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Abstract

Measurements and calculations of mean and rms of fluctuations of particle velocities and concentration

and cross-correlation coefficients of two particle velocity components and concentration fluctuations in a

horizontal plane shear layer laden with glass beads with mean diameters 55 and 90 lm are presented. The

particles were injected at the low speed side of the flow, which is different from previous studies, and en-

hances the influence of gravity on particle dispersion. The ranges of Stokes numbers, based on the time

scale of the large eddies, were 0.2–0.6 and 0.6–1.4 for 55 and 90 lm respectively. The particle gravitational
settling parameter, due to gravity acting normal to the main flow direction at the low speed side of the shear

layer, was for the mean flow 0.2 and 0.5 and for the turbulent flow 0.5 and 1 for 55 and 90 lm respectively.

Velocity measurements were obtained by particle image velocimetry (PIV) and instantaneous particle

concentration by counting the number of particles in each interrogation cell of the PIV images. The effect of

interrogation cell size on instantaneous particle concentration was assessed and an appropriate interro-

gation cell size was chosen to quantify the non-random contribution of particle concentration fluctuations.

The intensity of spatially-resolved non-random concentration fluctuations varied between 0.6 and 0.9 of the

local mean concentration at the edge of the shear layer, where particles dispersed only due to centrifuging
by fluid flow large scale structures and between 0.15 and 0.35 in the central region of the shear layer, where

particles are convected by the flow or arrive due to centrifuging from the fluid eddies and gravitational

effects and, as a consequence, random contributions on particle concentration become more important. The

contribution of various fluid flow structures and gravity on concentration fluctuations was quantified and

explained by quadrant analysis of the cross-correlation between measured particle streamwise velocity and

concentration. The calculations of the fluid flow in the shear layer were based on the discrete vortex method

and the discrete phase motion was calculated by Lagrangian particle tracking. The calculations showed

fluid velocity fluctuations frequency spectra with )5/3 decay, as measured in the experiments, and the
simulated particle mean and rms velocities and cross-correlation coefficients of particle concentration and
*
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velocity fluctuations agreed qualitatively with the measurements. Remaining discrepancies in the absolute

values were due to the omission of gravity in the calculations and the resulting narrower range of fluid flow

eddy sizes predicted by the calculations relative to experiments. The consequences of current findings on the

operation of light detection and ranging (LIDAR) systems for measurements of atmospheric turbulence

due to vortices of the wake of airplanes are discussed and improvements in the data processing are

suggested.
� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last twenty years, light detection and ranging (LIDAR) instruments for measurement of
the true air speed of aircraft have been developed, e.g. Huffaker and Hardesty (1996). Such
sensors have advantages compared to pressure probes, since they are more robust, do not need
calibration and could measure the air speed some 10 m away from the aircraft. Such information
could warn pilots of presence of clear air turbulence or strong vortices created by other aircraft,
especially during landing. The operation of LIDAR systems relies in emitting laser light and
detecting on board the aircraft the Doppler shift of the scattered light from aerosols. However, the
concentration of aerosols in the atmosphere varies, as well as the size of scattering particles. For
example, LIDAR systems must detect scattered light from a few aerosol particles with sizes below
1 lm in dry air, from many small droplets around 10 lm in fog, and from many droplets up to
several millimetres when flying through rain. This means that the intensity of scattered light may
change by many orders of magnitude, hence it must be attenuated or amplified before processing
it to obtain velocity information. In addition, the probe volume size of such systems influences
particle concentration and the velocity measured by particle scatterers may not represent the
correct fluid velocity. Therefore, there is a need to consider the magnitude of particle concen-
tration fluctuations in the atmosphere, the contribution of atmospheric turbulence or aircraft
wakes on such concentration fluctuations, the influence of the probe volume size on detected
concentration fluctuations and the correlation between particle concentration fluctuations and
particle velocities to provide guidelines to developers of such LIDAR systems.

The existence of temporal and spatial fluctuations of concentration of the dispersed phase in
two-phase flows has been observed in many industrial applications, including liquid-fuelled
combustors and chemical processes, and occurs due to particle interaction with the continuous
phase flow. In addition, particle concentration fluctuations may increase the local particle con-
centration at levels much higher than the average value and, therefore, modify the carrier fluid
turbulence and the resulting mixing process in the flow. However, the experimental quantification
of the amplitude of temporal and spatial particle concentration fluctuations has not been
achieved, because of limitations of current experimental techniques. An attempt in this direction
has been reported in the measurements of particle concentration fluctuations using phase Doppler
anemometry (PDA) in two phase pipe flows by Van de Wall and Soo (1994), but the measure-
ments of instantaneous particle concentration depended on a choice of a sampling time, which
made the interpretation of the results difficult. For example, Hardalupas and Horender (2000,
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2001) showed that the rms of droplet number density fluctuations, measured by PDA, could vary
by a factor of 3 by changing the sampling time interval by a factor of 25.

Imaging techniques have also been used to quantify particle concentration fluctuations.
However, the choice of interrogation windows on resulting instantaneous images of the particle
flow for the measurement of particle concentration can affect the resulting value, in a similar way
as the sampling time for the point measurement techniques mentioned above. For example,
Longmire and Eaton (1992) used phase-locked digital imaging to measure spatial distribution of
particle number density in a pulsed jet laden with glass beads. They found that the instantaneous
number density, integrated radially over the jet, had maximum values up to three times larger
than the minimum values. The size of the probe volume for concentration measurements was kept
smaller than the lengthscale of the observed preferential particle concentration distribution and,
therefore, they measured the random and non-random fluctuations of particle concentration.
However, the effect of relative size of probe volume was not examined and the contribution of
non-random concentration fluctuations was not quantified. L�aazaro and Lasheras (1992) and
Kiger and Lasheras (1995) measured particle concentration fluctuations in a natural and forced
shear layer flow, respectively, laden with a spray by light attenuation of a laser beam placed along
the width of the shear layer. However, these concentration fluctuations were spatially averaged
and, therefore, only representative of the local particle concentration in the forced flow. Since the
natural shear layer flow shows considerable three dimensional structures in the fluid and the
particle phase, e.g. Ling et al. (1998), the laser attenuation method can only give measurements for
the local particle concentration in the forced shear layer flow, which is nominally two dimen-
sional.

