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Simultaneous measurements of all three components of velocity and
vorticity vectors in a lobed jet flow by means of dual-plane stereoscopic
particle image velocimetry

Hui Hu,® Tetsuo Saga, Toshio Kobayashi, and Nubuyuki Taniguchi
Institute of Industrial Science, University of Tokyo, Komaba 4-6-1, Meguro-Ku, Tokyo 153-8505, Japan

(Received 8 January 2002; accepted 8 April 2002; published 23 May) 2002

Results from an advanced particle image velocimé®yV) technique, named as dual-plane
stereoscopic PIV technique, for making simultaneous measurements of all three components of
velocity and vorticity vectors are presented for a lobed jet flow. The dual-plane stereoscopic PIV
technique uses polarization conservation characteristic of Mie scattering to achieve simultaneous
stereoscopic PIV measurements at two spatially separated planes. Unlike “classical” PIV systems or
conventional stereoscopic PIV systems, which can only get one component of vorticity vectors, the
present dual-plane stereoscopic PIV system can provide all three components of velocity and
vorticity distributions in fluid flows instantaneously and simultaneously. The evolution and
interaction characteristics of the large-scale streamwise vortices and azimuthal Kelvin—Helmholtz
vortices in the lobed jet flow are revealed very clearly and quantitatively from the simultaneous
measurement results of the dual-plane stereoscopic PIV system. A discussion about the satisfaction
of the measurement results of the present dual-plane stereoscopic PIV system to mass conservation
equation is also conducted in the present paper to evaluate the error levels of the measurement
results. ©2002 American Institute of Physic§DOI: 10.1063/1.1481741

INTRODUCTION instantaneously. Therefore, only one component of vorticity

. - . . vectors can be obtained simultaneously as the measurement
Velocity and vorticity are two most important defining results of “classic” PIV systems

properties of turbulence, whether in development or in equi- Stereoscopic particle image velocimetry technfqak

librium. The simultaneous information revealed from veloc- . :
ways employs two cameras to record simultaneous but dis-

ity vector and vorticity vector distributions in fluid flows .. L . . .
. . inct off-axial views of the same region of interdsin illu-
could help us very much to improve our understanding of . L . .
minated plane within a fluid flow seeded with tracer

complex flow phenomena. It is well known that the vorticity ticles. By doi . truction. th di
vector is defined as the curl of the velocity vector and can pdarticies. By doing view reconstruction, the corresponding

expressed in the tensor notation in the Cartesian coordinatB'29€ segments in the tWQ views are matched to g_et "’:” three
system as components of flow velocity vectors. Compared with “clas-

sical” PIV technique, stereoscopic PIV technique can pro-

Uy vide additional information about the out-of-plane velocity
Q= Eiviika_xj' @) component simultaneously besides the two in-plane velocity

] ) . . components. However, from the view of vorticity vector

whereE; i is the alternating tensor ard, is the velocity  easurement, it is still only one component of the vorticity
vector. Obviously, it is desirable to obtain all three compo-eciors that can be obtained instantaneously from the mea-

nents of the vorticity field simuIFaneoust in order.tc.) ga_in a5 rement results of a conventional “single-plane” stereo-
complete understanding of the instantaneous vorticity fleldsscopiC PIV system

ticl A.S a nomr;tru.swet Wé\RLelf!eld meatsurlng technquchet, p?r- An advanced PIV technique, named as dual-plane ste-
icle image velocimetryPIV)"is a most common used too reoscopic PIV technique, will be described in the present

for co_nductmg velocity f|e_|d meas_u_reme_nts_ of_flmd flows. paper for the simultaneous measurements of all three com-
The simultaneous whole-field vorticity distributions can be . - o . :
ponents of velocity and vorticity vector distributions in fluid

obtained as the derivatives of the velocity vector fields ob- . p S .
flows. Unlike “classical” PIV systems or conventional

tained from PIV measurements. However, since “classical”, . ! .
single-plane” stereoscopic PIV systems, the dual-plane ste-

