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Abstract

The work reported here comes within a broader research program dealing with ambiance
separation or confining by means of air curtains (plane air jets). The process is studied
experimentally by Particle Image Velocimetry (PIV). In this paper, the emphasis is put on the
flow structure in the impingement region of such jet systems insofar as it is where transfers
occur preferentially. More precisely, a vortex eduction method was implemented under the
Matlab environment enabling both the automatic detection of 2D coherent patterns embedded
in PIV velocity vector maps, and a statistical analysis of the topological and energy features
of these structures. First, the approach is explained in detail. The second part of this paper is
devoted to its application in the case of plane turbulent impinging simple- and twin-jets for
various jet exit velocities. Results about the size, the shape, the spatial distribution and the
energy content of the detected vortices are provided. Although many questions still remain
open, new insights into the fashion these structures might form, organize and evolve are

given providing an original picture of the plane turbulent impinging jet.
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1. Introduction

Air curtains are separation devices based on the discharge of a plane air stream to isolate
from each other two adjacent air volumes with different climatic characteristics (in the broad
sense of the term). The jet system provides a fluid seal against heat, moisture and/or mass
transfers between the separated areas without holding up traffic of people, vehicles, materials
or objects. Thus, air curtains are particularly useful in situations where conventional physical
barriers become unacceptable for practical, technical, economical or safety reasons. The
applications for air curtains are many. They include, but are not limited to air conditioned
areas, commercial entrances, refrigerated counters, clean rooms, testing chamber apparatus
(e.g. thermal shock test chambers), industrial oven openings, tunnel fire safety systems,
process line partitioning in the food or microelectronics industry, etc...[1-8].

Most of the time, air-curtains consist of one or several jets blown vertically or obliquely
downwards. After the jet hits the floor, the supplied air simply spills into the regions on either
side of the jet (Fig. la). In many cases, the geometrical aspect ratio of the rectangular
discharge nozzle is such that air curtains may be regarded as two-dimensional plane jets.
Furthermore, discharge air velocities commonly encountered in conventional devices are of
the order of a few meters per second. Thus, in more academic terms, air curtains can be
viewed as plane turbulent impinging jets.

The sealing efficiency of an air curtain is directly related to the amount of ambient fluid
particles entrained into the main flow and carried across it by convection and diffusion. It can
never reach 100%. In this respect, it is obvious that the Kelvin-Helmholtz-like instabilities
that develop in the shear layers along the lateral boundaries of the jet flow (Fig. 1a) play a
relevant role. However, LES simulations [9] have shown that it is in the impingement region
(Fig. 1a) where mass transfer across the jet stream preferentially occurred. This seems to be

strongly related to the presence of large-scale organized motions appearing in the form of



elongated roll cells whose main axis is roughly perpendicular to the jet plane (Fig. 1b). Also
detected experimentally by [10-12], these tubular structures are accelerated and stretched
longitudinally by the impingement wall flows developing on either part of the jet after hiting
the floor. It has been shown that they were characterized locally by a strong vortical intensity
and a noticeable energy content.

Consequently, in place of or in addition to a passive or active control of the growth of the
instabilities developing in the lateral mixing layers of a jet [13-17], it may be interesting to
act on the flow structure in the impingement region so as to improve the efficiency of air
curtains. However, before working out appropriate solutions, it is necessary to better
understand the fashion in which the large-scale structures present in the impingement region
of a jet form, evolve and contribute to transfer mechanisms. From this, an algorithm was
developed to automate the identification of vortical patterns embedded in instantaneous
velocity vector maps obtained by standard 2D particle image velocimetry (PIV). Structures
are characterized topologically and with respect to the energy they carry. Analysis is
performed on series of instantaneous velocity fields: relevant results are returned mainly in
the form of probability density functions (pdf) of the observed quantities. Since our PIV
measurements are not time resolved, the temporal coherence of the detected structures cannot
be verified.

The paper is organized as follows. Section 2 provides a description of the main steps of the
above mentioned algorithm. After a description of the experimental set-up, the test
configurations and the PIV measurements, the observations made for various air-curtain
arrangements and jet exit velocities are examined in Section 3. Finally, in Section 4,

conclusions will be drawn and perspectives will be outlined.



2. Automatic method for eddy structure eduction and characterisation

Due to the diversity and the complexity of flows where coherent structures are embedded, no
consensual and general definition of a such structures is yet established [18]. Nevertheless, it
is agreed that they refer to large-scale organized swirling motions and that, during their
transport, they should exhibit a certain degree of integrity over certain spatial and temporal
scales [19-21]. Their separation from background turbulence does not rely on one unique and
systematic method. The technique used to determine when and where certain structures are
passing or present is directly related to the definition adopted for these structures. In the
literature, a multitude of techniques are available (see the general overview of Bonnet et al
(1998) [22]). The choice of one particular method is generally conditioned by the desired
information, by the way the structure is defined, but also by the experimental and numerical
capabilities available.