Therefore, few methods are available for measurement of local particle concentration fluctu-
ations and the influence of the size of probe volume on such measurements has not been quan-
tified.

In addition, the correlations of fluid and particle velocities and concentration, as they appear in
the modified equation for the turbulent kinetic energy including disperse phase turbulence, e.g.
derived by Chen and Wood (1985), have not been completely quantified yet. Only data in jets
measured by Prevost et al. (1996), who used phase Doppler anemometer, and Sakakibara et al.
(1996), who used imaging techniques, are available. However, uncertainties remain, because of the
interpolation procedures, since the fluid velocity could not be measured at the same time and
location as the particle velocities. However, correlations that involve particle concentration
fluctuations are usually omitted as negligible, although they could be important in the equation
describing the carrier phase turbulence modification as:
dk
dt

¼ dk
dt
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In addition, the non-random particle concentration fluctuations are not considered in the above
equation and such components may be significant. In Eq. (1), overbars denote time-averaging,
capital letters mean flow quantities, lower case letters fluctuating components, subscript �i� the
component of the co-ordinate system, subscripts �g� and �p� indicate fluid/gas and particle quan-
tities respectively, c the particle mass concentration, u denotes velocity and sp is the particle re-
laxation time, �sp� means single phase.
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Longmire and Eaton (1992) identified the strongly organised fluid flow structures, as respon-
sible for particle dispersion, rather than diffusion due to random three-dimensional turbulence.
However, their flow was strongly organised due to pulsation, which increased the energy of
specific flow structures, which is not occurring in unforced shear layers. They found that particle
clusters formed because particles are dispersed into distinct axial regions from upstream and
downstream locations due to the fluid flow and particles did not disperse by diffusion away from
areas of high concentration. Their combined velocity and concentration measurements were
phase-locked to the forced flow and, therefore, obtained ensemble-averaged correlations of par-
ticle velocity and concentration, which could be combined to obtain a flux measurement, which
explained the particle-flow interaction mechanism. However, gravity acted in the main flow di-
rection of their jet flow and did not directly contributed to the cross-stream dispersion of particles,
which is examined in the current study.

L�aazaro and Lasheras (1992) and Kiger and Lasheras (1995) measured correlations between
particle concentration and velocity in their shear layer flow. However, in the unforced flow
conditions the measured particle concentration fluctuations could be affected by spatial averaging,
while the velocity measurements were spatially resolved and, therefore, the two quantities were
not necessarily associated with the same region of the flow. In addition, many droplet sizes were
present in their spray and, therefore, the influence of different Stokes numbers on droplet dis-
persion and preferential concentration could not be isolated. Finally, the effect of gravity was not
considered in their analysis of particle dispersion, and gravity is expected to have different con-
sequences on particle dispersion in the current flow.

Sato (1995) included fluid velocity and particle concentration correlations in predictions of two-
phase flow using a multi-timescale model and found that the trends of carrier phase turbulence
modification due to particles were predicted better, when particle concentration fluctuation effects
were included. However, this work assumed random particle concentration fluctuations and ne-
glected the two way coupling of vortical fluid flow structures and particle centrifuging leading to
preferential concentration, which happens in isotropic turbulence due to energy-containing eddies
(e.g. Fessler et al., 1994), or in anisotropic turbulence due to large scale flow structures (Crowe et al.,
1988).

Crowe et al. (1996, 1997) described how large scale eddies of the continuous phase flow can
influence droplet dispersion and lead to preferentially increased concentration of the disperse phase
between the flow eddies. The droplet response to fluid turbulence was quantified in terms of Stokes
number, defined as ratio of droplet response time scale to the relevant fluid flow timescale, and the
centrifuging effect is maximised when the Stokes number based on the time scale of coherent flow
eddies is around unity. This clustering of particles may increase the influence of particles on the
turbulence structure of the carrier fluid. Chung and Troutt (1988) and Tang (1990) presented re-
sults of particle dispersion in shear flows using discrete vortex methods to model the fluid flow.
However they did not use an analytically appropriate formula including the viscosity of the fluid
flow, and, hence their model could not produce a proper turbulent spectrum. In addition, they did
not consider the gravitational effect on particle dispersion. However, they could predict preferential
concentration of particles due to large scale structures, which agreed qualitatively with DNS
calculations (Ling et al., 1998), but they did not quantify mean and fluctuations of particle con-
centration and the resulting cross-correlation terms of particle concentration and velocities, in
order to assess the ability of the discrete vortex models to predict measured quantities.
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The purpose of the experimental part of the work is to present a planar imaging technique for
measurement of simultaneous particle concentration and velocity, based on digital images re-
corded using a particle image velocimetry (PIV) system, and apply it to measure particle velocity
and concentration correlation terms, such as those appearing in Eq. (1), which involve concen-
tration fluctuations of the disperse phase in a plane shear layer. These results are subsequently
considered in terms of the accuracy of LIDAR fluid velocity measurements in the atmosphere.
The measurement of the rms of particle concentration fluctuations is affected by the size of the
interrogation cell on the measured images and this effect is quantified to assess the lengthscale of
particle concentration distribution associated with non-random fluctuations. The effect of the size
of the interrogation cell has not been considered in previous experimental studies and, as a
consequence, previously reported correlations between particle concentration and velocity may
not have been measured appropriately to allow comparison with numerical results. The turbulent
mass flux of particles, i.e. cup, which must be modelled in two-fluid numerical approaches, e.g.
Chen and Wood (1985), is quantified and analysed by quadrant analysis to identify the contri-
bution of different flow structures and gravity to the overall value. The results quantify the
contribution of non-random fluctuations to the mean particle concentration and consider the
effects of gravity and inertia on particle dispersion. An important difference from previous studies
is that the particles are injected at the low speed side of the shear layer, which enhances the in-
fluence of gravity on particle dispersion and allows to quantify the effect of particle centrifuging
on particle dispersion, while is acting against gravitational effects. This is explained further in the
discussion of the results.

