HTML AESTRACT * LINKEES

PHYSICS OF FLUIDS17, 055105(2005

Particle imaging velocimetry-based identification of coherent structures
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To gain a better insight into the effects of eddy structure and their thermal imprint on the impinging
surface, we applied several methods to identify coherent structures in two arrangements of multiple
jets. High-resolution particle imaging velocimetry measurements of the instantaneous fluid velocity
have been performed to provide data for structure identification. Several methods based on critical
point theory, i.e., vorticity magnitude, kinematic vorticity number, and second invariant of the
velocity gradient tensor provided similar and generally useful information. However, in the flow
considered they all appear inferior as compared with the proper orthogonal decomp@XRion
Despite lacking in conspicuous high energy modes, the flow showed to be well suited for POD,
which provided clear identification of the near wall dominating vortical structur@0@ American
Institute of Physicg DOI: 10.1063/1.1900804

I. INTRODUCTION for round jet$, as well as other large-scale structures within
the jet.

Impinging fluid jets are known to enhance strongly heat  The situation with multiple jets is further complicated by
and mass transfers and are widely used for cooling, heatingateraction between jets prior to their impingement. This in-
and drying of solid surfaces. Industrial applications includeteraction depends on jet configuration and their spacing,
quenching and tempering glass, annealing of metal and plagyhich appear as new factors that influence the heat transfer
tic, drying paper and textile, cooling of electronics, internalgistripution. Secondary recirculation with an upwash foun-
cooling of gas turbine blades, and others. tain may appear in the space between the jets, together with

While the heat transfer intensification due to jet impinge-gome smaller embedded vortices, as well as cross flow of
ment is indisputable, its mechanism is still not fully clear, f,id around jets towards its exhaust. Multiple jets are usu-
especially in multiple-jets configurations and if the flow is ally aimed at making the heat transfer more uniform, but
turbulent. Heat transfer under a single turbulent jet shows @ air interactions bring new elements of nonuniformity, re-
large nonuniformity, with a maximum usually at the Stagna'flecting the vortical structure in the wall vicinity.

tion point. For short orifice-to-plate distancési/D<2, The purpose of this work was to educe the vortical struc-

whereH is the orifice-to-plate distance amdlthe jet diam-  y\roq iy an array of impinging jets, which could subsequently

ete and depending on the inflow turbulence level and Jetserve to explain the salient features of the jets’ thermal sig-

Reynolds number, the maximum can be displaced Some\/\’h‘%%ture on the target plate. Because of space limitations, we

further away from the stagnation point, or it can appear as a__.. . . e
: - confine our presentation only to the structure identification in

second peak in heat transfer coefficient. The heat transfer . . o
|?othermal jets without considering heat transfer, the latter

maximum is believed to be associated with surface renewal . . z . e
ebelng the subject of another publication. The identification

effect caused by large-scale eddies impinging on the surface, . . L :
destroying the thermal boundary layer and rapidly Convect-ﬁas been based on high-resolution Rpérticle imaging ve-

ing radially into the wall jets formed on the target surfaceIOC'metrw‘ Two configurations have been considered and

after the jet deflectioh.This is further supported by strong mutually compared: a hexagonal and an in-line jet arrange-

turbulence from merging edge shear layéfshe distance ment. Seyeral idenf[ification mgthods ha\{e been applied in
from the orifice is sufficient for the potential core to disap-°rder to find an optimum technique for this flow configura-

pea), as well as fast heat removal by the accelerating walfion: Put most results to be presented have been obtained by
boundary layer. However, this simplistic picture does not enProPer orthogonal decomposition. We present first a brief
visage the precise role of turbulence and, especially, of cooutline of the identification techniques applied, followed by

herent structures, associated with the edge vorfizesidal ~ S°Me information about the experiment. A comparative over-
view of educed coherent structures identified by various

dTelephone:+31 (0)15 - 2843405, Fax:31 (0)15 - 2843963. Electronic mEthOdS for the two jet Conflgu_rat'ons is then presented and
mail: geers@pml.tno.nl discussed, followed by conclusions.
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Il. COHERENT STRUCTURES AND THEIR DETECTION rotation prevails over strain so that vortices can be identified
o ] ) as positive values d@. The advantage dD over the vortic-
Quasiperiodic, well organized, and repeating eddy fory, magnitude as a quantitative vortex identifier is the fact
mations, known asoherent structureare known to play & 4t represents the local balance between shear strain rate
major role in turbulence dynamics and in transporting mo-; .4 vorticity magnitude. Henc®) is not affected by local

me”,t“mv heat, and species in turbl_JIent flows. P“?Pef ide,nt'éhear, which usually prevails in the vicinity of walls.
fication of such structures and their morphology is a major  ginematic vorticity numbe#n identifier similar toQ is
prerequisite for understanding their role in transport mechafhe kinematic vorticity numbeN,. This quantity is equal to

nisms. Of special interest are those regions in turbulenfye magnitude of the vorticity vector nondimensionalized by
flows, such as impingement, separation, or reattachment rex. ctrain rate and can be relatedQo

gions, where the transport of scaldigeat and specigss

markedly different from momentum transport, thus departing N = o] _ \/1+ 2Q 3)
from the common Reynolds analogy, e.g., Bae and §ung. k= 25;S; - S;S,—’
While in some cases a strong erratic movement of sweeping
coherent structures can significantly enhance local heat tranere
fer, stationary vortices can locally “trap” the fluid reducing 1(du;  du;