Particle Image Velocimetry (PIV) as a whole-field measurement technique has open
interesting perspectives with respect to pattern recognition in turbulent flows [23-24]; indeed,
flow maps with a spatial resolution close to the resolution achieved numerically are now
accessible more easily than with pointwise measurement techniques. Thus, the standard PIV
provides an amount of information sufficient enough to make possible the educing of large
coherent eddy structures even though a two-dimensional description of the flow field and a
poor temporal resolution cannot supply all the characteristics of basically three-dimensional
coherent structures. The amount of data produced requires automation for post-processing
procedures of instantaneous field series. For this purpose, we developed an algorithm
enabling the detection and characterization of coherent 2D-patterns embedded in PIV
velocity maps automatically. Its implementation under the Matlab environment was
concerned about minimizing subjective intervention of the user so as to derive as unbiased

statistics as possible. The main steps of our method are presented hereafter. Many more



details can be found in [25].

2.1 Preliminary calculations

Structure identification methods require the computation of spatial derivatives of the fluid
velocity. Therefore, a certain continuity and smoothness of the velocity fields under study
must be ensured. However, PIV measurements are discrete in space, with a relative spatial
resolution usually much below than the numerical resolution. They additionally contain a
certain amount of noise, the high frequency component of which must be removed or at least
damped prior to the calculation of the spatial derivatives of velocity.

Therefore, a low-pass two-dimensional homogeneous Gaussian filter is chosen to smooth
instantaneous PIV velocity fields. The filter window was set equal to 7x7 grid spacings. Not
justified here, this choice comes from a complete and detailed sensitivity analysis [25]
whereby high frequency noise removal efficiency, turbulent energy attenuation minimization
and conservation of the main topological flow features were considered.

Velocity derivatives required in the calculation of the tensors S and (2 forming the symmetric
and antisymmetric part of the velocity gradient tensor respectively (Eq.(1)) are inferred from
differentiating the velocity field using a classical second order difference scheme. Compared
with the fourth order accurate Hermitian scheme, it enables the minimisation of
computational problems arising from noisy or over-sampled experimental data or from
instantaneous velocity fields exhibiting abrupt flow directional changes.

2.2 Extraction of swirling patterns

The identification method applied in the present work starts with the detection of the position
of vortex core centers by using the so-called A, criterion [26]. A translational velocity is then
estimated for every detected vortex core and is subtracted from the total field in which the
vortex has been detected, before analysis of the topological features and energy content of all

detected vortices.



2.2.1 Location of vortex core centers

Introduced by Jeong and Hussain (1995) [26], the A, criterion has the two main properties
which makes it interesting for coherent structures eduction: (1) to discriminate swirling and
shearing motion (what is not achievable by visualizing only vorticity), (2) to be frame
independent (meaning that vortex identification does not require the a priori choice of a
reference frame to visualize the detected vortex cores). This criterion relies on the basic

assumption that a vortex core centre is associated with the existence of a local pressure

minimum. It is derived from the equation verified by the Hessian of pressure 9°p/dx,x ;- this

quantity providing information about pressure extrema. The equation is obtained by applying

the gradient operator on the Navier-Stokes equations [26]:
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Jeong and Hussain (1995) [26] attribute to the sum 2,02, + S, S,; the occurrence of pressure

minima due solely to coherent vortices. Denoting by A4, > 4, > 4, the three eigenvalues of this
tensor, a variational analysis shows that pressure reaches a local minimum if and only if two
of these eigenvalues are negative. The equivalent condition 4, <0 was thus proposed for the
definition of a vortex core. Vortices can subsequently be visualized by plotting iso-4;
contours.

Since our PIV velocity fields are two-dimensional, the full tensor 2,0, +S,S, cannot be

formed. Instead, an equivalent two-dimensional form of this tensor has to be computed in the

plane in which the PIV data lie. This is not completely rigorous insofar as the condition of a



zero divergence of velocity may be not necessarily fulfilled at every point of 2D
instantaneous velocity vector field obtained by PIV (see Subsection 3.2.2).

In any of the instantaneous velocity vector field from where they are issued (Fig. 2a), the iso-
A, contour plots exhibit small-scale disturbances that arise from numerical noise (Fig. 2b).
Therefore, A, fields are first smoothed out by application of a two-dimensional homogeneous
Gaussian filter with a size equal to 7x7 grid spacings (Fig. 2c). Even after filtering, the
application of the A,-criterion on 2D vector fields still returns negative peaks of A, that are
not all relevant as some of them do not necessarily correspond to large values of the
enstrophy field [24]. These peaks can easily be removed by setting a threshold and by
retaining only the values of A, such that A,< Az mreshoia (Fig. 2d). This is what does our
program, the difficulty lying in the choice of an appropriate value of the threshold. A rigorous
sensitivity analysis was performed for filter type and size to find an adequate definition for
Aoy thresholas 1.€. leading to the best identification of vortex core centers while being respectful
of the flow physics [25]. Finally, the method used actually comes down to removing the

values of A4, whose absolute value is lower than 40% of the absolute value |/,i2,min of the

absolute minimum of A, calculated for the current instantaneous velocity field. The same

percentage is applied to every snapshot regardless of the value of |/?2 . The method was

found in good agreement with the alternative criterion adopted by Schram et al (2004) [24,
25].