The purpose of the two-phase calculations of the reported work is to present mean and rms of
fluctuations of velocity and concentration, based on a discrete vortex method, and assess the
ability of this approach to quantify the cross-correlations of particle concentration and velocity
fluctuations and particle streamwise and cross-stream velocity. Calculations of these quantities
have not been presented in the literature.

The paper presents the experimental arrangement and PIV instrumentation and data processing
in Section 2, followed by the numerical approach, based on the discrete vortex method that
satisfied the non-viscous vorticity transport equation, in Section 3. Section 4 presents the ex-
perimental results, compares with the calculated quantities and discusses the findings in terms of
previous work and the consequences for the operation of LIDAR systems. The paper ends with a
summary of main conclusions.
2. Experimental set-up

2.1. Wind tunnel set-up

A wind tunnel was set up horizontally to produce a shear flow laden with glass beads, Fig. 1. A
2.4 kW radial fan blower delivered the air flow, which passed through a pressure drop and after
that a 1.8:1 contraction. An aluminium splitter plate with initial 1.5 mm thickness was placed
within the contraction and gradually was reduced to around 0.5 mm at the edge. The plate was
bend towards the low speed side (Fig. 1), so that the flow streamlines at the high speed side of the
tunnel remained parallel to the surface at the beginning of the plate. A filter was mounted at the



Fig. 1. Experimental arrangement of the wind tunnel and the particle image velocimeter system.
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low speed side of the plate (upper side of Fig. 1) to adjust the low speed air flow and ensure flow
uniformity. The test section was square with dimension of 300 mm, and the splitter plate was
located at its centre and was 300 mm long.

The beads were metered by a screw feeder, which was placed in a closed, pressurised box, before
they were injected into the flow. The fluctuations of particle concentration were around 15% of the
mean particle concentration at the injector exit, which were caused by the operation of the screw
feeder. To avoid agglomeration, a hydroscopic gel was added to the hopper, which supplied the
glass beads. No electrostatic effects on particle dispersion were observed and, therefore, no special
measures had to be taken. Two size ranges of glass beads 40–70 lm and 70 –110 lm (SOVITEC
GmbH, Saarbr€uucken, Germany) were used and will be referred to as 55 and 90 lm glass beads.
The glass beads were injected through a pipe with inner diameter 5 mm located at the end of the
splitter plate at the low speed side of the flow with the centre of the pipe located 3 mm above the
splitter plate. PIV measurements at the exit of the pipe showed that the streamwise velocity of
the particles was 3 m/s and the rms of streamwise and cross-stream velocity fluctuations 0.2 m/s
for each component. The local mass loading was estimated 9% and 12% for the 55 and 90 lm
particles respectively. The test section ended in a large plastic sac, around 3 m high, with holes
allowing the decelerated air flow to escape, while nearly all glass particles were collected at the
bottom of the sac.

Fig. 2 shows the resulting fluid flow profiles measured using laser Doppler anemometry for the
streamwise mean and rms velocity for distances x ¼ 10 mm and 100 mm downstream of the end of
the splitter plate. The streamwise velocity was 5.5 m/s on the high speed side and 0.8 m/s on the
low speed side, and the turbulence intensity on the undisturbed high speed side was around 3%,
which is similar to the flow used by L�aazaro and Lasheras (1992). The Reynolds number of the flow
based on the momentum thickness of 52 mm at x ¼ 250 mm, the location where the particle flow
characteristics were studied, and the velocity difference was around 20,000. Tennekes and Lumley
(1972) presented an analysis to estimate the Reynolds number based on the integral and Taylor
time scale of the flow as:
Re ¼ 15 � tint
tTaylor � A

� �2

; ð2Þ



Fig. 2. Streamwise mean and rms of fluctuations of fluid velocity profiles at streamwise distances x ¼ 10 and 100 mm

downstream of the end of the splitter plate, measured using laser Doppler anemometer (LDA).
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tint denotes the integral time scale of the flow, tTaylor the Taylor microscale, which is estimated as
the time where a parabola that has the same curvature as the velocity autocorrelation function
meets the time axis, see Fig. 3. A is a constant of the order of unity. Estimating the integral eddy
time scale, based on the momentum thickness and the velocity difference at x ¼ 100 mm, tint was
12 ms. With tTaylor 0.4 ms, as extracted from Fig. 6, and A ¼ 1, the Reynolds number was 13,500,
according to Eq. (2). This analysis will also be used to evaluate the Reynolds number in the vortex
blob calculation, since the numerical fluid viscosity is not known for the calculation of the
Reynolds number using the velocity and typical dimension of the flow.
Fig. 3. Measured normalised autocorrelation function of streamwise velocity at y ¼ 300 mm and x ¼ 10 mm with

parabola matching at time delays 0 and 0.1 ms.



Fig. 4. Measured frequency spectrum of fluid streamwise velocity at position x ¼ 100 mm, y ¼ 0 mm.
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Fig. 4 presents a frequency spectrum of the streamwise velocity at position x ¼ 100 mm and
y ¼ 0 mm. The spectrum was obtained by fast Fourier transformation of the autocorrelation
function of the velocity, measured with laser Doppler anemometer with resolution of 0.2 ms.
Increased energy of the fluctuating velocity could be observed over a range of frequencies between
10 and 100 Hz due to the large scale structures and the shape of the spectrum shows the )5/3
decay for higher wave numbers, as expected for a turbulent flow. This is in agreement with the
integral timescale of the flow of 12 ms at position x ¼ 100 mm, while the frequency of convected
large flow structures is expected to be lower than that of the integral scale.