.. . . S = =240 ) (4)
the beneficial temperature or concentration difference and [ o 0%

thus decreasing the heat or mass transfer. Therefore, ad-
equate detection of these structures and their dynamics is &for example,Ny— and N,=0 correspond to solid-body
vital importance for the description of the flow and its effect rotation and irrotational motion, respectively, regardless of
on heat and mass transfer processes. the vorticity magnitude. A region witiN,>1 is identical to

An intuitive way of detecting eddies is to search for that withQ>0. A disadvantage is tha, does not discrimi-
spiraling or closed path lines or streamlines. However, théate between vortices with small and large vorticity as long
method is not Galilean invariant. This is one of two require-as the quality of rotation is the same for bdth.
ments for vortex identification mentioned by Jeong and  Other methods based on the velocity gradient tensor.
Hussain® To exclude potential flow regions, the second re-Identification of vortices on the basis of a negative second
quirement states that a vortex core must have a net vorticitgigenvalue (\,) of S?+Q? forms a fourth identification
(hence, net circulation In this section we briefly outline a method based on the velocity gradient tensor. Identification
number of methods for structure identification and their charon the basis of th€ definition may be incorrect when vor-
acteristics, which we applied for analyzing the coherentices are subjected to a strong external strain, whereas,the
structure in multiple impinging jets. definition represents vortices correctly in this case. This

Vorticity magnitudeThe magnitude of the vorticity vec- method is superior to th@ method described above as ar-
tor ||| is widely used to identify coherent structures. Equa-gued in details by Jeong and Husséin.

tion (1) shows its definition: Chonget al® describe the use of the eigenvalues of the
5 o velocity gradient tensor for structure identification. This

au |2 method is known as the critical-point analysis. A critical-

leof| = ;1 (‘Eljka_)(j) ' @) point is a point in the flow field where all three velocity

components are zero and the streamline slope is indetermi-
whereej is the alternating unit tensox; is the jth coordi- ~ nate. These points can be found by calculating the eigenval-
nate, andu, is the velocity component in thg, direction.  ues of the velocity gradient tensor. An eddy is characterized
Although the use ofw|| is successful in free shear flows, it by one real eigenvalue and a pair of complex conjugate ei-
does not always produce satisfactory results in flows neagenvalues with a positive imaginary part. Critical-point
obstacles or along walfsThe vorticity magnitude is not only analysis also correctly identifies vortices subjected to strain.
sensitive to the local swirling motion typical for a vortex, but It should be noted that th@ method, the\, method, and the
also to shear. So, when using the vorticity magnitude as afritical-point analysis are equivalent methods in planar flows
indication for turbulent structures, it is not easy to distin-(i.e., two-dimensional flows Hence, the advantages of the
guish true vortices from background shear, when the shear ¥s;-method and critical-point analysis over tl@@ method
relatively high. A high value of the vorticity magnitude is a only emerge in three-dimensional flows.
necessary but insufficient condition for detecting a vortex.

Second invariant of the velocity gradient tensdhe
identification method on the basis @ the second invariant Ill. HIGH FREQUENCY NOISE REMOVAL
of the velocity gradient tensor, was originally proposed by

Hunt et al? Q can be interpreted as a measure for the magh i n;rher abﬁvbe-medntu:lned tistlr %Ct;“:\r/e ti:;jem'?(t:ﬁt'%? idm\t/aclha-
nitude of rotation relative to strain and is defined as follows:"'SMS are all based on spatial derivatives ot the Tiuid veloc

ity. The calculation of these derivatives implies a certain con-

_ louay 1 alP— ISP ) tinuit)_/ and smoothness of the velocity field. However,

= 2 9x; 9%, - 2(” I =1Is. 2 velocity fields resulting from PIV measurements are discrete
in space and contain noise, so these demands are hard to

whereS and Q are the symmetric and antisymmetric com- meet. Additionally, high frequency noise in a signal is am-

ponents of the velocity gradient tensor. Wheris positive,  plified by taking the derivative of this signal. For these rea-
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sons it is better to first filter the signal with a low-pass filter Nozzle plate Airflow
before derivatives are calculated for structure identification 1 ‘