222 Galilean transformation

At this stage, the vortex core centers are detected. The iso-A, contours previously determined
can not be used to analyze the topological features of all detected vortices as a threshold is
applied. This is the reason for which another way, based on the examination of the spatial

distribution of velocity around the vortex center, is adopted to characterize geometrically the



structures (see Section 2.3).

This approach imposes that each detected vortex must be analyzed in a frame that moves at
the same velocity as the core of the vortex [21, 27]. Therefore, the convection velocity of a
vortex is estimated by the velocity measured at its center. It is then subtracted from the local
instantaneous velocity field in which the vortex appears. Such a procedure assumes that the
vortex is transported at a uniform velocity, which is not exactly true [25]. Note that in the
experiments described further, the mean flow velocity in the region where most vortices were
detected was almost zero and could be assumed uniform. The errors made in analyzing the
detected vortices in reference frames moving at a uniform convection velocity was therefore
neglected in first approximation.

2.3 Vortex characteristics

2.3.1 Size and shape

The size of a vortex is determined by examining the distribution of tangential component of
velocity Vg around the vortex centre. It is here assumed that a vortex core is marked by an
increase in tangential component of velocity with radial position inside the vortex, and by a
decrease in tangential component of velocity with radial position outside the vortex (Fig. 3a).
Subsequently, the size and shape of a detected structure is estimated by numerically finding
the maxima of V4 along 8 directions defined by the angle they form with respect to the

horizontal axis (Fig. 3b):

0° and 180° (horizontal direction, referred to as direction 1 or a=0°);
- 45° and 225° (first diagonal direction, referred to as direction 2 or a=45°);

- 90° and 270° (vertical direction, referred to as direction 3 or a=90°);

135° and 315° (second diagonal direction, referred to as direction 4 or a=135°).
The method relies on the filtered instantaneous velocity fields. In order to account for non-

isotropic closed vortices, four diameters D, (a=0°, 45°, 90°, 135°) are estimated for each



detected vortex from the sum of R,; and R, the vortex radii defined as the distance to vortex

centre from the point where, in the corresponding direction ¢,

V,|reaches a maximum (Fig.

3a). From this, it is inferred for each vortex:

- A mean diameter: D, = 1 >.D, (2)

4 a=0,45,90,135

_ max( D, )

- a =0°45°90°,135° 3)
min( D, )

- An eccentricity:

2.3.2  Nature of structures

Fig 3a represents the distribution of the tangential component of velocity distribution for an
"ideal" closed circular vortex. In this case, there is no dependence of V, with radial position.
In practice, many vortex cores do not exhibit such an ideal velocity distribution: this is the
consequence of artificial topological distortions (approximate convection velocity) and/or of
the physical deformations the structures undergo (stretching, compression, shear,
misalignment with the normal to the measurement plane, lose of spatial integrity). Thus,
several cases are distinguished:

- Case 1: the tangential velocity distribution of a swirling pattern is no more longer
axisymmetrical but still presents a maximum whatever radial direction is
considered. The radii R,; and R,, may vary with ¢, but the considered structure
remains perfectly closed. Such a structure is referred to as a closed vortex or, more
simply , a vortex.

- Case 2: a maximum of V, cannot be determined in one or more radial directions.
Corresponding open structures are referred to as vortices of first, second, third or
fourth type according to the number of open directions. The mean diameter of
second, third and fourth type vortices is estimated without taking into account
open directions. These directions are neither taken into account in the estimation
of eccentricity. In the statistical analysis, open structures are considered
separately.

2.3.3 Energy content

The vortical intensity Iy of a vortex core of surface area Sy is defined by



I=I1Sy 4)
The circulation /s the vorticity flux across Sy:

I'= [Q-7dS (5)

where 7iis the external normal unit vector to the surface Sy, and £ denotes the vorticity
vector that here reduces to 27 with 2 the out-of-plane component of 2. By applying
Stokes theorem to the gridded PIV velocity data, 7" is estimated from:

r={u-da (6)
L,

where Ly describes a closed path of integration along the surface Sy. Equation (6) is evaluated
using the trapezoidal approximation. The path of integration is an ellipse centred at the
position of the vortex core center and formed from both the minimum and maximum of D
A bi-linear interpolation of the velocity on this contour is performed. The vortical intensity Iy
of a vortex core is finally obtained by dividing / by the surface area of the ellipse. It is
interesting to note that the vortical intensity 1, of a vortex is a measure of frequency (s™') and
can be associated with the revolution time of a vortex around its own axis [28]. When
compared to the time scale representative of diffusive mechanisms occurring at the scale of
the vortex core, 1, provides information about the spatial coherence of vortex.

2.4 Statistical analysis

The information below is stored in a database for each structure detected from series of
instantaneous velocity fields:

- Number of the snapshot from which the structure was detected;

- Core centre coordinates;

- Diameters Dy, D45, Dgge, D;35°, D), and eccentricity j;

- Rotation direction (according to the sign of vorticity at centre);

- Nature of the structure (closed vortex, vortex of first/second/third/fourth type),

- Circulation / and vortical intensity /,.