PIV technique is a two-component, two-dimensiof2C— . . :
2D) measuring technique, which is only capable of obtainin eoscopic PIV system described in the present sf[u.dy can pro-
ide all three components of velocity and vorticity vector

two components of velocity vectors in an illuminated plane” .~ >~ " . i . .
distributions in fluid flows instantaneously and simulta-

neously.

dAuthor to whom correspondence should be addressed. Present address: The main technical aspects and system setup of the dual-

Turbulent Mixing and Unsteady Aerodynamics Laboratory, A22, Research | . il be d ibed at first in th
Complex Engineering, Michigan State University, East Lansing, Michiganp ane stereoscopic PIV system will be described at first in the

48824. Electronic mail: huhui@egr.msu.edu following context. Then, the measurement results of the
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FIG. 1. The schematic setup of the dual-plane stereoscopic PIV system.

dual-plane stereoscopic PIV system in a lobed jet flow willrection of Mie scattering is conservative under certain con-
be present to demonstrate the achievements of the simultditions. If the incident light is linearly polarized, the light
neous measurement of all three components of velocity angcattered from small particlegs-1 um in diametey main-
vorticity vectors. The evolution and interaction characteristajns the polarization of the incident light. Further discus-

tics of the large-scale streamwise vortices and azimuthaljons aphout the polarization conservation of Mie scattering
Kelvin—Helmholtz vortices in the lobed jet flow will be dis- can be found from Ref. 4. As the same as Keahler and

cussed based on the simultaneous measurement reSUIts'K‘%mpenhané the dual-plane stereoscopic PIV system de-

discussion about the satisfaction of the measurement results . . - o
: scribed in the present paper utilizes the polarization conser-
of the dual-plane stereoscopic PIV system to the mass con-

servation equation will also be given in the present paper tgation char.acteristic of Mig sca.\tter.ing to do separatioq of the
evaluate the error levels of the measurement results. Thecattered light from two illuminating laser sheets with or-
research described here represents, to our knowledge, ttfegogonal polarization direction in order to achieve simulta-
first quantitative, instantaneous and simultaneous measurB€0Us stereoscopic PIV measurements at two spatially sepa-
ment results of all three components of the velocity and vorfated planes.

ticity vector distributions in a lobed jet flow. It is also be- Figure 1 shows the schematic setup of the dual-plane
lieved to be the first to discuss the satisfaction of PIVstereoscopic PIV system used in the present study. Two sets
measurement results to the mass conservation equation i6f widely used double-pulsed Nd:YAG laséiéew Wave, 50
stantaneously and quantitatively. mJ/pulse,A\=532 nm with additional optics(half wave
plate, mirrors, polarizer, and cylindrical Ienwere used to
setup the illumination system of the dual-plane stereoscopic
PIV system. TheP-polarized laser beams from the double-

It is well known that particle scattering can be either Mie pulsed Nd:YAG laser sék is turned intoS-polarized light by
scattering or Rayleigh scattering depending on the relativgassing a half wavé\/2) plate before they are combined
diameter of the particles compared with the waveler@th  \ith the P-polarized laser beams from the double-pulsed
_Of the incident light. According to McCartnéyMie scatter- Nd:YAG laser seB. The P-polarized laser beams from the

Jaser setB transmit through the Polarizer cube, while the

greater than 1/1(.) of Fhe quent light wavglengx}), wh|Ie_ S-polarized light from the double-pulsed Nd:YAG laser et
Rayleigh scattering is defined as scattering from particles

with diameters less than 1/10Most of the PIV systems are reflected by the Polarizer cube. By adjusting the angle
work in the Mie scattering regime. and/or the location of mirror #1, the laser beams from the
In the Mie scattering regime, the scattering will have alaser se® and laser seB can be overlapped or not. Passing
dominant forward direction, and nonuniform “lobed” scat- through a set of cylindrical lenses and reflected by mirror #2,
tering towards the sides. The scattering distributions will dethe laser beams are expanded into two paralleling laser
pend upon the particle size, the wavelength and polarizatioaheets with orthogonal polarization to illuminate the studied
of incident light. It should be noted that the polarization di- flow field at two spatially separated planes or overlapped at