purposes. |
Homogeneous filtering techniques, for instance, using a
Gaussian kernel, provide a fast way of damping or removing «—Vertical planes
high frequency noise. However, one of the problems with | H
using homogeneous filtering in a turbulent flow field that has |
statistically inhomogeneous directions is that the character of . _
the filter does not change as a function of the inhomogeneous ! zl 1 x ¢ h
coordinate® In case of strong shear layers, for instance, the e
width of the low-pass filter should grow as a function of the
distance from the shear layer to reflect the fact that the tur-
bulent eddies increase in size as one moves away from tHeG. 1. Flow configuration for both the hexagonal and the in-line jet array.
shear layer. This problem can be addressed by using the

method of proper orthogonal decompositi®OD) to con- )
struct inhomogeneous low-pass filters. When applied to ex//hen the snapshots of the flow are independent from each

perimental data, the POD can be viewed as a filtering devic8ther. the time averaging integral in E§) can be replaced
used to objectively eliminate the low energy motions of thePY an ensemble averaging sum.

flow that are obscuring the main energetic features of the

flow.” A brief description of the POD used in this research iglV: EXPERIMENTS

given below. A more complete analysis can be found, e.g., in \Well defined boundary conditions are crucial to the in-
Manhart and Wengl&. vestigation of the flow of an impinging jet array. All jets in
A velocity field u(x,t) can be expanded into an infinite the array should exhibit the same initial velocity profile and
series of orthogonal spatial basis functigsi¥x) and uncor-  turbulence levels. Additionally, the jets must be swirl-free,
related coefficienta(t), wheren denotes the mode number: implying a swirl-free flow upstream of the orifice plate. A
" wind tunnel was constructed that met these demands. It was
_ Ny designed on the basis of rules of thumb devised by Mehta
uix.5 = goa De"()- ® " and Bradshaw?
Figure 1 shows the flow configuration for the jet array
Mathematically, the POD projects the random veloaity, t) flow measurements. Air from the wind tunnel was issued
into an orthonormal coordinate systesfi(x). The projection through an orifice plate, after which it impinged on an im-
is optimal in the sense that the first projectior0) captures  pingement plate parallel to the orifice plate. For this purpose
most of the energy; the energy contribution of subsequena glass plate was used to enable PIV velocity measurements
modes decreases with increasing mode number. By consiih planes parallel to the impingement plate. Two different
ering only the modes comprising the most energetic compoerifice plates were tested: one with 13 orifices with a diam-
nents of the velocity signal, the series representation in EceterD,, of 13 mm in a hexagonal arrangement and one with
(5) can be restricted to only,, modes. In other words$\, is 9 orifices with the same diameter in an in-line arrangement
the number of modes required to represent the flow field in @Fig. 2). The orifice pitch was R, for the hexagonal ar-
sufficiently accurate way, which is to be determined for eaclrangement and [, for the in-line arrangement. Measure-
flow problem separately. ments were conducted using a distance between the orifice
When POD is applied to an ensemble of experimentaplate and the impingement plat¢ of 4D, for both orifice
velocity fields consisting of instantaneous snapshots of theonfigurations.
flow field that are uncorrelated in time, the temporal coeffi-  In the hexagonal orifice configuration measurements
cients can be found by using tmeethod of snapshofsro-  were conducted in three planes parallel to the (#ts verti-
posed by Sirovic.The energy contribution of each separatecal planes 1-8 as shown in Fig. @). Vertical plane 1 inter-
mode to the total energy is given by the eigenvaluef the  sects the central jet and one of its direct neighbors, vertical
two-point temporal correlation tens@(t,t’) for that particu-  plane 3 intersects the central jet and one of the outer jets, and

Horizontal planes

Impingement plate

lar mode: vertical plane 2 is placed along the bisector of planes 1 and
3. The origin of ax,y,z-coordinate system is at the intersec-

J Clt,t)a(t")dt’ = A"a"(t), 6) .t|on.of the centerline of thg cgntral jet and the surface of the
T impingement plate. Thg axis is measured along this center-

line and assumed to be positive in the upward direction. The
in which T is the time period in which the snapshots of thex andz axes are measured along the surface of the impinge-

flow field are acquired, an@(t,t’) is defined as ment plate. The measurement area was defined by —-4.4
<x/Dy<1.0 and 0.6<y/D,,<4.0 for all vertical planes in
1 the hexagonal configuration
Citt)== ) - ,t)dx. 7 . ) .
tt) ijjvu(x ) - ulx, ) ™ Next to that, velocity measurements were performed in

the same configuration in one plane parallel to the impinge-
V is the domain where the flow velocities are measuredment plate(the horizontal plang at a distancér of 0.29D,,
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Horizontal plane