An assessment of the particle behaviour to the fluid flow is presented here. Table 1 shows the
particle response times and the terminal velocity for the size range of 55 lm particles (40–70 lm)
and the 90 lm particles (70–110 lm) for two streamwise distances from the splitter plate, x ¼ 100
and 250 mm. The influence of particle inertia on particle dispersion is quantified by the Stokes
number, defined as the ratio of particle relaxation time and time scale of large eddies. The
gravitational effect is evaluated by the gravitational settling parameter, defined as the ratio of
particle terminal velocity and flow velocity. Mean and turbulent flow settling parameters can be
defined, associated with the mean and turbulent flow velocity. Table 2 shows the range of particle
Stokes numbers and mean and turbulent settling parameters for 55 and 90 lm particles at two
streamwise positions from the splitter plate, 100 and 250 mm corresponding to a region close to the
splitter plate and the locations where measurements of particle characteristics were obtained. The
particle response to the large eddies improves with downstream distance, since the period
of the convection of large eddies was 40 and 65 ms, as indicated by the measured frequency spectra,
Table 1

Particle response time and terminal velocity

Particle response times (ms) Particle terminal velocity (m/s)

40 lm 55 lm 70 lm 90 lm 110 lm 40 lm 55 lm 70 lm 90 lm 110 lm

11.6 22 35.6 58 86.6 0.11 0.21 0.34 0.57 0.70



Table 2

Particle Stokes numbers and gravitational settling parameters

Streamwise

location (mm)

Flow time

scale (ms)

Range of particle Stokes

numbers

Range of mean flow

settling parameter

Range of turbulent flow

settling parameter

55 lm 90 lm 55 lm 90 lm 55 lm 90 lm

100 40 0.3–0.9 0.9–2.1 0.11–0.34 0.34–0.70 0.22–0.68 0.68–1.4

250 65 0.2–0.6 0.6–1.4 0.11–0.34 0.34–0.70 0.22–0.68 0.68–1.4
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at 100 and 250 mm respectively. Gravity acted normal to the main flow direction and the particle
gravitational settling parameter was based on mean and turbulent flow velocity of 1 and 0.5 m/s
respectively, corresponding to values at the low speed side of the shear layer. This choice was due
to the interest to evaluate the importance of gravity on particle dispersion for particles present on
the low speed side of the shear layer. Table 2 shows that the 55 lm particles at 250 mm had a
range of Stokes numbers between 0.2 and 0.6 and 90 lm particles between 0.6 and 1.4. Therefore,
it is expected that the 55 lm particles are more responsive to the flow and 90 lm particles should
demonstrate particle centrifuging due to the large flow structures. Also, gravity is expected to have
an influence on particle dispersion and assist particles to disperse away from the low speed side of
the shear layer, since the mean flow settling parameters were around 0.2 and 0.5 and the turbulent
settling parameters were around 0.5 and 1 for the 55 and 90 lm particles respectively. Particle
centrifuging from large eddies due to inertia can disperse particles against gravity from the high
speed to the low speed side of the shear layer.
2.2. The PIV system

The particle image velocimeter (PIV) system comprised a double pulse Nd:YAG laser with
energy 45 mJ per pulse of length 8 ns, which created a laser sheet of 1 mm thickness, and a 12 bit
camera which allowed to obtain two consecutive images with a time delay of 200 ls. A lens with
focal length 100 mm and aperture 8 was mounted in front of the camera. The particle velocities
were derived by the cross-correlation method for interrogation windows of size 32· 32 pixels, see
Raffel et al. (1998), which corresponded to 3.2 mm· 3.2 mm in the current flow. The measure-
ments for each interrogation window were validated on the basis of the magnitude of the cor-
relation peak and the resulting velocities had to give smooth gradients to the neighbouring
interrogation windows. 400 images were recorded for all flow parameters and the results of the
single images were averaged for each correlation window to measure the local mean and rms
particle velocities. The number of images was limited by computer storage capacity, but it was
larger than the number of images used in previous work, i.e. 25 images for the work of Longmire
and Eaton (1992). This led to increased uncertainties, which are quantified later in the section. It
should be noted that uncertainties exist when applying a cross-correlation method for measuring
mean and rms velocities of inertia particles. Usually, it is assumed that tracer particles behave as a
continuum and their velocity changes only little in one interrogation window. This is not valid for
the glass beads of the present work, however the objective of the present work is to measure
particle cloud velocities and concentration rather than the velocity of individual particles, e.g. Soo
(1990).
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As a measure of particle concentration c the particles were counted in each interrogation
window by means of image processing. In each interrogation window, cross-correlation pro-
cessing derived the velocity and the number of particles was counted, using the image processing
software OPTIMAS. A particle was identified, when a pixel showed an intensity value larger than
a threshold, and a particle was allowed to have sizes above one pixel. The glass bead size was
assumed uniform and the gain of the system was adjusted, so that only glass beads larger than a
certain size could only be identified, to avoid detection of any smaller particles present in the air
flow. PIV images were recorded and processed to measure fluctuating particle concentration in the
entire flow field by dividing the images into small cells and calculating the rms of fluctuations of
the number of particles in each cell, Fessler et al. (1994). A parameter D called deviation from
randomness was defined as
D ¼ r� k1=2

k
ð3Þ
with r being the measured rms and k the mean number of particles per cell. If the particles were
randomly distributed, the number of particles per cell would follow a Poisson distribution and the
rms would be equal to the square root of the mean and, therefore, D would become zero. Hence, D
represents a measure of the deviation of particle distribution from randomness, normalised by the
mean particle concentration, and is evaluated for different cell sizes for the entire flow field. The
cell size leading to maximum deviation from randomness represents a length scale of the particle
flow associated with non-random (preferential) concentration.

Correlation of particle fluctuating velocities and concentrations were computed from the in-
stantaneous images after subtracting the normalised mean values, according to
cup ¼
cðtÞupðtÞ

c2ðtÞ1=2u2pðtÞ
1=2

ð4Þ
providing the normalised correlation coefficients. Quadrant analysis of the correlated data pro-
vided information on the flow structures responsible for the average value of the cross-correlation
coefficient at different locations in the shear layer.

