. The maximum fluctuation within a zone is an order of
magnitude smaller than the velocity jump at the border of the
zone. One can hypothesize that the structure of a TBL consists
of several T/NT interfaces, similar to ones bounding turbulent
jets and wakes. Moreover, conventional turbulence models are
based on studies of homogeneous or homogeneous isotropic
turbulence. They perform notoriously badly in cases when
inhomogeneity is an essential feature (e.g. clouds modeling).
Typically, the model parameters should be first tuned based on
some benchmark flow such as turbulent jet. Clearly, new ideas
and approaches are required. Study of the T/NT might be one
of them. As a first step, it is important to describe and quantify
the characteristic features of these interfaces. Additional im-
plications for conventional turbulence models are explored in
Huntet al.(2006); Westerweelet al.(2009); Holzner & L̈uthi
(2011).

Here we present results from an experimental study of
the entrainment mechanism in a turbulent round submerged
liquid jet at Re= 3.5× 103. The goal is to overcome two
major assumptions in Westerweelet al. (2009). The first one
is that the small-scale vorticity behaves like a passive scalar.
This allowed them to detect the T/NT interface from the scalar
field. The second assumption is the predominant orientation
of the vorticity along the circumferential direction. This was
dictated by the measurement technique (2D PIV). We want to
detect T/NT interface right from the vorticity. For that, the ac-
cess to the full velocity gradient tensor in multiple points with
a sufficient spacial resolution is needed. We set up a careful
experiment, zooming in at the fluctuating boundary of the jet.
Figure 1(a) shows the region of investigation. With the To-
mographic Particle Image Velocimetry, we obtain all vorticity
components (Elsingaet al. (2006)) and resolve the flow-field
down to the Kolmogorov scale. We identify the laminar su-
perlayer and obtain conditional flow statistics relative to it.
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EXPERIMENTAL SET-UP AND PROCEDURE
Jet experiments were done in a water tunnel. It consists

of a 5 m long transparent PMMA test section with a width
of 610 mm. The tunnel has an open surface. We installed a
wooden box with a transparent window from PMMA on top of
the tunnel to avoid water ripples which could affect the align-
ment of the laser sheet (figure 1(b)). The height of the formed
test section was 540 mm. The temperature was monitored. It
was within 17.8÷18.0 ◦C during the whole measuring cam-
paign.

The jet apparatus was constructed from a plastic tube of
13.2±0.1 mm inner diameter and length of 60 diameters. The
tube was reinforced to prevent it from bending by placing it in-
side another thicker tube of larger diameter. The jet apparatus
was mounted on a frame and positioned in the middle of the
test-section parallel to the walls of the water tunnel. The frame
could be traversed parallel to itself along the water-tunnel. To
drive the flow, we used an IWAKI MAGNET pump (single
phase induction motor). The pump sucked water in from the
settling chamber of the water tunnel at a constant flow rate of
0.29 liter/s. The exit of the pump was connected to a T-valve,
so the outflow was separated in two hoses. One hose led back
to the settling chamber. The other one supplied the jet. This
way we controlled the flow rate of the jet.

No prior investigation of the flow inside the tube was
done. We assumed that at Reynolds numbers above 2000,
used in the work, the flow in the tube was a fully developed
turbulent pipe flow. Since final measurements were done in
the developed region of the jet and we were interested in the
fluctuating boundary of the jet, all the differences to the flow
due to the initial and boundary conditions were neglected.

Two types of experiments were done. For the general
characterization of the jet flow we conducted a planar PIV ex-
periment. For the high resolution investigation of the T/NT in-
terface we did Tomographic PIV measurements. In both cases
we employed a double-pulsed Nd:YAG laser (Spectra-Physics
Quanta Ray 400mJ pulse energy; wavelengthλ = 532 nm)
for the illumination, LaVision Imager PRO-X cameras (PCO
Sensicam 20482 px resolution; 14-bit dynamic range) for dig-
ital imaging, and some standard lenses to make a light sheet
through the top wall of the tunnel in a planar cross-section
through the jet centerline. The light sheet thickness was set
with a diafragma. The flow was seeded with neutrally buoyant
hollow glass spheres (3M S60,d = 10 µm, ρ = 600 kg/m3).
Before the measurements we ran the tunnel to obtain a homo-
geneous distribution of tracers. All control of the laser inten-
sity and timing, as well as the image acquisition, was done
using LaVision Davis (v7.2-7.4) software. It was also used
for image processing and vector field calculations. The coor-
dinate system was defined as follows:x was positive in the
downstream direction, parallel with the jet axis,y was radial,
andz was normal to bothx andy. (U,u), (V,v), and(W,w)
stand for the instantaneous and fluctuating velocity compo-
nents alongx, y, andz directions, respectively.