DUAL-PLANE STEREOSCOPIC PIV TECHNIQUE AND
SYSTEM SETUP
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one plane. In the present study, the thickness of the illumimal to the laser sheet planes. The coefficients of the multi-
nating laser sheets is about 2.0 mm, and the gap between tdanensional polynomial were determined from the calibra-
centers of the two illuminating laser sheets is adjusted aton images by using a least-square method. The two-
2.0 mm. dimensional particle image displacements in each image
Two pairs of high-resolution CCD cameras with polariz- plane was calculated separately by using a hierarchical recur-
ing beam splitter cubes and mirrors were used to capture thgive PIV (HR-PIV) software developed “in-house.” The
stereoscopic PIV images simultaneously at the two measurddR—PIV software is based on hierarchical recursive pro-
ment planes illuminated by the two laser sheets with orcesses of conventional spatial correlation operation with off-
thogonal linear polarization. The two pairs of the high- setting of the displacements estimated by the former iteration
resolution CCD camerad K by 1 K, TSI PIVCAM 10-30  step, and hierarchical reduction of the interrogation window
were settled on an optical table with a pair of polarizingsize and search distance in the next iteration @pmpared
beam splitter cubes and two high reflectivity mirrors in- with conventional cross-correlation based PIV image pro-
stalled in front of the cameras to separate the scattered ligieessing methods, the hierarchical recursive PIV method has
from the two illuminating laser sheets with orthogonal linearadvantages in the spurious vector suppression and spatial
polarization. The illuminating laser light with orthogonal lin- resolution improvement of PIV result.
ear polarization is scattered by the tracer particles seeded in Finally, by using the mapping functions obtained by the
the objective fluid flow. Due to the polarization conservation3D in situ calibration and the two-dimensional displacements
characteristic of Mie scattering, the scattered light from then each image planes, all three components of the velocity
P-polarized laser sheet will keep tiRepolarization direction vectors in the two illuminating laser sheet planes were recon-
and pass straight through the polarizing beam-splitter cubesfructed. Further details about the system setup;r8Bitu
and is detected by camera 2 and camera 3. The scattered ligtalibration and image processing of the present dual-plane
from the S-polarized laser sheet will keep ti8polarization  stereoscopic PIV system can be found from Refs. 9 and 10.
direction and emerge from the polarizing beam splitter cubes
at the_ right ang_le_s to fche mc@ent direction. Reflected by theLOBED JET FLOW AND EXPERIMENTAL APPARATUS
two high reflectivity mirrordmirror #3 and #4, the scattered
Spolarized light is detected by camera 1 and camera 4. A lobed nozzle, which consists of a splitter plate with
The two pairs of high-resolution CCD cameras were ar-convoluted trailing edge, is considered a very promising fluid
ranged in an angular displacement configuration in order tanechanic device for efficient mixing of two co-flow streams
get a large measurement window. With the installation ofwith different velocity, temperature and/or species. The
tilt-axis mounts, the lenses and camera bodies were adjustéaige-scale streamwise vortices generated by lobed nozzles
to satisfy Scheimpflug conditi8rto obtain focused particle and azimuthal vortices due to the Kelvin—Helmholtz insta-
images everywhere in the image recording planes. In théility have been suggested to play important roles in the
present study, the distance between the illuminating lasemixing processes of lobed mixing flow!? Since most of
sheets and image recording planes of the CCD cameras gevious studies on lobed mixing flows were conducted by
about 650 mm, and the angle between the view axles of thasing conventional measurement techniques like Pitot
cameras is about 50°. For such arrangement, the size of thEobes, hot film anemometer and laser doppler velocimetry,
stereoscopic PIV measurement windows is about 80 mm binstantaneous, quantitative whole-field velocity and vorticity
80 mm. distributions in lobed mixing flows have never been obtained
The CCD cameras and double-pulsed Nd:YAG laser setantil the recent work of the authotd*In the earlier work
were connected to a workstatighost computervia a syn-  of the authors, planar laser induced fluoresce(fidF) and
chronizer (TSI LaserPulse synchronizemwhich controlled  “classical” PIV technique$® and conventional “single-
the timing of the laser sheet illumination and the CCD cam-plane” stereoscopic PIV technigtfewere used to study
era data acquisition. In the present study, the time intervabbed jet mixing flows. Based on the directly perceived PLIF
between the two pulsed illuminations of each double-pulsediow visualization images and quantitative velocity, vorticity
Nd:YAG laser set was set as 3. and turbulence intensity distributions of the PIV measure-
A general three-dimensional3D) in situ calibration  ment results, the evolution and interaction characteristics of
proceduré was conducted in the present study to obtain thevarious vortical and turbulent structures in lobed jet mixing
mapping functions between the image planes and objedtows were discussed.
planes. A target plat¢100 mm by 100 mrmwith 100 um The measurement results obtained in the earlier works of
diameter dots spaced at the interval of 2.5 mm was used fdhe authors are from a “classical” PIV system and a conven-
the 3Din situ calibration. The front surface of the target plate tional “single-plane” stereoscopic PIV system. Only the
was aligned with the centers of the laser sheets, and thestreamwise vortical structures or the azimuthal Kelvin—
calibration images were captured at several locations acrosselmholtz vortical structures in the lobed jet flows can be
the depth of the laser sheets. The space interval betwegrvealed instantaneously from the measurement results.
these locations was 0.5 mm for the present study. The 33ince the present dual-plane stereoscopic PIV system can
mapping function used in the present study was taken to be provide all three components of velocity and vorticity vector
multidimensional polynomial, which is fourth order for the distributions simultaneously, the large-scale streamwise vor-
directions (X and Y directions paralleling the laser sheet tices and azimuthal Kelvin—Helmholtz vortical structures in
planes and second order for the directi@direction nor-  lobed mixing flows can be revealed simultaneously from the
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FIG. 2. The lobed nozzle and experi-
mental rig used in the present study.
(@) Lobed nozzle.(b) Experimental