_Q___H9Eizc_>9tal plane o O O
) Z : : z :
Vertical ol 1<> O O O | Vertical plane a ! !
ertical plane i byl !
P @_ = O I \> “@‘"*‘ X O | FIG. 2. The orientation of the mea-
Vertical plane 2 T (I e R .
O O O . ' su_;_emerlﬂ planes with respect to the
Vertical plane 3 o o \_é/_emcalg;me b orifice plates.
Vertical plane ¢
(@) hexagonal configuration (b) in-line configuration

above the impingement plate. This plane focuses on the sanaé 25 mJ. This laser was used to produc 1 mmthick sheet
four jets as the vertical planes: the central jet, two of itsthat illuminated the flow. A PCO Sensicam camera with a
direct neighbors and one of the outer jets. The position of theesolution of 128 1024 pixels recorded images of the
measurement area was -6.&/D,,<3.5 and -0.Xz/D,, seeding particles in the laser sheet. The commercial software

< 2.6 in the hexagonal configuration. VIDPIV ROWAN V4.0 developed by OFS/ILA was used to ana-
In the in-line orifice configuration measurements werelyze the images.
done in three vertical planeplanesa—c) depicted in Fig. The seeding consisted of an aqueous glycerol solution

2(b). Planea intersects the central jet and one of its directand was produced by a Laskin orifice. For the measurements
neighbors, pland intersects the central jet and one of thein the vertical planes the laser produced a light sheet perpen-
outer jets, and planeintersects one of the central jet’s direct dicular to the impingement plate and the orifice plate and the
neighbors and one of the outer jets. The measurement areamera recorded images of particles in the light sheet from
was defined by -1.2x/D,,<5.0 and 0.6<y/D,,<4.0 for  the side. For the horizontal planes the light sheet was parallel
vertical planesa and ¢, and -0.Kx/D,,<6.6 and 0.0 to both the impingement plate and the orifice plate, and the
<y/D,,<4.0 for vertical plané. camera recorded images from the bottom, through the glass
Finally, measurements were done in one horizontal planénpingement plate.
in the in-line configuration ah=0.23D,,. This plane focuses Table | presents the recording parameters of the PIV
on the same four jets as the vertical planes: the central jegystem for the four different configurations. As can be seen
two of its direct neighbors, and one of the outer jets. Thein Table I, the interrogation areas in the horizontal planes in
position of the measurement area was <109D,,<5.3 and  both arrays were twice the size of the interrogation areas in
-0.8<z/D,,<5.0. the vertical planes. Because the noise level in the PIV images
The impingement flow was investigated using PIV. Thein the horizontal planes was higher than that in the vertical
PIV system[manufactured by Optical Flow Systert®@FS ] planes, more particle images were needed for a good signal-
included a double pulsed Nd:YAGYAG—yttrium alumi-  to-noise ratio. The reason for the higher noise level is the fact
num garnetlaser(Continuum Minilite with a pulse energy that the images were taken through the impingement plate

TABLE I. Characteristics of the PIV measurements for all configurations.

Hexagonal jet array In-line jet array
Horizontal Vertical Horizontal Vertical
Focal length lengmm) 55 105 55 55
Numerical aperture 8 11 8 8
Field of view (mm?) 53.3x42.9 71.2x52.0 85.2X66.2 75.5<52.0
Interrogation area siz@ixels) 64X 64 32x 32 64X 64 32x 32
(mn?) 2.7x2.7 1.8x1.8 4.7x4.7 2.0x2.00
2.4x2.4
Interrogation area overlap 50% 50% 50% 50%
Pulse delay(us) 11.7 20.0 10.0 21%
25.8
Dynamic velocity rangém/s) 0.36:57 0.28:22 0.73:116 0.29:23
Relative error 1.7% 1.4% 3.2% 1.3%
Reynolds number 18 10° 18x 10° 20x 10° 20x 10°
Number of snapshots 1000 3000 3000 3000

%Planesa andc.
bPlaneb.
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FIG. 3. A snapshot of the velocity field in vertical plane 3 for the hexagonal configuration and pleig,, andN,.

which was gradually fouled by seeding deposition. BetweerV. RESULTS

every 200 images the impingement plate had to be cleaned. o the basis of POD filtered snapshots of the flow in
The dynamic range and the relative er(based on the jet's 5ip configurations described above, details on the flow

centerline velocity of the velocity measurements are also characteristics of impinging jet arrays is extracted. The struc-
given in the table. For the quantities derived from the velocyyre jgentification methods described in Sec. Il were applied
ity field it was calculated that the relative error of both theq the experimental velocity data obtained with PIV. The
vorticity magnitude an@ is twice as large as the error of the 4 ajity of the methods will be assessed on the basis of the
velocity, and the relative error df, is V6 times as large.  ynfiitered velocity fields. Next, the method that proved most
Additionally, it can be seen that the number of snapshotggequate is used to extract the largest most-energetic struc-
in the ensemble is only 1000 for the horizontal planes of.thqures for PIV velocity data by first applying a POD filter
hexagonal jet array, whereas it is 3000 for the other configupefore structures are identified. Once vortices are identified,

rations. Cleaning of the impingement plate took a largeiney are located and sized in order to investigate the posi-
amount of time. After these measurements the cleaning sy$ions of eddies of different sizes.

tem was automated and sped up, SO more measurements
could be done in the same time. A. Structure identification methods