In the planar PIV measurements, we traversed the frame
with the jet apparatus to check the flow at differentx/D sta-
tions. The schematic of the experimental set-up is shown in
figure 1(c). The region of investigation was symmetrical in a
planar cross-section through the jet centerline (figure 1(c)).
The imaging was performed by means of a single camera
with a 35mm Nikon lens, resulting in a field of view of about

300×300 mm at a mean observation distance of 2 m. For cali-
bration of the imaging system, a type 31 calibration plate, sup-
plied by LaVision GmbH, was used. The plate was 310×310
mm square. The RMS deviation between fitted and measured
mark positions was 0.2 pixel. The light sheet thickness was
set 3 mm. The delay between the two laser pulses was ad-
justed in such a way that the maximum particle displacement
was about 10 pixels or 1.5 mm, and that the loss of particle
images by out-of-plane motion was acceptable. Five hundred
double-frame particle images per each station were taken. The
images were evaluated in a region of 100×300 mm by 32 x 32
pixels interrogation windows corresponding to a spatial reso-
lution of 2.45 mm in x- and y-direction. Amount of outliers
was less than 5%.

For the TPIV measurements, the center of the measure-
ment domain was positioned at the distance of 2× δ0.5 from
the centerline of the jet. Previous studies by Westerweelet al.
(2009) showed that the maximum of the p.d.f. of the interface
location roughly was there. The RMS is 0.4δ0.5. Figure 1(a)
shows the sketch of the experiment. Atx/D = 60 the jet half
width δ0.5 ≈ 80 mm. The reason why this location was chosen
for the TPIV measurements is explained in the next section.
Based on an empirical estimate for the dissipation rate in a jet
from Panchapakesan & Lumley (1993), we expected the Kol-
mogorov scaleηK ≈ 0.75 mm. The Taylor scale was found
with the Taylor’s expression for the dissipation rate (David-
son (2004))λT ≈ 13.5 mm. With the region of investigation
about 80× 80 mm and a final 483 voxels interrogation box
for the vector field calculation, we expected the resolution of
the measurements 2∆x≈ 1.8 mm, i.e. twice the Kolmogorov
scale. Hence, we were confident to obtain a fully resolved
flow field. In the TPIV measurements, four cameras were used
with a 100mm Zeiss camera lens each. The schematic of the
experimental set-up is shown in figure 1(d). Each camera was
mounted on a Scheimpflug adapter. The arrangement with the
cameras was installed on the outside of the water tunnel. The
centers of the cameras formed the base of a square pyramid,
the optical axes of the objectives being the edges of the pyra-
mid. The solid angle was about 1.2 sr. Due to the refraction
in water, the effective solid angle was 1/n2 smaller or about
0.7 sr, wheren = 1.33 is the refractive index of water. The
cameras were focused at a volume spanning 80×80×5 mm.
Because of refractions on the optical path, we observed con-
siderable astigmatism. It adversely influenced particles im-
ages making them ellipsoidal shape of 5−7 px. Astigmatism
effects could be avoided without the use of prisms by reducing
the aperture of objectives down to f# = 11.

For calibration of the imaging system, a type 11 calibra-
tion plate, supplied by LaVision GmbH, was used. The plate
was 110×110 mm square. A third order polynomial was cho-
sen as a mapping function from camera to world coordinates,
linear interpolation for the out of plane component. The RMS
deviation between fitted and measured mark positions for all
cameras was within 0.3 px. The light sheet thickness was 4÷5
mm.

Seven hundred fifty instantaneous realizations(U,V,W)
of the turbulent jet were obtained. We took three sets of
two hundred fifty images each at a rate of 5 Hz. This corre-
sponds to the time separation of 0.2 s between the recordings.
The large eddy turn over time at the measurement location
T ≡ δ0.5/Uc was about 1.6 s. Thus, the realizations were not
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statistically independent. This is because in future we want
to use the dataset for the Lagrangian tracking of fluid parcels
in the irrotational region of the flow while they are approach-
ing and crossing the T/NT interface similarly to Holzneret al.
(2007).