From the large population of vortices educed on series of instantaneous velocity fields, the

10



probability density functions (pdf) of these quantities are computed. The percentage of
vortices having a counter-clockwise/clockwise rotation direction is inferred as well as the
two-dimensional probability distribution of presence of the detected vortices.

3. Application to the impingement region of air curtains

Firstly, details about experimental set-up, test configurations and PIV measurements are
given. Some general characteristics about the flow topology in which the eddy structures are
extracted are briefly presented in a second step. Finally, the results obtained with the vortex
eduction method described above are examined.

3.1 Experimental facility and instrumentation

3.1.1 Experimental set-up

The experimental facility used in this study consists of a 6 m long horizontal open tunnel
with a 0.3 m X 1 m cross-sectional area. Only half of the whole set-up is schematically
depicted in Fig. 4, the installation being symmetric geometrically. The front wall and the
floor of the tunnel are transparent so as to allow PIV measurements. The floor-to-ceiling
clearance can be varied in order to cover different values of the opening ratio H/e where H is
the nozzle-to-plate distance and e is the nozzle width. The height of the air curtains
considered in this study was constant and equal to 30 cm.

The blowing unit consists of two fully independent feeding circuits. It can be operated in
single jet or twin-jet mode. The so-called exterior jet is always fed with air taken from the
ambiance. The interior feeding circuit can be operated in a closed-loop mode to form a fully
or partially recirculated air curtain. In this case, the interior jet is fed with air taken from
inside the tunnel. The inlet section of the exterior feeding circuit is fitted with shutters so as
to ensure a sufficient stability of the exit jet flow at low discharge velocities. Both feeding
circuits comprise flow straighteners, filters and honeycombs in order to achieve uniform

velocity profiles at the nozzle exit. The terminal diffuser has a 10:1 contraction ratio. The exit
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section of the blowing unit is 0.03 m wide. It is divided into two nozzles of equal size by a
1.5 mm thick splitting plate. The discharged air streams are always blown vertically
downwards, spanning the wind tunnel cross-section completely.

When the blowing unit is operated in the double jet mode, the initial velocity of each jet can
be adjusted independently within the range of 1 m/s to 15 m/s by varying the rotation speed
of the fans. A monitoring system consisting of 1.5 mm outer diameter total head tubes
connected to standard micromanometers provides on-line information about outlet velocities,
the signals from the pressure transducers being systematically recorded during measurements.
The turbulence level at the nozzle exit is about 1%. From qualification and validation
experiments, it was checked that the flow at the nozzle exit was highly uniform in the
spanwise direction. No potential periodic component in the main flow caused by the fan vane
passage frequency could be noticed under any circumstances.

3.1.2 Test configurations

Numerous experiments involving various air curtain arrangements have been performed in
order to work out efficient solutions for ambiance confining [8, 25, 29]. In this paper, we
restrict ourselves to considerations about three test-configurations involving only one air-
curtain blown downwards transversally to the cross section of our tunnel. This air curtain was
alternatively a single jet (SJ-SF), a double jet (or twin-jet) with both air circuits fed from the
ambiance (DJ-SF, standing for Double-Jet Single-Flux) and a partially recirculated double jet
(DJ-DF, standing for Double-Jet Double-Flux). These three different feeding and boundary
conditions are illustrated in Fig. 5a, Fig. 5b and Fig. 5c, respectively. They have been
explained in detail in [29]. For each configuration, three outlet velocities, Uy, at the nozzle
exit were tested: 1, 3 and 7 m/s. In the case of double jets, both jets have the same outlet
velocities. The associated Reynolds numbers are calculated by:

Re =Yt @)

Vv
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where e is the total width of the nozzle (e=1.5 cm for simple jet, e=3 cm for double jet).

In total, the vortex eduction method was applied to nine cases (three outlet velocities for each
of the three air curtain configurations).

3.1.3 PIV measurements

Our eduction algorithm was applied to instantaneous velocity fields measured in about 6x6
cm? vertical x-z planes within the impingement region at the jet central plane (y/e=0) and at
7z=7/=36.5 cm from the front wall (Fig. 6). The dimensions of the observation window were
chosen in accordance with the jet nozzle dimensions and with the expected size of the
coherent structures possibly present in this flow region.

In the corresponding experiments, the flow was illuminated from below by a Quantel
BrilliantB double cavity pulsed Nd:YAG laser operated at 532 nm. Each laser shot delivered
up to 120 mJ with a pulse duration of 10 ns. The beam from the laser was passed through a
series of spherical and cylindrical lenses to achieve a light sheet of thickness less than 1 mm.
Digital images were recorded with a Kodak Megaplus ES 1.0 cross-correlation camera with a
digital resolution of 1008 x 1016 pixels. The camera was fitted with a Nikon 1:2.8 28 mm
lens that viewed the light sheet from a distance of about 15 cm. The PIV 2100 process unit
and the FlowManager software from Dantec Dynamics A/S were used to record and analyze
the images.