The images resulting from all configurations were ana-
lyzed in three consecutive steps. First, the interrogation areas Because the PIV system used in the present investigation
were cross correlated and a local median filter was used tonly produced two-dimensional velocity fields for two com-
discard the spurious vectors. The resulting empty spacgsonents of the velocity vector, two-dimensional representa-
were filled with interpolated values from the surroundingtions of the vorticity vector magnitudgw|, the second in-
interrogation areas. The resulting displacement fields wergariant of the velocity gradient tens@, and the kinematic
used as window displacements for an adaptive cross correlaerticity numberN, are used. Instead of the magnitude of the
tion of the same interrogation areas in the second step. Aftarorticity vectorw, the absolute value of the vorticity vector’s
filtering out and replacing the spurious vectors the secondut-of-plane component is use@ and N, are calculated
step is repeated. The percentage of spurious vectors was 4¥om the two-dimensional velocity gradient tensor. A second-
on average for all vertical planes and about 3% for the horiorder central differencing scheme was chosen for the ap-
zontal planes. The motivation for repeating the second step isroximation of the gradients to maintain high resolution,
a significant reduction of the number of spurious vectors. while having an acceptable noise sensitivity.
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FIG. 4. Comparison of vortical structures in plane 3 of the hexagonal configuration for different valQeanofN,.

Figure 3a) presents the velocity vectors for a single re- alized with the orifice diameter and the centerline velocity. In
alization of the flow field in plane 3 of the hexagonal con- comparison to the vorticity magnitude amap better iden-
figuration. The center jet and one of the outer jets can bdifies the individual toroidal vortices that form in the mixing
identified. Structures of different sizes and shapes strongliayers downstream of the orifices. Distinct islands of higih
affect the jets, mainly in the impingement region. Vortexare found, even in the shear layers directly downstream of
cores with anearly) zero convection velocity with respect to the orifices.
the fixed reference frame of the snapshot can be identified. A plot of the kinematic vorticity number is presented in
Moving or distorted vortices are harder to identify by eye. Fig. 3(d). SinceN, is nondimensionalized by the magnitude

Figure 3b) shows thelw,] map associated with the ve- of the strain rate, the peak, value is oblivious of the dy-
locity snapshot. The vorticity magnitude is nondimensional-namical significance of a vorteXn other wordsN, does not
ized by the orifice diameter and the centerline velocity of thediscriminate between vortices with small vorticity in a flow
jets. The vorticity magnitude is large in the strong mixing with small shear and vortices with large vorticity in a flow
layer directly downstream of the orifice edges. However, it iswith large shear. This can be seen clearly wherNpmap is
not possible to identify the more or less regular arrays oftompared to th&) map. Vortices identified with similal
toroidal vortices that are formed in this region, as can be seevalues can have very differe@ values. This is even more
in Fig. 3(@). The reason for this is thai,| is not only sen-  clear from Fig. 4. In this figure regions are plotted whére
sitive to the local swirling motion typical for a vortex, but and N, exceed a certain threshold level. On the left Qe
also to shear. Further downstream of the orifices isolatechaps are presented and on the right Myemaps. For the
regions with a high vorticity are found, some of them coin-lowest threshold valuegFigs. 4a) and 4b)] both methods
cide with the locations of the vortices visible in the velocity yield exactly the same results. This follows directly from the
plot. relationship betweeil, andQ presented in E¢(3).

Figure 3c) shows the values of) computed from the In Figs. 4c) and 4d) the results are presented using
instantaneous velocity field of Fig(8. Q is nondimension- higher threshold values. In Fig(e} structures are identified
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FIG. 5. POD eigenvalue spectra for vertical and horizontal planes in both the hexagonal and the in-line configuration.

with different sizes and shapes. The toroidal vortices in thehe in-line configuration PODs were also calculated for all
shear layers of the jets can be discerned clearly and the lar¢iaree vertical planes and for the horizontal plane. For all
est structures appear near the impingement plate and in tipganes the ensemble size was 1000.

region between the jets, where the upwash is located. In be- The spectra depicted in Fig. 5 show the eigenvalues of
tween the jets, towards the orifice plate only some smallethe PODs for the vertical and the horizontal planes of the
structures appear, because this region is relatively quiesceféxagonal and in-line configurations. The eigenvalues of all
as can also be seen in the snapshot of the velocity[fféld  modes\” are plotted against the mode numbesn a double
3(a)]. However, usind\y structures are identifiedutsidethe  |ogarithmic scale. All spectra show a very gradual decrease
shear layers and everywhere in between the jets, but none ¢ energy going to higher POD modes and they extend over
identifiedinsidethe shear layers. In the snapshot of Fig®3 g large range of modes. The high Reynolds number will
the fluid appears to be almost stagnant in this zone and ngause a very wide spectrum of turbulent kinetic energy,

clear vortices are visible there. which means there is energy in structures of a wide range of
N scales. Therefore, a considerable number of modes should be
B. Proper orthogonal decomposition taken into account to cover the larger part of the turbulent