rig.

Centnifugal compressor

Testnozzle

Convergent connection

(b)

measurement results. The simultaneous information will bgeneratof® The DEHS droplets out of the seeding generator
very helpful to understand the evolution and interaction charwere divided into two streams; one is used to seed the core
acteristics of the streamwise vortices and azimuthal KelvinHet flow and the other for ambient air seeding.

Helmholtz vortical structures in the lobed mixing flows.

Figure Z2a) shows the geometry parameters of the lobed IMULTANEOUS MEASUREMENT RESULTS OF ALL
nozzle used in the present study. The lobed nozzle has s REE COMPONENTS OF VELOCITY AND

lobes. The width of each lobe is 6 mm and the height of eac
lobe is 15 mm H=15mm). The inward and outward pen- Q/ORTICITY VECTORS

etration angles of the lobed structures &pe=22° andf,, A pair of typical instantaneous measurement results of
=14°, respectively. The diameter of the lobed nozzle is 4@he dual-plane stereoscopic PIV system in two parallel cross
mm (D=40mm). planes(Z=10 mm andZ=12 mm near to the trailing edge

Figure 2b) shows the jet flow experimental rig used in of the lobed nozzle is shown in Fig. 3. Since the character-
the present study. A centrifugal compressor was used to sujpstics of the mixing process in lobed mixing flows revealed
ply the air jet. A cylindrical plenum chamber with honey- from velocity distributions have been discussed intensively
comb structures was used for settling the airflow. Through an the earlier work of the authors;**the results and discus-
convergent connectiofconvergent ratio is about 50;lthe  sions given in the present paper will mainly focus on the
airflow is exhausted from the test nozzle. The velocity rangeimultaneous measurement results of all three components of
of the air jet out of the convergent connecti@t the inlet of  vorticity distributions to reveal the evolution and interaction
the test nozzlecould be varied from 5 to 35 m/s. In the characteristics of various vortical and turbulent structures in
present study, a mean speed of the air jet at the inlet of thihe lobed jet flow.
lobed nozzle ofUy=20.0 m/s was used. The corresponding  According to the definition of vorticity vector given in
Reynolds number is 5.5%710° based on the nozzle diam- Eq. (1), the three components of normalized vorticity vectors
eter. The air jet flow was seeded with 15 DEHS(Di-2- in the lobed jet flow can be expressed by following equa-
EthiIHexyl-Sebadt droplets generated by a seedingtions:
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FIG. 3. A pair of typical instantaneous measurement results of the dual-plane stereoscopic PIV (systetantaneous velocity field in thg= 10 mm cross
plane.(b) Simultaneous velocity field in thé=12 mm cross plane.