The seeding consisted of an aqueous glycerol solution and was produced by commercial
smoke generators. It was delivered into the jet via both the primary jet air itself by injecting
the particles upstream of the blowers and into the entrainment air by using appropriate multi-
hole pipes suitably positioned in the far field on either side of the air curtain. Particle sizing
of the smoke showed that 95 % of the particles had diameters below 5 pm. Table 1 presents
the recording parameters of the PIV system.

Pairs of images were recorded at a rate of 15 Hz. The interrogation areas were cross
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correlated. A Gaussian window function was applied to the interrogation areas to minimize
phantom correlations near their edge. A subpixel interpolation scheme was used to resolve
particle displacement to 1/64 of the pixel pitch on the CCD array. Peak-height, velocity range
and moving-average validation procedures were applied successively after cross-correlation
of the images. The percentage of spurious vectors rejected and substituted after application of
the above validation procedures was 3 % on average. Typically, 400 to 500 pairs of images
were recorded to ensure statistically convergent data sets.

3.2 Overall view of the flow

The aim of this section is to give an idea about the topology of the flow in which the eddy
structures educed are embedded. For that, some general characteristics about the main flow
(x-y plane) and about the mean flow in the wall region (x-z plane) are here presented
respectively: the case of the twin-jet with simple flux and Uy=7 m/s is chosen for illustration
in all the section. Note that the twin-jet flow comes close akin to the single jet flow, the main
difference lying in the presence of Kdrmdn-type vortices (at the interface between the two
individual jets forming the air curtain) in the initial region of the main flow. These wake
structures, which develop downstream of the nozzle splitting plate (see Fig. 7) vanish at a
distance equal to about Se.

3.2.1 Flow in the x-y plane

Fig. 7 provides a general picture of the main flow structure in the x-y plane. The dashed line
located at y/e=0 in these figures shows the position of the x-z plane in which 2D-traces of
coherent structures were subsequently sought for.

From Fig. 7a and Fig. 7b, it can be seen that the jet deviates slightly to the right. The
stagnation line is located at y/e=0.4. This has been attributed to the fact that the air curtain
was not located at equal distance from the two far ends of the tunnel [29]. The two canonical

jets forming the air curtain are clearly distinguishable in Fig. 7a. A closer look at the nozzle
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exit velocity profiles would reveal almost top-hat profiles for each jet. The length of the
potential core of each individual jet is close to Se/2. Each jet exhibits an own potential core
whose length is equal to what would be observed in the absence of the other jet. From x/e=5
up to x/e=8, the spatial distribution of mean velocity compares fairly well with the
distribution obtained for a single impinging jet with the same opening ratio H/e.

By comparison with a single jet, the presence of a wake increases turbulence activity in the
initial flow region between the two jets. However, the jet centre plane exhibits average
turbulence levels much lower than within the two lateral shear layers that grow along the air-
curtain outer boundaries where, apart from the impact region, most of the turbulent activity
remains concentrated (Fig. 7c-7f). Within the impingement region, a relatively calm zone of
average diameter about e exists. Maxima of turbulent kinetic energy are concentrated in a
band that actually coincides with a stronger curvature of streamlines. In this region, the
contribution of the fluctuations of the longitudinal and transverse components of velocity to
the total amount of maximum turbulent kinetic energy is comparable.

3.2.2 Flow in the x-z plane

Fig. 8a represents contour plots of mean velocity magnitude (DJ-SF, Uy=7 m/s, y/e=0). In this
nozzle symmetry plane, the flow is rather homogeneous in the z-direction. The mean flow
velocity decreases almost linearly towards the impingement plane. Such results are
representative of what can be observed in the other air curtain configurations.

Fig. 8b show the scalar field of JU/ck+dW/d=—-dV /dy. Negative values indicate that the

flow is accelerated towards the front end of the tunnel. The out-of-plane elongational strain
decreases with distance from the impingement plate. The higher values lie in the region
where most vortices have been detected, i.e. in a region whose depth is approximately equal
to the nozzle width e (see further). Fig. 8b actually shows the degree of divergence of the

considered mean velocity fields: the analyzed instantaneous velocity fields are not divergence
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free.

3.3 Results of vortex eduction method

The results presented in the subsequent sections refer to closed vortices only (see Section
2.3.2). However, it should be noted that the tendencies described below would not be affected
significantly by including open type vortices in the analysis.

3.3.1 Vortex size and shape

Typically, the total number of vortices detected is around 1500 for each case under test: on
average, this corresponds to about four coherent structures on an instantaneous vector field.
As shown in Fig. 9, almost 70 % of the detected structures are closed vortices while 25%
correspond to first type open structures. This tendency seems to be sensitive neither to the
outlet velocity nor to the air curtain configuration.