The eigenvalue spectrum of a POD can be constructelfinetic energy.

by plotting eigenvalues versus modes. To check the effect of Table Il gives an idea of how the energy is distributed
sample size on eigenvalue spectra, PODs were calculated forer the first few modes for all measurements. The percent-
ensembles of different sizes taken from a single data set. Rges are summed values for the energy contribution to the
appeared that there was no significant difference between ttesemble of the structures in groups of ten modes. The en-
spectra for the first 50 modes, when the sample size was overgy of mode 0, representing the average velocity field, is not
1000. For the hexagonal configuration PODs were calculatethken into account; the presented percentages refer to the
for all three vertical planes and for the horizontal plane. Forfluctuations only. It is clear that roughly one-third of the total

TABLE Il. Percentages of spatial energy per ten modes for vertical and horizontal planes in the hexagonal and
the in-line configurations.

Modes 1-10 10-20 20-30 30-40 40-50

Hexagonal Vertical 1 23.6 7.7 51 3.7 3.0
Vertical 2 19.8 6.9 4.4 3.3 2.8
Vertical 3 25.4 8.6 5.5 4.0 3.2
Horizontal 30.5 11.4 7.4 1.8 0.1

In line Vertical a 34.4 6.9 4.8 3.8 3.2
Vertical b 25.6 7.3 5.1 4.0 3.4
Vertical ¢ 29.9 7.7 5.1 3.8 3.2
Horizontal 29.2 8.0 5.5 4.2 35
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FIG. 6. Example of a snapshot in
plane 3 of the hexagonal configuration
and its POD filtered equivalent20
modes+ mode 0.

(@) Original snapshot (b) POD filtered snapshot

energy of the fluctuations is contained in the first twenty  Figure 8 shows two POD filtered snapshots at vertical
modes of the POD for all cases. Figure 6 presents the sangane 2 of the hexagonal configuration. The center jet is
snapshot as the one in Fig. 3 and its POD filtered equivalerdlearly visible again. Because this plane is positioned very
using the first 21 modes including mode zero to see the effeGiear a neighbor jet, its influence on the surrounding air can
of the large scale disturbances on the ensemble averagggd recognized by the relatively strong downflow around

flow field. The POD filtered snapshot shows the large scalg(:_ZDm_ Additionally, the upwash caused by colliding wall

eddies present around the jets and their impingement pOSjas s visible. Two discharge mechanisms can be recognized
tions, while these structures appear masked or deformed !

R Figs. d gb); part of th hfl tward
the original snapshot. Because the energy content of the 'gs. 8a) and 8b); part of the upwash flows outwards

. ong the orifice plate avoiding the adjacent jets, while an-
modes above mode 20 is very low, the large scale features 8{ g P g ) Jets,

the velocity fields are well represented by the first 20 modesj(.)etthlelr partis being engulfed in the downflow of the neighbor

C. PODs of the hexagonal configuration Figures &a) apd 8b) show the horsg-shoe vortex in- .
_ ) duced by the wall jet of the nearest outer jet and the spent air
Figure 7 presents two randomly picked snapshots of thq\ying outwards. This vortex also appears in Fig. 9. This

flow in vertical plane 1 of the hexagonal configurz_ition. Thesgi,re presents two snapshots in plane 3 of the hexagonal
snapshots are reconstructed from the POD using the me rgnfiguration. The vortex does not have a steady position

field (mode § and the first 20 modes to |nve§t|gate qnly Fhe near the outer jet, which explains the fact that the ensemble
large scale features of the flow. The center jet and its direct o .
ean velocity field also shows this vortex, but less clearly.

Eﬁgf?:é;;g%no\?vi ?:;i%g:fibﬂ??;gé\;rvhtﬁilsagg;?grt]otﬁs jl:tré:]elry In Fig. 9b) a Iarge elongated eddy is formed in the shear
are disturbed by eddies originating from the interaction of@yer of the outer jet atx/Dy, y/Dy)~(2.8,1.9. As was
the jets with the impingement surface. For instance, in Figmentioned above, the upwash amplifies the instabilities in
7(b) the center jet is either broken up or severely displacedhe shear layer of the jets, resulting in this kind of eddies. On
out of plane. the other side of the outer jet no upwash is present, so the
The upwash flow between the two jets is strongly af-shear layer on that side is not producing such eddies. For this
fected by eddies near the impingement point of the two jetsteason the kinetic energy of turbulenkes asymmetrically
In Fig. 7(a), for instance, the upwash is directed towards thedistributed around the outer jets, as was reported by Geers
neighbor jet due to an eddy near the neighbor jet. al.*? All figures of the POD filtered snapshots in the vertical

FIG. 7. POD filtered snapshotmean
field and the first 20 modg#n vertical
plane 1 of the hexagonal arrangement.