The statistical uncertainties of the measurements were determined according to Yanta and
Smith (1978) for 95% confidence level and typical values of the measurements. The uncertainties
were 2% and 7% for the mean and rms of fluctuations of particle velocity, 6% and 10% for the
mean and rms of fluctuations of particle concentration, 15% for the cross-correlation between the
cross-stream and streamwise velocity fluctuations and 20% for the cross-correlation terms be-
tween particle velocity and concentration fluctuations.
3. Numerical simulation technique

A computer programme based on the discrete vortex method was developed to calculate the
shear layer flow. The mathematical basis of the method is to satisfy the non-viscous vorticity
transport equation
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Dx
Dt

¼ 0 ð5Þ
by tracking vortices to compute instantaneously the fluid development in a free shear layer flow.
The vortex blob method was used, as reviewed by Leonard (1980) or Sarpkaya (1989), which
avoids singularities for the case that vortices get close together, leading to infinitely large veloc-
ities. The equations describing the velocities read as follows:
uðx; yÞ ¼
 
� 1

2p

XN
i¼1

C
y � yi

j~rr �~rrij2 þ b2

!
þ uconvect; ð6Þ

vðx; yÞ ¼ 1

2p

XN
i¼1

C
x� xi

j~rr �~rrij2 þ b2
; ð7Þ
r ¼ ðx; yÞ is the two-dimensional space vector and the velocity vector is (u; v). The constant factor
b in the denominator is referred to as vortex blob size in the literature and represents a numerical
fluid viscosity without dissipating energy. b was set to 0.35 times the initial distance of vortices
located at the splitter plate following initial tests. The inflow boundary conditions for the gen-
eration of a free shear flow were satisfied by adding vortices on the virtual splitter plate at an
initial distance between point vortices of 1.25 mm and release them at the end of the plate. The
vortex strength C was set, so that the velocity difference between the two streams of the shear layer
was 4 m/s and uconvect was 1 m/s. The outflow boundary conditions were satisfied in a similar way
as the inflow, by adding vortices along the direction of the flow at locations larger than the region
of interest, which was x ¼ 800 mm in the presented results. Fig. 5 illustrates the flow pattern of the
pairing vortices in the shear flow with the vortices shown as rings. The graph additionally shows
dispersed 90 lm particles that were tracked through the flow considering aerodynamic force
simplified as Stokes drag, leading to equation of motion for a single particle as
~uup ¼~uup þ ð~uuf �~uupÞ � ð1� e�Dt=spÞ: ð8Þ
. Simulated dispersion pattern of the fluid vortices and the 90 lm particles at one instant of time. Flow direction is

left to right.



Fig. 6. Simulated fluid velocity profiles in the shear flow at streamwise position x ¼ 500 mm.
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This description was applied in our case, assuming that particle Reynolds number was of the
order of unity. The effect of gravity was not considered.

Fig. 6 shows profiles of the mean and rms of fluctuations of streamwise and cross-stream fluid
velocities in the simulated shear flow at x ¼ 500 mm downstream of the end of the splitter plate.
The rms of the fluctuations of the velocities was large at locations with high mean flow gradients
of the streamwise velocity component and the rms of the cross-stream component was larger than
that of the streamwise component. However, this is attributed to the assumption of two-dimen-
sional flow. For Taylor microscale of 2.5 ms and integral scale 25 ms, both derived from the
corresponding streamwise velocity autocorrelation function, the Reynolds number in the simu-
lations was 1500, according to Eq. (2). This estimate of the resulting Reynolds number in the
calculations is not usually presented in the literature and, therefore, comparison with previously
reported calculations cannot be achieved.

Fig. 7 shows the frequency spectrum from the simulation of the streamwise velocity as a
function of time at location x ¼ 500 mm and y ¼ 0 mm in the shear flow. A maximum in the
energy spectrum was observed for low frequencies around 10 Hz, which was associated with a
fluid flow time scale of 100 ms. However, the decay of the energy for higher wave numbers did not
perfectly follow a )5/3 law. Hence, tests were made with different core shapes and the vortex core
growing in time, so that the viscous transport equation could be satisfied. In this way, the cal-
culated spectrum of the velocity fluctuations approached the measured spectrum, presented in
Fig. 4, which indicates that this model including a correct description of viscosity, see e.g. Leonard
(1980) and Shiels (1998) should be used for the simulations. However, the exponential decay of the
vortex core led to smaller far field influence of the vortices, which meant that outflow boundary
conditions could not be satisfied correctly.

The time dependent particle concentration was defined by the number of particles contained in
a probe volume for every time step of the calculation. If there was more than one particle in the
probe volume, the particle velocity was not averaged, but every particle event was treated as a
single measurement and counted for computation of particle mean and rms velocity.



Fig. 7. Frequency spectrum of the simulated streamwise velocity at position x ¼ 500 mm, y ¼ 0 mm.
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4. Results

The length scale of preferential concentration of particles was quantified by the method de-
scribed in Section 2.2 for the particle flow captured by the PIV system, in a region downstream of
the splitter plate between x ¼ 200 and 320 mm and between cross-stream directions y ¼ �40 to
+40 mm. The normalised parameter D, defined by Eq. (3), was calculated for a range of inter-
rogation window sizes and is shown in Fig. 8. The size of the region of interest (interrogation
window) for which the deviation from randomness is largest corresponds to the length scale of
preferential concentration of particles. However, it should be noted that the current fluid flow is
non-homogeneous, hence the parameter D is a function of streamwise and cross-stream position,
as shown later in Fig. 9(d). The consequence of this on the spatially averaged length scale of
preferential concentration is discussed later in the text.
Fig. 8. Measurement of the spatially-averaged deviation from randomness of particle concentration for 55 and 90 lm
particles as a function of the size of region of interest in mm, representing the size of a square probe volume inter-

rogation cell. Location in the shear flow between x ¼ 210 and 310 mm and y ¼ �40 and 40 mm.
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In the measured particle distribution, the length scale of preferential concentration was 6.4 mm
for the 55 lm particles and 12.8 mm for the 90 lm particles. Therefore, it was assured that by
using interrogation windows of 32· 32 pixels, representing 3.2 · 3.2 mm, for the measurement of
the particle velocity and the corresponding correlations of particle velocity-concentration fluc-
tuations the large scales of the particle flow could be resolved. The intensity of particle concen-
tration fluctuations corresponds to the maximum value of D in Fig. 8, which was around 0.8 of the
mean particle concentration. In a channel flow laden with different particle sizes, Fessler et al.
(1994) measured maximum deviation from randomness D of around 0.4, which is 50% less
compared to the current experiment. However, the current flow was inhomogeneous and the value
of D varies with the location in the flow, as shown later in Fig. 9(d). Therefore, the spatially
averaged value across the shear layer cannot be directly compared with the results of Fessler et al.
(1994), which were in a nominally homogeneous flow.