D [ow dv ers due to the Kelvin—Helmholtz instability. For the large-
mX:U_O(W_ E) 2 scale streamwise vortices generated by the special trailing
edge of the lobed nozzle, their existence were revealed very
D [du ow clearly from the instantaneous streamwise vorticity distribu-
Wy U_O(E_& ’ 3 tion shown in Fig. 4c). In order to reveal the azimuthal
vortices in the lobed jet flow due to the Kelvin—Helmholtz
:R ( 5_”_ a_“) 4) instability, thex component ang component of the vorticity
Z Uplax ay)’ vectors were combined into in-plaf@zimutha) vorticity by

whereD is the diameter of the lobed nozzle, abd is the using the following equation:

velocity of the jet flow at the nozzle inlet. While, v, andw - = Jol+ w2 5
are the instantaneous velocity ¥y Y, andZ directions(Fig. n-plane ooy ©®
2). The distribution of the in-planéazimuthal vorticity in

It should be noted that the terms like/dz anddv/dzin  the Z=10 mm cross plane of the lobed jet flow is given in
the above equations cannot be determined from the measureig. 4(d). As it is expected, the azimuthal Kelvin—Helmholtz
ment results of a “classical” PIV system or a conventional vortices was found to be a vortex ring, which has the same
“single-plane” stereoscopic PIV system. Therefore, only thegeometry as the lobed trailing edge at the exit of the lobed
out-of-plane componentsf,) of the vorticity vector can be nozzle.
obtained instantaneously from the measurement results. The ensemble-averaged streamwise vorticity and azi-
Since the present dual-plane stereoscopic PIV system canuthal(in-plane vorticity distributions in the lobed jet flow
provide the velocity fieldgall three componentsat two il-  at Z=10mm cross plane were calculated based on 400 in-
luminated planes simultaneously, all the terms in the abovetantaneous measurement results, which are given in Figs.
vorticity definition equations can be determined. Besides thd(e) and 4f). Compared with the instantaneous streamwise
out-of-plane component,, the other two in-plane compo- and azimuthal vorticity distributions, the iso-vorticity con-
nents of the vorticity vectorés, andw,) can be obtained in  tours of the ensemble-averaged streamwise and azimuthal
either of the two illuminated planes with first-order approxi- vortices were found much smoother. However, they have al-
mation, and in the central plane between the two parallemost the same distribution patterns and magnitudes as their
illuminated planes with second-order approximation accuinstantaneous counterparts, which may indicate that the gen-
racy. Based on the simultaneous velocity distributionZin erations of the streamwise vortices and azimuthal vortex ring
=10 mm andZ=12 mm cross planes given in Fig. 3, all the at the exit of the lobed nozzle are quite steady.
three components of the instantaneous vorticity distributions  Figure 5 shows the simultaneous measurement results of
in the Z=10m cross plane were calculated. The results ar¢he dual-plane stereoscopic PIV system in the 40 mm
shown in Figs. &), 4(b), and 4c). (Z/ID=1.0, Z/IH=2.67) cross plane of the lobed jet flow.