Before the final reconstruction of the particle image vol-
umes, a volume-self-calibration according to Wieneke (2008)
was performed. The procedure revealed a misalignment er-
ror of about 4 pixels between the cameras. After applying the
correction, the final accuracy improved to 0.2 px. Each re-
constructed particle image volume was analyzed by local 3D
cross-correlation with an iterative multi-grid volume defor-
mation scheme reaching a final 483 voxels interrogation box
size with 50 % overlap. The image seeding density was about
0.05 ppp. From each recording, we obtained an instantaneous
three-dimensional velocity vector volume over a grid of 77 x
77 x 3 (17,787) measurement points located every 1.0 mm in
all directions.

FLOW PROPERTIES AND STATISTICS
Here we present flow properties up to the second order

statistics: mean and fluctuating velocity profiles across the jet.
Results are shown in figures 2 and 3. The jet behaves like
a wall-free jet in an infinite space till approximatelyx/D =
80. Further, we see clear influence of the boundaries: the
half-widths of the jet no longer increases, the mean centerline
velocity decreases faster than 1/x, the momentum flux is no
longer constant, Reynolds stresses do not tail off and get more
intensified. This was expected, because in the ideal free jet the
mean velocity becomes negligible aroundy=±2δ0.5 from the
centerline (figure 2(d)). Hence, we can estimate the width of
the jet as 4δ0.5. This is about 405 mm atx/D = 80, which is
comparable with the height of the tunnel 540 mm.

Also, we report a back flow afterx/D = 50 from fig-
ure 3(d) with a magnitude about 0.1Uc. The jet acts as a
pump. Due to the mass conservation, there must be some sup-
ply. When the jet hit the wall at a far distance, it created a
recirculation region. It was seen as the back flow. This back
flow was highly undesirable because the same turbulence was
recirculated. This made the turbulent fluid and surrounding
fluid not well defined and distinguishable.

Due to these reasons, we decided to do the T/NT in-
terface measurements at the locationx/D = 60. This was a
compromise between several requirements such as: the de-
sire to the stay at the fully-developed region or far-field of the
jet, have larger integral length scale to make sure the Taylor
and Kolmorogov scales were also large, stay further from the
boundaries and avoid the back flow.

To estimate the accuracy of TPIV velocity measure-
ments, we calculated the probability distributions of the nor-
malized velocity divergence (figure 4(a)),

σ =

(

∂Uk

∂xk

)2

/

[

(

∂U1

∂x1

)2

+

(

∂U2

∂x2

)2

+

(

∂U3

∂x3

)2
]

, (1)

over all realizations. In the computation, the partial deriva-
tives were replaced by their finite differences. The average
value of σ varies between 0, if the velocity distribution is

Figure 2. (a) The half-widths of the velocity field, (b) the
centerline mean velocity, and (c) the corresponding Reynolds
number (proportional to the square root of the total momen-
tum flux) as functions of the distance from the nozzle. (d)
Profile of the mean axial velocity at several distances from the
nozzle.

Figure 3. Profiles of the (a) mean radial velocity, (b) turbu-
lent intensity of the axial velocity fluctuations, (c) Reynolds
stress, and (d) turbulent intensity of the radial velocity fluctu-
ations.

divergence-free, and 1 for random data. In our caseσ = 0.33.
To assess the resolution of the TPIV measurements, we de-
termined the Kolmogorov scale (ηK) from the estimated dis-
sipation rate and the Taylor scale (λT ) from the streamwise
two-point correlation coefficient of the streamwise fluctuating
velocity. The dependence of the scales on the distance from
the jet centerline is shown in figure 4(b) together with the spa-
cial resolution of the TPIV measurements and our expecta-
tions prior to the experiment. It was found that〈ηK〉 = 0.97
mm. Hence, the spacial resolution of the TPIV measurement
(conservatively estimated as the linear dimension of the in-
terrogation domain, i.e. 2 mm) was 2 times the Kolmogorov
scale. We state that the velocity data was fully resolved.
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Figure 4. (a) p.d.f. of the normalized divergence,σ . (b) The
Kolmogorov (ηK) and Taylor (λT ) scales as functions of the
distance from the jet centerline. Every second point is plotted.
Measured values (meas) are compared with the theoretical es-
timates (theo) prior to the experiment and the spatial resolu-
tion (2∆x). Note that we divideλT by 10 for convenience of
representation.