The associated lengthscale of preferential concentration of 6.4 and 12.8 mm for maximum non-
random particle concentration fluctuations of 55 and 90 lm beads is about 0.15 and 0.25 of the
local shear layer width and indicates the clustering of particles between fluid eddies, associated
Fig. 9. Measurement of particle characteristics for 55 lm glass beads. (a) Particle velocity field, (b) particle mean

number density (number per 3.2 · 3.2 mm2 cell), (c) rms of fluctuations of particle number density and (d) spatially

resolved deviation from randomness D of particle number density fluctuations.
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with particle centrifuging. It should be noted that the ratio of shear layer width to vortex spacing
is approximately one, as derived from the shadowgraph images of Brown and Roshko (1974) and
Bernal and Roshko (1986). Hence, the shear layer width is similar to the lengthscale of the local
large scale vortices. The larger lengthscale of preferential concentration of the 90 lm particles
compared to the 50 lm is justified by around unity Stokes number for the larger particles, which
suggests stronger particle centrifuging by the large vortices relative to the 55 lm particles. In
addition, the effect of gravity is higher for the 90 lm particles and tends to disperse particles away
from the low speed side of the shear layer, which will also increase the lengthscale of the non-
random concentration fluctuations. Particle centrifuging for the 90 lm particles is in agreement
with the observations of the calculations of Fig. 5, which shows that particles tend to concentrate
between and at the edge of fluid vortices in a limited region, which is a fraction of the local shear
layer width. Fessler et al. (1994) measured lengthscale of maximum preferential concentration
around one tenth of the channel width for particles with largest D, which is smaller than for the
current experiment. However, in their experiment the lengthscale of the flow structures was
smaller than the channel width and direct comparison cannot be made.

In Fig. 9, measured quantities of the 55 lm particles for the entire flow field are presented. Fig.
9(a) shows the mean velocity vectors of the particle flow phase and the rms of the streamwise
velocity component as grey levels of the vectors. It should be noted that the particle concentration
was low for y locations above and below ±25 mm, hence velocity measurement uncertainties
increased at those positions. A small downward velocity component can be observed due to
gravity and the rms of the streamwise particle velocity component around the centre of the shear
layer increased by around 10% with increased streamwise distance. This may happen due to
particles being able to follow partly the air flow velocity fluctuations and the contribution of
gravity to particle dispersion, as discussed later in the text. Fig. 9(b) and (c) show the mean
number of particles per interrogation window and the rms of particle number in these cells. The
location of the maximum mean and rms of fluctuations of particle concentration moved down-
ward with increased streamwise distance due to gravity. It can be seen that the rms of the con-
centration fluctuations normalised by the mean concentration was around 0.5 at the position,
where most of the particles were located, y ¼ �10 mm and x ¼ 220–280 mm. Kiger and Lasheras
(1995) found smaller normalised fluctuations up to 0.3 in their forced shear layer flow, which was
laden with a spray comprising a wide range of droplet sizes. A small contribution to the increased
normalised particle concentration fluctuations in the current experiment could be the initial 15%
particle concentration fluctuations at the injection location. Although these fluctuations would
attenuate during particle motion towards the measurement location, which was around 250 mm
downstream of the injection location, some concentration fluctuations would still remain in the
flow to increase the measured fluctuations, although that could not explain the observed 20%
difference between the two experiments. The polydisperse droplet size distribution of Kiger and
Lasheras (1995) could lead to reduced preferential concentration and, as a consequence, reduced
concentration fluctuations, since very small or very large droplets could penetrate at the centre of
the vortical structures, either by following the fluid flow or not interacting at all with the fluid flow
respectively. However, it is more probable that the observed difference is due to gravitational
effects on dispersion. Their flow was uniformly laden at the high speed side with the spray, which
was different compared to the current particle injection at the low speed side. Therefore, in the
current flow, gravity could disperse particles from the low speed towards the high speed side and
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contribute to increased concentration fluctuations in the shear layer flow, while in the flow of
Kiger and Lasheras (1995) the particles would move away from the shear layer due to gravity.

The fact that particle injection in the current flow was from a point source does not influence
significantly the particle dispersion characteristics, since the dispersion mainly occurs in the cross-
stream direction rather than in spanwise direction, as found by Ling et al. (1998) in DNS cal-
culations and verified by visualisation of the particle distribution in the spanwise direction in the
current experiments. Therefore, dispersion in the spanwise direction was much smaller than in the
plane of the large vortex structures and, hence, had limited contribution to particle dispersion
behaviour.

Fig. 9(d) shows the spatially resolved distribution of the deviation from randomness of the
particle concentration fluctuations D for each interrogation window of size 32· 32 pixels. It can be
seen that D varies between 0.1 and 0.75 for cross-stream locations close to maximum particle
concentration at the centre of the shear layer and the edge of the shear flow respectively. This
shows that the preferential distribution of the particles is more pronounced at the edge of the
shear layer than in the central region, where most of the particles are located. Therefore, the
spatially averaged value of D, which was around 0.8 (Fig. 8), is mainly affected by the large
fluctuations at the edge of the shear layer and may give misleading impression of overall large
deviation from randomness of the particle concentration in the shear layer flow. This explains the
difference between the current spatially averaged value of D of 0.8 across the shear layer and the
value of 0.4 of Fessler et al. (1994) in a channel flow, which is close to the deviation from ran-
domness D in the central region, where most of the particles are present. This suggests that the
influence of the large vortical structures in the central region of the shear layer flow, led to limited
non-random concentration fluctuations. The increased non-random fluctuations at the edge
emphasises particle centrifuging, which is achieved against gravity for the low speed side of the
shear layer (positive y).