As described previously, there are two kinds of vortical Compared with that at the exit of the lobed nozzle, the lobed
structures are very important for the mixing process in lobedet flow has become much more turbulent. However, the
mixing flows. One is the large-scale streamwise vortices gen-signature” of the lobed nozzle in a form of “six-lobe struc-
erated by the special geometry of lobed nozzle. The other iure” can still be identified in the instantaneous and
the azimuthal vortices rolled up at the interface of shear layensemble-averaged velocity fielgsigs. 5a) and 8b)]. The
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FIG. 4. All three components of the vorticity vector distributions in Zxe 10 mm (/D = 0.25) cross plane of the lobed jet flo@® Instantaneous vorticity
(X component, (b) simultaneous vorticit(Y component (c) simultaneous streamwise vorticitZ component distribution, (d) simultaneous azimuthal
(in-plane vorticity distribution, (e) ensemble-averaged streamwise vorticity distributibhensemble-averaged azimutliad-plane vorticity distribution.

six pairs of counter-rotating streamwsie vortices generatetb expand radially. The strength of these ensemble-averaged
by the lobed nozzle were found to deform very serious in thestreamwise vortices were found to decrease very much with
instantaneous streamwise vorticity distributipfig. 5(c)].  the maximum value of the ensemble-averaged streamwise
Some of the large-scale streamwise vortices were found tworticity only about the half of that at the exit of the lobed
break into smaller vortices. From the ensemble-averagedozzle.

streamwise vorticity distribution shown in Fig(d, the six From the instantaneous azimuthal vorticity distribution
pairs of ensemble-averaged streamwise vortices were fourglven in Fig. %e), it can be seen that the azimuthal vortical
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FIG. 5. The measurement results of the dual-plane stereoscopic PIV systen¥ia #temm (/D =1.0) cross plane of the lobed jet flog@ Instantaneous
velocity distribution, (b) ensemble-averaged velocity distributiaie) simultaneous streamwise vorticity distributiofd) ensemble-averaged streamwise
vorticity distribution, (e) simultaneous azimuthdin-plane vorticity distribution, (f) ensemble-averaged azimutlial-plane vorticity distribution.

ring, which has the same geometry as the nozzle trailing Based on qualitative flow visualization results, McCor-
edge at the exit of the lobed nozzle, has broken into manynick and Bennett suggested that the streamwise vortices
disconnected vortical tubes in this cross plane. The brokewould deform the azimuthal Kelvin—Helmholtz vortical
azimuthal vortical fragments at the lobe troughs were foundubes into pinch-off structures due to the interaction between
to connect again to form a new circular-ring-liked structurethe streamwise vortices and azimuthal Kelvin—Helmholtz
in the center of the lobed jet flow. vortical tubes. Such pinched-off effect is revealed very
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FIG. 6. The measurement results of the dual-plane stereoscopic PIV systen¥is 8#emm (Z/D =2.0) cross plane of the lobed jet floa) Instantaneous
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clearly and quantitatively from the ensemble-averaged azinozzle in the form of “six-lobed structure” is almost indis-
muthal vorticity distribution given in Fig. &). tinguishable in the instantaneous velocity field given in Fig.
As the downstream distance increasesZte80mm  6(a). The iso-velocity contours of the high-speed core jet
(ZID=2.0,Z/H=5.33), the lobed jet flow was found to be- flow were found to become small concentric circles in the
come more and more turbulent. The “signature” of the lobedensemble-averaged velocity distributidiFig. 6(b)]. The
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“mass quantity” Q distribution, (b) ensemble-averaged “mass quantit®’distribution.

smaller instantaneous streamwise vortices originated froleVALUATION OF THE MEASUREMENT RESULTS BY
the breakdown of the large-scale streamwise vortices genellSING MASS CONSERVATION EQUATION

ated by the lobed nozzle almost fully filled the measurement
window [Fig. 6(c)]. Since these instantaneous small-scale
streamwise vortices are so unsteady that they appear very du dv Jdw

randomly in the flow field, only very vague vortical struc- a_x+ a_y+ EZO ©®

tures can be identified in the ensemble-averaged streamwis:?1

vorticity distribution [Fig. 6d)]. The ensemble-averaged should be. satlsflgd theoretl.call.y and automatically for an in-
. L AT compressible fluid flow, which is usually referred to as mass
streamwise vorticity distribution also revealed that the