The probability density functions of D,, are plotted in Fig. 10. On average, the standard
deviation of the probability density functions of D,, is equal to about 3.4 mm in any of the
considered cases (Table 2). Fig. 10 reveals that, independently of the case, a broad range of
structures coexist in the impingement region: most of the detected structures have their mean
diameter comprised between 1.5 and 17.5 mm, i.e. between ¢/20 and e/2 (e being the total
width of the jet nozzle, see Section 3.1.2). Our results confirm the numerical observations of
[10, 30] who noticed the presence of isolated secondary vortex tubes of smaller diameter
between vortex pairs of much larger importance. Unfortunately, because the integral
computation time used in the corresponding numerical simulations was too low to consider
proceeding to a statistically converged analysis of the observed structures, any comparison
with our experimental results can only be limited.

For the three air curtain configurations, a maximum is reached for D,~=10 mm at Uy=1 m/s,
for D,,=6 mm at Uy=3 m/s except for DJ-DF, and for D,,=4.5 mm at Uy=7 m/s except for SJ-

SF (Fig. 10).
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As shown in Table 2, the median diameters (D,.qian) are systematically lower than the
ensemble-averaged mean diameter (D, ). For the three air curtain configurations, they are
closer to 9 mm at Uy=1 m/s, to 8 mm at Uy=3 m/s and to 7 mm at Uy=7 m/s, corresponding to
almost one fifth of the depth of the impingement region. At first sight, an increase in the
outlet velocity would tend, independently of the configuration, to decrease slightly both the
median and maximum diameter of the population of detected vortices.

As presented in Table 2 and in Fig. 11a, the ensemble-averaged value D, of the pdf of D,
varies between 7.5 and 9.2 mm, i.e. between one quarter and one third of the total width of
the nozzle jet. Apparently, this result is not in very good agreement with [31] who found
D, =0.6e; however, a direct comparison is difficult as these authors characterized their
vortices just by defining a sort of “height” inferred from the visual inspection of only one
randomly chosen vortex pair observed in the case of a single jet. Considering the uncertainty
in the determination of D,,, no significant effect of the configuration type on D_m can be
definitely established (Fig. 11a). However, as for the two others characteristic diameters, the
ensemble-averaged mean diameters decrease slightly with increasing outlet velocity at the
nozzle jet. Such results would suggest that the vortex sizes are rather controlled by the
Reynolds number.

In a similar way, the probability density function of eccentricity y does not vary significantly
with the case under test (Fig. 11b). For all cases, the ensemble-averaged values remain almost
constant (;_(z 2) as well as the median eccentricities closer to 1.7 (see Table 2); most of the
detected vortices are characterized by an eccentricity ranging from 1 to 3. All these findings
prove that the vortical patterns detected are elliptical rather than circular. A closer
examination of the maximum and minimum diameters of the detected structures reveals that

the ensemble-averaged diameters oriented at 0° and 90°, D, and D, , are systematically
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smaller that those oriented at 45° and 135°, D,.. and D,,. (Fig. 11a). Consistently with the

results of [31], some preferential directions of deformations of the vortices seem thus to exist.
3.3.2 Vortex rotation direction
In Fig. 12, we have reported the percentage of vortices exhibiting either a clockwise or an
counter-clockwise rotation. Globally, the fraction of vortices having a counter-clockwise
rotation remains close to the fraction of vortices having a clockwise rotation. Thus, at first
sight, our results tend to corroborate earlier observations [11, 31], putting forward the
systematic presence of counter-rotating pairs or vortices in the impingement region of a plane
turbulent jet.
A procedure was added to our program so as to check for the presence of counter-rotating
structures in the immediate vicinity of any detected vortex. It was found that the eddy
structures detected by our algorithm were not systematically organized in pairs of counter-
rotating vortices: such pair patterns were not frequently observed. This was confirmed by a
visual inspection of several velocity vector maps. This can actually be explained after
consideration of what follows:
- The lifetime of the structures observed in the impingement region of our jets is
generally much smaller than the time separating two consecutive snapshots. Therefore,
the probability of detecting simultaneously the two eddy structures constituting a pair of
counter-rotating vortices may not be equal to 1.
- The PIV measurement window used in the present experiments does not span
entirely the width of our tunnel. We therefore cannot exclude the possibility of vortex
pairs located at the edges of the measurement window where only one vortex would be
visible.
Therefore, considering what precedes, we shall eventually refrain from drawing any

premature conclusion that would unfairly question the results of [11, 31].
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333 Spatial distribution

Representative examples of two-dimensional probability density function of presence of eddy
structures are shown in Fig. 13. These distributions were simply obtained by counting the
number of vortex centers detected in grid cells of dimension 3 x3 mm? and by dividing by the
total number of structures detected in the PIV observation window.

A high concentration of vortices is observed close to the wall. This would tend to
demonstrate that the coherent structures present in the wall region of our jets do not originate
from the upstream stream (from the main jet lateral mixing layers for instance) but rather
arise in the impingement region. However, this statement should be considered with caution,
as we cannot totally exclude the presence of structures in the process of formation in the
upper part of our measurement window. If these evolving structures do not exhibit a
sufficient degree of coherence and/or if their vorticity is too low, they can be missed by our
algorithm.

Detected vortices are quite uniformly distributed horizontally. The absence of regularly
spaced regions exhibiting peaks of density of presence tends to preclude both the possibility
of particular channels through which vortices would travel and the likelihood of stationary
swirling patterns. There is no indication of any tendency for vortices to form at preferential
locations.