Fig. 10 shows scatter plots of the turbulent mass flux cup for three cross-stream locations
(y ¼ 20, 0, )20 mm) to identify important flow events that contribute to the average correlation
Fig. 10. Scatter plots of the particle velocity and concentration fluctuation events at streamwise position x ¼ 250 mm

for three cross-stream positions for 55 lm particles, which allows quadrant analysis for the average value of the cross-

correlation coefficient. Lines of constant values of the joint probability density functions of the correlated quantities are

superimposed on the graphs.
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coefficient of particle concentration-velocity fluctuations. Lines of constant values of the joint
probability density functions of the correlated quantities are superimposed on the graphs to assist
the reader with the following discussion. It should be noted that the values for the normalised
concentration are not uniformly distributed, since the particle concentration is measured as in-
teger number of particles in each interrogation window. Therefore, the negative values of con-
centration are truncated for values of a single particle present in the interrogation cell. It is
interesting to note that the number of events were not located equally in each quadrant. The
quadrants are identified as follows. Quadrants 1 and 3 correspond to þc=þ up and �c=� up and
lead to positive correlation and quadrants 2 and 4 to þc=� up and �c=þ up respectively and lead
to negative correlation. The flow field indicated that the particles were centrifuged by the flow
structures and this structure will assist to explain the observed scatterplots of fluctuations of
particle concentration and velocity.

At location y ¼ 20 mm, the low speed side of the shear layer, the average correlation cup is
positive, because most events are located in quadrants 1 and 3, which corresponds to particles
with velocity and concentration higher or lower than the mean. This is justified by particle cen-
trifuging by the fluid large scale vortices mechanism that disperses large number of particles with
high velocity to the low speed side (quadrant 1). When a large scale fluid vortex has been con-
vected downstream, low velocity particles with low concentration remain (quadrant 3). The
concentration of particles is reduced after the crossing of the large eddies due to particle dis-
persion away from the low speed side due to gravity.

For position y ¼ 0 mm, events of correlated up and cp are nearly uniformly distributed over all
quadrants, leading to correlation close to zero, since for positions close to the centreline the
probability of observing all events is similar. Gravity may be assisting particle dispersion and
justifying the presence of low speed particles in the central region. This effect is explained in detail
in the next paragraph. For position y ¼ �20 mm, most of the events are located in quadrant 4 and
fewer in quadrant 2, whereas in the other quadrants there are much less events. This is justified by
gravitational (discussed in the following paragraph) and particle centrifuging effects which dis-
perse large number of particles with low velocity away from the low speed side of the shear layer
(quadrant 4). When a large scale fluid vortex has been convected downstream, high velocity
particles with low concentration remain (quadrant 2).

Particle centrifuging from high and low speed side is happening at different times relative to the
crossing of a large scale structure at each streamwise distance. However, there is time between the
convected flow eddies with period of 65 ms at 250 mm streamwise distance, for gravity to play a
role on particle dispersion from the low to the high speed side of the shear layer. The large flow
structures are approximately 80 mm wide at 250 mm streamwise distance and are convected with a
velocity of around 4 m/s. Therefore, it takes approximately 20 ms (¼ 0.08 m/4 m/s) for the flow
structures to cross at this streamwise distance, while they appear every 65 ms. There is, therefore,
a period of 45 ms during which particles could move due to gravity from the low to the high speed
side, because of their limited response to the smaller fluid flow eddies. Considering the terminal
velocity of 55 and 90 lm particles of 0.21 and 0.57 m/s (Table 1), the particles will move normal to
the main flow direction due to gravity by around 10 and 26 mm respectively, which is a large
portion of the shear layer width, between the large fluid flow eddies. Therefore, it is possible for
low speed particles to disperse in the central region and the high speed side of the flow due to the
gravity. Gravitational particle settling parameters (Table 2) were found important for turbulent
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dispersion of particles and the mean concentration profiles of Fig. 9(b) indicate increased particle
concentration at the high speed side of the flow confirming the above suggestion. Therefore,
gravity is partly responsible for the presence of low speed particles with high concentration at the
high speed side of the flow.

The current findings have some consequences for LIDAR applications for measurement of
turbulence in the atmosphere, in particular velocity fluctuations associated with the vortices from
wakes of airplanes, which may contribute to increased airport capacity and aircraft safety. It is
suggested that an additional measurement of the correlation between fluctuations of scattered
light intensity (as a measure of particle concentration fluctuations) and measured velocity fluc-
tuations is obtained during LIDAR operation for velocity measurement. If this correlation is non-
zero, it indicates that the measured LIDAR velocity does not accurately represent the fluid flow
velocity and, therefore, there is a bias in the measurement of atmospheric turbulence. In the
presented case, for example at position y ¼ �20 mm, this would mean that the velocity mea-
surement is biased towards larger velocities, due to the centrifuging of the scattering particles by
the fluid flow.

Fig. 11(a) and (b) show cross-stream profiles of mean and rms streamwise and cross-stream
velocities at position x ¼ 250 mm for particle sizes 55 and 90 lm respectively. Little difference can
be observed in the particle velocities for different sizes. The increase of rms velocities at the edge of
the measurement area (y ¼ �40 mm) is due to low number of particles in each interrogation
window, which increased the statistical uncertainties. However, at cross-stream positions around
y ¼ �30 mm, the larger particles tend to move slower by around 5%, compared to the smaller
particles, which is due to the larger inertia of the larger particles, which need longer distance to be
accelerated to the surrounding air flow. For both sizes, the rms velocities of both components are
smaller for negative y positions than for positive, because particles at positive cross-stream po-
sitions are more likely to have been dispersed by the fluid large-scale structures against gravity.