. ) . ccaﬁservation equation.
ensemble-averaged streamwise vortices have been dissipated . « L .
Since a “classical” PIV system or a conventional stereo-

so seriously that their strength is only about one-eighth Ofscopic PIV system only can provide measurement results of

th9§e at the exit of the Ipbed nozzle. Dug to the intensw‘?/elocity vectors in one single plane, and the termyaf oz
mixing between the core jet flow and ambient flow, the bro'in the above mass conservation equation cannot be deter-
ken azimuthal vortex tubes dissipated even more extensively,ineq jnstantaneously. The satisfaction of the measurement
Only a few fragments of the broken azimuthal vortex tubesggits to the mass conservation equation cannot be checked.
can be found from the instantaneous azimuthal vorticity dispe present dual-plane stereoscopic PIV system can measure
tribution [Fig. 6(e)]. A circular-ring-liked structure can be g)| three components of velocity vectors in two parallel
seen clearly in the center of the lobed jet flow from thepjanes instantaneously and simultaneously, and all the terms
ensemble-averaged azimuthal VortiCity distribution given inin the mass conservation equa‘[i(ﬁ) can be calculated in-
Fig. 6(f). stantaneously based on the measurement results of the
The authors have suggested that the mixing enhanc%esent dual-plane stereoscopic PIV system.
ment caused by the special geometry of a lobed nozzle con- A parameter named as “mass quantit®’is introduced
centrates mainly within the first two diameters downstreanin the present study to quantify the satisfaction of the present
of the lobed nozzlgfirst six lobe height)sls'14 The mixing  dual-plane stereoscopic PIV measurement results to the mass
between the core jet flow and ambient flow further down-conservation equation. The “mass” quanti®yis defined as
stream in a lobed jet flow will occur by the same gradient-

It is well known that the equation

. - ; D[ou dv ow
type mechanism as that for a circular jet flow. The measure- Q= —| —+ —+ —|. 7
ment results of the present dual-plane stereoscopic PIV Uoldx dy dz
system show that the azimuthal Kelvin—Helmholtz vortical |t should be noted that the “mass quantit@'should be

rings and large-scale streamwise vortices broke down angero theoretically in order to satisfy the mass conservation
dissipated very rapidly in the first two diameters of the lobedequation(6). However, since any measurement result may be
nozzle (first six lobe heights Circular-ring-liked structures contaminated by measurement errors, and the “mass quan-
were found further downstream in the lobed jet flow. Theseity” Q will not always be zero due to the measurement

results are found to prove the conjectures suggested in therors.

earlier work of the authors» Figure 1a) shows a typical instantaneous distribution of



Phys. Fluids, Vol. 14, No. 7, July 2002 Dual-plane stereoscopic particle image velocimetry 2137

the “mass quantity"Q based on the measurement results ofdistance. Then, the measurement error leydl,,,,/U,) of

the present dual-plane stereoscopic PIV system inZhe the present dual-plane stereoscopic PIV measurement may
=40mm cross plane of the lobed jet flow. Based on 400e evaluated by

frames of the instantaneous results, the ensemble-averaged

value of the “mass quantity’Q was calculated, which is AUe"Of: AZQ_ (10)
given in Fig. 1b). From the instantaneous and ensemble- U D

averaged distributions of “mass quantityd, it can be seen For the typical instantaneous distribution of the “mass
that the value of “mass quantityQ is not always zero over qyantity” Q shown in Fig. 7a), the maximum value of the
the measurement window due to measurement €Tors.  smass” quantityQ is about 1.5, i.eQ,a|=1.5. The spatial-

From both the instantaneous distribution and ensemblesyeraged absolute value of “mass quantit@y over the
averaged distribution of the “mass quantit®, it is found  \yhole measurement window is about 0.22, i.e.,
that the regions with bigger “mass quantity) always ap-
pear in the higher vorticity regions, where the shear motion
is very serious. This may be explained by that since the | Qlspatiat-average® Zl 121 1Qij|=0.22.
accuracy level of the PIV results from the correlation-based ) )
PIV image procession method used in the present study is According to Eq.(10), the error levels of the instanta-
very sensitive to the shear motions in fluid flows. ThereforeN€0US measurement results of the present dual-plane stereo-
bigger errors always appear in the regions with strongePCOPIC PIV system may be

shear motions. A

i=NI j=NJ

U erro U erro

Uo

=1.1%.