The cumulative probability density functions of presence plotted as a function of the wall
distance shows that, for the twin-jet configurations, more than 80% of the detected structures
are located within the lower half of the observation window, that is to say within a layer of
depth equal to about e or 0.1H. This coincides rather well with the wall region defined by
[12] as a transition region between the confinement zone (where with respect to a free jet, the
main flow entrainment and expansion rates decrease and increase, respectively) and the

region where the flow separates into two opposite wall jets; these authors found that the wall
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region was of the order of 13% of H.

According to Fig. 13a-13c, it can be noticed that the concentration of vortices in the vicinity
of the wall is smaller in the case of simple jet configurations and that, for a configuration
type, the Reynolds number has no significant influence.

334 Vortex energy content and time scales

The probability density functions of vortical intensity Iy are given in Fig. 14. Negative values
refer to vortices rotating clockwise. All the distributions are roughly symmetrical and rather
shew with a range that narrows with decreasing outlet velocities. Except for Up=1 m/s, the I,
distributions tend to exhibit a positive and a negative extrema, corresponding to counter-
clockwise and clockwise rotating vortices respectively. However, from this only, it cannot be
concluded about the presence of counter-rotating vortex pairs.

For each case, the vortices rotating clockwise and counter-clockwise have about the same

absolute value of the ensemble-averaged vortical intensity (Table 2). Higher vortical

intensities m are obtained with twin-jets than with single jet, the use of a double flux system

having no real influence. The |/,| values vary significantly with outlet velocity: closer to
100-150 s for Uy=1 m/s, they become equal to 300-450 s for Uy=3 m/s and to 750-1200 s™
for Uy=7 m/s. These findings reveal that the energy content of the eddy structures is mainly
controlled by the Reynolds number. This is rather consistent with the decrease of the different
characteristic diameters previously observed (see Subsection 3.3.1).

The values of Iy give an idea of the revolution time ¢, of the detected structures around their
own axis. In the present cases, 7, turns out to be of the order of 1 to 10 ms. Compared to the
time that separates two successive pairs of PIV images (= 66.7 ms), it is now clearer why the
present approach does not allow vortex coherence in time to be assessed.

The time scale #, representative of diffusive mechanisms occurring at the scale of the vortex

core can be calculated as 7, =R?/v, where R, denotes mean vortex radius, and v, is the
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effective viscosity [28]. Taking a mean value of 8 mm for D, and assuming a turbulent
kinematic viscosity of the order of 100 times the molecular kinematic viscosity of air, the
ratio t4/t, appears to be considerably larger than 1. This proves that diffusive mechanisms do
not affect the thickness of a vortex core over several vortex revolutions [28] and thus, that a
certain degree of spatial coherence can be attached to the structures detected here.

4. Conclusions

Reporting results from a broader research program dealing with ambience separation or
confinement by air curtains, the present paper focuses on the flow structure in the
impingement region of such jet systems . A vortex eduction method was developed to better
understand the fashion in which the large-scale structures present in this flow region form,
evolve and contribute to transfer mechanisms. Implemented in the Matlab environment, this
method was designed to automatically detect and statistically characterize traces of spatially
coherent eddy structures in 2D PIV velocity vector maps. The employed algorithm is
primarily based on the A criterion of Jeong and Hussain (1995). This criterion is here used
only to locate vortex core centers, the topological features of a structure being inferred from a
local examination of the velocity field in a reference frame moving at the speed of the centre
of this structure.

The method developed has been successfully applied on experimental data obtained from
PIV measurements in the impingement region of three air curtain configurations (simple jet
with simple flux, double jet with simple and double flux) and for three outlet velocities at the
nozzle jet (1, 3 and 7 m/s). It was found that:

- Structures covering a wide range of sizes (from 1.5 to 17.5 mm) co-exist in this region.

- 70% of the structures detected are closed vortices and 25% are first type open structures.

- Most of eddies are concentrated close to the impingement plate, in a region whose depth

does not exceed 3 % of the nozzle-to-wall distance. No specific location of vortices has
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been observed: they are quite uniformly distributed horizontally.

- The fraction of vortices having a clockwise rotation direction remains close to the
proportion of vortices having an counter-clockwise rotation direction. Nevertheless, the
systematic presence of counter-rotating pairs of vortices could not been demonstrated.

- The vortices detected are predominantly ellipsoidal: some preferential directions of
deformation have been identified.

- Their ensemble-averaged mean diameters vary between 7.5 and 9.2 mm. The maximum
and median values of the D,,-pdf are significantly influenced by the Reynolds number,
with the air curtain configuration having only slight impact. The vortical intensity of
vortices is also very sensitive to the outlet velocity. Higher values have been obtained
with double-jets than with a single jet. Finally, it is important to have in mind that an
increase in outlet velocity tends to decrease vortex size and to increase their energy.