-4 3 2 A 0

(a) snapshot 1 (b) snapshot 2
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3
£
a2 )
ES FIG. 8. POD filtered snapshotmean
field and the first 20 modgn vertical
] plane 2 of the hexagonal arrangement.
0

(a) snapshot 1 (b) snapshot 2

planes show that the flow is inherently unstable and that th®. PODs of the in-line configuration
ener?etic l?r,]v mod.e ngpe{ vortical structure oscillates from The POD filtered snapshots in vertical plaresnd b
OneTﬁear;’OODerfirlltSr%d 2Lgep§hots in the horizontal plane at ssentially showed stat_)l_e Impinging j(_ats With a very short
0.29D,, above the impingement plate are presented in FigﬁJpWaSh flow 'a.t the.posmon where' thglr wall Jgts m'eet.'Be-
10. They reveal that the points where three wall jets collidg 245€ the orifice p'tCB/Dm of the in-line conﬁggraﬂop 'S
are very unstable, in the sense that they do not have fixey\”ce. as large as the pitch of the hexagonal conﬁgurathn, the
positions. Figures 1@—10(c) show swirling motion appear- wall jets spread out over a greater surface area causmg the
ing at some of these collision points. This motion constituteSUpWaSh to be less strong, but more regular and Iocatgd m or
a strong structure in terms of spatial energy, because it origi'€"Y. cl0se to the center between the two jets. In the in-line
nates from one of the lower modésiode 9 of the POD c_onf|gurat|on no horse—shog—hke structures were fognd, most
presented in Fig. 1@). It is conjectured here that the eddies /I<€ly due to the higher pitch. Because the flow in these
are formed by the unstable collision of three wall jets in onePlanes is very similar to the ensemble averaged flow field, no
point. Naturally present fluctuations in the direction of theSnapshots of planesandb will be shown here. .
wall jets can cause the eddies in their collision points to ~ More intriguing are the snapshots in vertical plang
rotate in either direction. This is illustrated by Fig.(@Q the in-line configuration shown in Fig. 11. The shear layers
which shows the two possible orientations of the eddies irPf the jet atx/D,,=0.0 show strong fluctuations. In Fig. (&l
the collision point of three wall jets. As the probability for there is a strong downflow on the right side of the jet, while
each orientation is equal, the mean velocity field does noin Fig. 11(b) it is on the left. This indicates a swinging mo-
show the eddies. tion of the jet. The jet ak/D,,=4.0 appears undisturbed in
The snapshot in Fig 18) seems more or less conven- both snapshots of Fig. 11, because it is the least disturbed
tional in the sense that it shows the impingement locations invhile it has fewer neighbors to interact with, compared to the
a roughly hexagonal pattern. However, slight displacementsther jets.
from the geometrical centers of the orifices occur due to In Fig. 12 POD filtered snapshots are presented in the
oscillations in the individual jets. This is in line with the horizontal plane at 0.Z3,, above the impingement plate for
observations made from the POD filtered snapshots in ththe in-line configuration. Atx/D,,,z/D,, = (-0.1,3.] there
vertical planes. is a cluster of three vectors that are significantly shorter than

2z

FIG. 9. POD filtered snapshotmean
field and the first 20 modg vertical
plane 3 of the hexagonal arrangement.

s e

S

=

=

T

(a) snapshot 1 (b} snapshot 2
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FIG. 10. POD filtered snapshots
(mean field and the first 20 modes
and the ninth mode in the horizontal
plane at 0.2B,, above the impinge-
ment plate of the hexagonal
arrangement.

(d) snapshot 4

—_—
1 1
4 I\ N

hORGH

(e) POD mode 9 (f) Instable wall jet collision

the surrounding vectors. These are errors introduced by thike structures at some of the collision points of three wall
fouling of the impingement plate by impinging seeding par-jets, similar to the snapshots in the horizontal plane of the
ticles, as a result of the PIV measurement system configurarexagonal configuration. They are clearly visible in Figs.
tion. The stagnation points of the jets show some oscillationj2(m and 12b) around (x/D,,,z/D,)=~(-1,2.) and
though not as strong as for the hexagonal configuration.  (0.6,2.2.
There is no point where four wall jets collide. Instead
there appear to be two points where three wall jets meet. Vortex size distribution
connected by a line where two wall jets meet. This is illus- o ) .
trated by Fig. 12d). The drawing on the left shows the four Tth criterion can be u;ed as a vortex identifier to the
orifices under investigation and the wall jets they producePOD filtered snapshots. This has the advantage that small-
Intuitively, the wall jets are expected to meet(ior at least scale disturbances do not interfere with the location of large
nea) the geometrical center of the four jet impingementeddies. An example @ maps associated with the raw snap-
points. Instead, near the geometrical center a region exisghot and their POD filtered equivalefgresented in Fig. )6
where the wall jets of the center and the outer jet nfet  can be found in Fig. 13. Comparing Fig. (b3 with Fig.
dashed lingand at either end of this region there is a colli- 13(), it is clear that the structures in the POD filtered snap-
sion point of three wall jets, schematically depicted in theshot are larger than the ones in the original snapshot. Next to
right drawing of Fig. 12d). that, a lot of smaller vortices in the original snapshot do not
A second interesting feature is the occurrence of vortexappear in the POD filtered one. The most energetic structures