spatial-averaged

Lawson and WEf suggested that the velocity error of the
out-of-plane componentw(,,,) will be much bigger than
those in the two in-plane componeritg, o, andv ¢1o) When For the ensemble-averaged value of the “mass quantity”
the half-view angle between the stereoscopic image recorgshown in Fig. Tb), the maximum value of the ensemble-
ing cameras is less than 45°. In the present study, it is foundveraged “mass quantity” Q is about 0.6, i.e.,
that the largest source of the “mass quantit@’ always |Qensemble-averaghuax=0-60. The spatial-averaged absolute
comes from the term ofw/dz. This result is considered to value of the ensemble-averaged “mass quantybver the
agree with the prediction of Lawson and Wqualitatively ~ whole measurement window is about 0.12, i.e.,
since the half-angle between the stereoscopic image record- i=NI j=NJ
ing cameras of the present dual-plane stereoscopic PIV sy
tem is about 25°.

In order to quantify the measurement error levels of the —0.12
dual-plane stereoscopic PIV measurement results more T
clearly, the measurement results of the present dual-plariEherefore, the error levels of the ensemble-averaged mea-
stereoscopic PIV system are discomposed into accurate vadurement results obtained by the present dual-plane stereo-
ues and measurement errors, i.€@measuremert Ut Uerror: scopic PIV system may b{E(AUermr)ensemb,e_averaggp0|max

Umeasure U+ Verrors Wmeasure W+ Weror- Then, EQ.(7) may =3.0%, | (AU¢go) ensemble—averagx!z!lJ O| spatial-averaged 0.60%.
be rewritten as

A
=7.5% and
max 0

%QensembIe—averaglspatial—averageﬁ 21 ]_Zl |Qensmble»averaggtji|

D [du v ow
Q - measure+ measure+ measur
Ug X ay Jz

D
=0,

j CONCLUSIONS

An advanced stereoscopic PIV system, which named as
dual-plane stereoscopic PIV system, was described in the
IUerror  MWerror  Werror ; ;

+ + present paper to achieve simultaneous measurement of all
2 ay 9z three components of the velocity and vorticity vector fields
D /g P 9 in a fluid flow. The dual-plane stereoscopic PIV system uses

uerror UEI’I'OI' Werror . . . .. . .
=0 Tox P P (8)  the polarization conservation characteristic of Mie scattering

0 y to achieve simultaneous stereoscopic PIV measurements at
two spatially separated planes. The objective fluid flow was

the above equation are recast into the finite difference forniluminated with two orthogonally linearly polarized laser

AUgror/ AX, Avgro/ Ay, andAw,,o/Az. A total velocity er- sheets at two spatially separated planes. The light scattered

ror AU is defined by AUo=AUgo+Av by the tracer particles in the two illuminating laser sheets
error error error error

+ AWgyror, and Ax=Ay=Az=2 mm for the present study. with Qr.thogonal Iinegr polarization were separated by using
Then, Eq.(8) is rewritten as po_Ianzmg beam ;phtter cubes, then recor(_jed sc_apargtely by
using high resolution CCD cameras. A 3Dsitu calibration
D [AUgror AVeror AWerrol D AUgpor procedure was used to determine the relationships between
= U_o Ax Ay Az |- U_o Az j[he tvyo-dimensional imag_e planes a}nd three-dimepsional ob-
(9) ject fields for both position mapping and velocity three-
component reconstruction. Unlike “classical” PIV systems
It is assumed that the error in the derivative calculationor single-plane stereoscopic PIV systems, which can only get
mainly comes from the error in the velocity rather than theone-component of vorticity vectors, the dual-plane stereo-

o v Iw
ax  dy oz

The terms of U o/ IX, U erorl Y, aNd IWgpo/ 9Z N

Q
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