All these findings suggest that the coherent structures present in the wall region of air jets

exist in connection with the streamline curvature imposed by the presence of the

impingement plate, which is primarily a function of the opening ratio H/e. However, further
experiments would be required to confirm that these structures do not have their origin in the
mixing layers that develop along the lateral boundaries of the main flow.

In the future, additional studies will be performed to better understand the relationship

between these coherent structures features and transfer mechanisms that control the sealing

efficiency of air curtains.
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Table 1

Focal length lens (mm)

Numerical aperture

Field of view (rnrn2)

Interrogation area size (pixelsz)
Interrogation area size (mmz)

Interrogation area overlap in both directions
Number of vectors in observation window
Spatial resolution of vector maps (mm)

Number of vectors in vector maps

Pulse delay (us)
Dynamic velocity range (m/s)
Accuracy with a 95% confidence level

Number of snapshots

28
4
60 x 60 (2¢ X 2e)
16 x 16
0.95 % 0.95 (= /30 x €/30)
50 %

125 x 126
0.489 (= €/60)
125 x 126
30
0.030:7.9
+1%
~450
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Table 2

Alir curtain U() -1 I V_Counter-clockwise (S_
configuration  (m/s) D, (mm) X Iv.crodoie (57 )
D, =8.4 7=20 — _
1 b g1 e _17 I, =-117.1 1,=1225
G’f"é‘"; ' G’"_edg"7 ' =784 =768
D, =82 z=21 — —
SJ - SF 3 Dmedian 7.7 Zmedian =17 IV ) _3053 IV B 3390
6;35 0.8 o=212.0 o =241.7
D, =8.1 z=21 — —
. 5 76 7o —17 1,=-740.0 1,=761.6
Gm_“d;ag ‘ 0”fdg"’8 ' 0 =504.0 0 =516.9
D, =89 7=20 — _
| b 88 g 17 I, =-1535 I, =154.9
G"j";"; ' G’"jdg"7 ’ =912 0 =876
D, =83 z=21 — —
DI - SF ; D —79 g <17 DT —443.9 1,=459.0
o34 0.8 o=3155 0=297.6
D, =77 z=21 — —
7 b 6.9 e _17 1,=-1199.4 1,=1192.1
G’"_edé“"s ' U’ﬁ"g‘”g ' o =890.3 o =713.0
D, =9.2 7=20 — —
1 Dmedian = 9 1 Zmedian = 16 IV i _995 IV - 949
0_’33 oo 07 0=59.8 o =59.8
D, =8.0 7=2.0 — —
DJ - DF 3 Dmedian = 75 zmediun = 17 IV B _4158 Iv B 4567
o34 0.7 o =280.0 o0 =308.0
D, =15 7=2.0 — —
7 b e e _16 I, =-1137.5 1, =1086.0
O-rfd;’ar; : O-m_edgng ) o=787.8 o =721.62




Figure Caption

Fig. 1 (a) Illustration of a plane turbulent jet profile
(b) Schematic representation of the eddy structures in the impingement region
Fig. 2 Location of vortex core centers (Z=0.365 m, H=0.3 m)
(a) An instantaneous velocity vector field issued from PIV and smoothed by a
Gaussian filter (size: 7x7 grid spacings)
(b) The associated field of iso-A, contours
(¢) The Ay-field smoothed by a Gaussian filter (size: 7x7 grid spacings)
(d) The Ay-field smoothed and thresholded (A2 mreshora = 40% Az min)
Fig. 3 (a) Profile of tangential component of velocity within the core of an ideal
vortex
(b) Radial directions along which structure diameters were estimated
Fig. 4 Schematic view of the experimental apparatus
Fig. 5 Air curtain configurations under test
(a) Single Jet with Simple Flux (SJ-SF)
(b) Double Jet with Simple Flux (DJ-SF)
(¢) Double Jet with Double Flux (DJ-DF)
Fig. 6 Position of the PIV measurement plane
Fig. 7 Mean flow characteristics in the x-y plane (DJ-SF Uy=7m/s)
(a) Mean velocity field
(b) Streamlines
(c) rms of the x-component of velocity
(d) rms of the y-component of velocity

(e) Reynolds stress
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Fig. 8

Fig. 9
Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

(f)  Turbulent kinetic energy
Mean flow characteristics in the x-z plane (DJ-SF, Uy=7Tm/s, y/e=0, z/e=12)
(a) Mean velocity magnitude

(b) Mean velocity divergence JU /dx + W /o

Fraction (%) of closed and open structures detected

Probability density function of mean diameter of vortices

(a) Ensemble-averaged values of D, Dge, Dyse, Dgp- and Dy3s- related to the
vortices detected as a function of the test configuration

(b) Probability density function of eccentricity of vortices

Percentage of vortices exhibiting a counter-clockwise or clockwise rotation

direction

Two-dimensional probability distribution of presence of vortices (x is here the

distance from the wall and z is expressed in the reference of PIV observation

window; all the figures have the same scales)

(@) SJ-SF1m/s

(b) SJ-SF3 m/s

(¢) SJ-SF7m/s

(d) DJ-SF7m/s

(e) DJ-DF 7 m/s

Probability density function of vortical intensity of vortices
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Fig. 13
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