Figure 5. The detection of the interface envelope. Dimen-
sions are in mm relative to the nozzle location (x) and the jet
centerline (y). The solid red line shows the interface envelope
resulting from saving the outermost points in (d).(a) Example
of an instantaneous velocity field (U,V). The reference arrow
in the box corresponds to a velocity of 100 mm s−1.(b) Map of
an instantaneous vorticity modulus.(c) Surface of the vorticity
modulus.(d) Binary image obtained after applying a threshold
to the vorticity modulus (b). Different colors show connected
regions.

INTERFACE DETECTION
The T/NT interface was defined by using the vorticity

normΩ = (ΩiΩi)
1/2, whereΩi is the vorticity field. We cal-

culated it with the central difference method. Figure 5(a) is a
typical example of an instantaneous flow-field (U,V) when the
T/NT interface (the solid red line) was roughly in the middle
of the measurement domain. Figure 5(b) shows the vorticity
magnitude normalized with the mean centerline velocity and
the jet half-width. Figure 5(c) shows the vorticity surface. It
is clear that the turbulent flow is indeed surrounded by practi-
cally irrotational fluid with the vorticity RMS aboutΩRMS=
0.17Uc/δ0.5. The vorticity undergoes a sharp jump at the in-
terface. To determine the location of the interface, we used a
threshold level within a range ofΩtr = 0.5÷3Uc/δ0.5. In this
range, the interface detection did not dependent on the thresh-

Figure 6. Conditional statistics relative to the T/NT inter-
face locationyI . The symbol〈· 〉I denotes the time and space
average of the respective quantity. Profiles of the (a) mean
velocity components, (b) mean vorticity components and vor-
ticity norm, (c) turbulent intensities, and (d) shear Reynolds
stresses.

old value used. The detection threshold ofΩ = 0.7Uc/δ0.5
was chosen for conditional statistics in figure 6. This was ex-
actly the same value used by Bissetet al. (2002); da Silva &
Pereira (2008). Similar level was used by Mathew and Basu
(2002).

We processed the binary image, obtained after applying
the threshold, with the image processing toolbox from Matlab.
Big patches of rotational fluid disconnected from the main jet
flow were isolated and excluded from the processing (light
green in figure 5(d)). The biggest patch of fluid was taken
as the main body of the jet flow (purple in figure 5(d)). The
utmost points of this patch were saved as the locations of the
T/NT interface (solid red line in figure 5(d)).

CONDITIONAL FLOW STATISTICS
We used only velocity vector fields for statistics where

the mean interface locationyI was within±0.4δ0.5 from the
center of the domain. Figure 6 shows profiles of the condi-
tional mean velocity components, vorticity components, tur-
bulent intensities, and shear Reynolds stresses. We denote this
conditional statistics by〈· 〉I to differentiate it from the homo-
geneous statistics done along the homogeneous directions of
the jet.

A finite velocity jump is observed. It can be con-
firmed from the peak in the mean conditional vorticity in
figure 6(b). The velocity jump magnitude was estimated at
∆U = (0.25 ± 0.05)Uc. Similarly, the jump in the condi-
tional Reynolds stress was estimated at(0.007± 0.003)U2

c .
This yields a value for the interface propagation velocity of
Eb = (0.03 ± 0.01)Uc. It is in agreement with the jet en-
trainment velocityE = −2〈V〉. In our case, we estimate
〈V〉 = (−0.010± 0.005)Uc from figure 3(a). This matches
with the result from Westerweelet al. (2005, 2009).

The thickness of the T/NT interface was estimated∆I ≈
0.06÷0.07δ0.5. Similar values were obtained in the DNS of a
wake (Bissetet al.(2002)) and DNS of a planar jet (da Silva &
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Pereira (2009)) at comparable Reynolds numbers (Reλ ≈ 50).

CONCLUSIONS
We did TPIV measurements at the fluctuating boundary

of an axisymmetric turbulent jet atRe= 3.5× 103. Proper
choice of the experimental parameters and flow conditions al-
lowed us to fully resolve the velocity field. We detected the
T/NT interface from the full vorticity vector. Making no as-
sumption about the flow-field and interface detection, our re-
sults confirmed conclusions from previous experimental and
numerical studies.
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