Downloaded 27 Aug 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



055105-11 PIV-based identification of coherent structures Phys. Fluids 17, 055105 (2005)

FIG. 11. POD filtered snapshots
(mean field and the first 20 modeis

vertical plane ¢ of the in-line

arrangement.

e EEEr TN
e e

(a) snapshot 1 (b) snapshot 2
are trapped by the identification method after POD filtering,
whereas smaller and less energetic structures are ignored. f f yQ(x,y)dx dy
For a more quantitative investigation of the large eddies, vy = A , 9)
Q maps of POD filtered snapshots are used to locate and Jf Q(x,y)dx dy
determine their size. By choosing an appropriate threshold A

level for Q, individual eddies can be isolated and their posi-
tion can be determined using
wherex, andy, denote the position of the center of an eddy,
JJ xQ(x,y)dx dy and A is the area enclosing the eddie., whereQ(x,y)
_ A ®) exceeds the threshold leyel

Xe = . o
© Because the shape of an eddy identified v@itftan be
AQ(x,y)dx dy quite irregular, there is no unique way to measure its diam-
eter. For this reason eharacteristicdiameterD,, is calcu-
and lated on the basis of the total area enclosed by the eddy:
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FIG. 12. POD filtered snapshots
(@) Snapshot 1 (b) Snapshot 2 (mean field and the first 20 modes
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c) snapsho chematic of colliding wall jets
pshot 3 d) Schematic of colliding wall jet
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(a) Original snapshot (o) POD filtered snapshot
the hexagonal and the in-line configurations were very simi-
De= ff dx dy. (10)  lar to the presented distributions and will not be presented
A here.

It should be noted that this diameter strongly depends on th
chosen threshold value f@. Therefore, it is only to be used V1. concLusions
for deriving qualitative conclusions regarding the size distri-  Results were presented for the vorticity magnitlidg,
bution of eddies. the second invariant of the velocity gradient ten§rand
Finally, the positions of the eddies, ordered according tahe kinematic vorticity numbelN, in several planes of two
their size, are presented in graphs. As an example, Fig. 1donfigurations of multiple impinging jets. These three tech-
presents the distributions of eddies in two size classes, rangiques were compared for their applicability to the identifi-
ing from 0.1D,, to 0.3D,,,, identified in an ensemble of 1000 cation of eddies. It appeared th@ is the most adequate
POD filtered snapshots in vertical plane 3 of the hexagonaiechnique of the three, becausg| does not distinguish vor-
configuration with sharp-edged orifices. Each dot representices from background shear ahlj appeared to be, at least
an eddy. for the flow considered, oblivious to the dynamical signifi-
In Fig. 14a) the eddies are concentrated in the shearcance of a vortex.
layer and near the impingement points. In the downstream POD is subsequently presented as a technique to apply
direction of the jets, the spreading of the shear layers is cledanhomogeneous low-pass filtering of snapshots to reveal the
from the broadening of the regions of eddies. The higheslarge-scale dynamics of the flow snapshots resulting from
eddy density is found in the direct neighborhood of the im-PIV measurements. From reconstructed snapshots on the ba-
pingement points. This is the area where vortices originatingis of the 21 most energetic modes the large-scale dynamics
from the shear layers impinge on the wall and are possiblyf the jets are subsequently investigated.
destroyed. For the hexagonal configuration the jets appear to be
It appears from Fig. 1) that the larger eddies are largely unaffected down tg=2D,,, but below this position
found just above the wall, next to the impingement points ofthe jets were disturbed by eddies originating from the inter-
the jets. The highest concentration of large eddies is found atction of the jets with the impingement surface. These eddies
the position of the horse-shoe vortex that circumscribes thalso cause the upwash flows between jets to oscillate, which
outer jet. Eddy size distributions in other vertical planes inin turn affects their interaction with the impinging jets. In the

4 4
3 3
i’ «
i £ .. ~ -
[a ) o2 v e, v ) . _ . .
= = : BT FIG. 14. Size distribution of eddies lo-
X Ym0 . cated in vertical plane 3 of the hexago-
; ] T e : nal configuration.
S
0 0
-4 -3 -2 -1 0 -4 -3 -2 -1 0
X/Dm X/Dm
(@ 01 < D./Dy, <02 (b) 02 < D./D,, <03
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POD filtered snapshots in vertical plane 3 clear evidence wasf the jet impingement points, and at the position of the
presented of the horse-shoe vortex around the outer jet. Thi¥rse-shoe vortex circumscribing the outer jet.
vortex did not have a steady position near the outer jet. Thg ckNOWLEDGMENTS
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