It should be noted that the PIV correlation method averages the particle velocities within an
interrogation cell based on a dominant peak and ignores outliers. This means that particle velocity
variations occurring at small scales and variations caused by particle trajectories with differing
histories are suppressed. Using the numerical simulations presented above, it was estimated that
single particle velocities in the interrogation cell at an instant in time could vary up to 50% of the
measured time-averaged rms value of the particle velocity fluctuations at that location. Hence, it is
expected that the rms of particle velocity fluctuations be biased towards smaller values by the
averaging process within the interrogation cell of the PIV system. More work is required to
quantify this bias for various flow conditions. However, this measurement approach represents
the averaging process of a LIDAR system, which has a probe volume with the same relative size to
the local scale of the flow. This emphasises the need to evaluate the effect of the relative size of the
probe volume to the flow lengthscale on the LIDAR velocity measurement.

In Fig. 11(c) and (d) cross-stream profiles of cpup, cpvp and upvp are shown for the two different
particle sizes at streamwise position x ¼ 250 mm. The absolute values of the normalised corre-
lation of particle velocity and concentration were smaller for the larger particle sizes. This occurs
because of the increased inertia of the 90 lm particles relative to 55 lm. For both particles sizes,
the correlation coefficient of the streamwise velocity and concentration was always higher than
that of the cross-stream velocity and concentration on the high speed side. This may be due to the
gravitational effects on particle dispersion, which can disperse particles in the cross-stream
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Fig. 11. Measured particle velocity profiles at streamwise position x ¼ 250 mm for two different particle size classes: (a)

55 lm, (b) 90 lm. Cross-correlation coefficients of particle velocity and concentration fluctuations and cross-stream and

streamwise velocity fluctuations for two size classes: (c) 55 lm and (d) 90 lm.
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direction from the low speed to the high speed side, without any need for flow interaction to
occur. The correlation between streamwise and cross-stream particle velocity components was
around 0.6 for cross-stream positions, where most of the particles were located, and decreased for
cross-stream positions away from the centre line. The measured cross-correlation terms of particle
concentration and velocity are large and must be considered in any calculations of the modifi-
cation of fluid flow turbulence (Eq. (1)). These are usually omitted as negligible, but current re-
sults suggest that these terms may be important. Work is in progress to quantify the importance of
these terms on fluid flow turbulence modification.

The discrete vortex method was applied to calculate the fluid flow in the shear layer and
consequently track particles through the flow, choosing particle relaxation time 50 ms, so that the
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Fig. 12. Simulated particle velocity profiles and cross-correlation coefficients of particle velocity and concentration

fluctuations and cross-stream and streamwise velocity fluctuations for streamwise position x ¼ 250 mm for 90 lm
particles.
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Stokes number was around 1, as in the experiments for the 90 lm beads. Fig. 5 presented a re-
sulting instantaneous particle dispersion pattern, while the flow direction was from left to right
and particle clustering between the pairing vortices and centrifuging by the vortices can be ob-
served.

Fig. 12(a) shows the simulated time-averaged particle velocity profiles, which follow the same
trends as the measured profiles of Fig. 11(b) for 90 lm, e.g. the cross-stream velocity component is
negative on the high speed side and positive on the low speed side of the shear layer. Hence, the
discrete vortex model could predict the consequences of particle centrifuging on particle disper-
sion. The calculated rms of the cross-stream velocity of the particles is smaller than that for the
streamwise velocity, which is the same trend as in the experiments. Therefore, particle rms ve-
locities are mostly determined by centrifuging due to the large flow structures rather than response
to the random small scale turbulent velocity fluctuations.

Fig. 12(b) shows the cross-correlation coefficients between concentration and velocity fluctu-
ations cpup and cpvp, normalised by the corresponding rms of fluctuations, and the velocity cross-
correlation coefficient upvp for streamwise location x ¼ 250 mm and should be compared with the
measurements of Fig. 11(d). It should be emphasised that the calculations did not include the
gravitation effect. The symmetrical behaviour of the cross-correlation coefficients cpup and cpvp,
observed in the experiments, around the centre of the shear layer was present only for cpvp and not
for cpup, which was maximum at the low speed side of the shear layer. The cross-correlation
coefficient of the velocities upvp was also not symmetrical in the calculations and higher than the
experiments at the low speed side of the shear layer suggesting more deterministic particle tra-
jectories. Considering that the particles at the low speed side are mainly arriving due to centri-
fuging the strong velocity correlation is expected. However, the experiments did not observe this
effect. It is suggested that this is a consequence of the gravitational effect on particle dispersion,
which has been important in the experiments and was not included in the calculations. Gravity
dispersed particles away from the low speed side and reduced the correlation between the two
particle velocity components and the concentration and streamwise velocity component. Current
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work extends the calculations to include gravity and the findings are supportive of the above
explanation. Therefore, the discrete vortex method can capture the physics of particle dispersion
and calculate correctly the trends of the cross-correlation terms of both velocity components and
concentration and the cross-correlation of the two velocity components. However, gravity effects
are important and must be considered in the calculations. Additional parameters may influence
the remaining discrepancies in absolute values at the high speed side of the shear layer and include
the assumption of monosized 90 lm particles in the calculation, which could only respond to the
large scale motion, while the size range used in the experiments was between 70 and 110 lm.
5. Conclusions

Measurements and calculations of mean and rms of fluctuations of particle velocities and
concentration and cross-correlations coefficients of two particle velocity components and two
particle velocity components and concentration fluctuations in a horizontal plane shear layer
laden with glass beads with mean diameters 55 and 90 lm were presented. The particles were
injected on the low speed side of the shear layer. The ranges of particle Stokes numbers were 0.2 to
0.6 and 0.6 to 1.4 for 55 and 90 lm respectively. The particle gravitational settling parameter, due
to gravity acting normal to the main flow direction at the low speed side of the shear layer, was for
the mean flow 0.2 and 0.5 and for the turbulent flow 0.5 and 1 for 55 and 90 lm respectively.
Velocity measurements were obtained by particle image velocimetry (PIV) and instantaneous
particle concentration by counting the number of particles in each interrogation cell of the PIV
images. The effect of interrogation cell size on instantaneous particle concentration was assessed.
Calculations of the fluid flow in the shear layer were performed based on the discrete vortex
method, which satisfied the vorticity transport equation, and the discrete phase was calculated by
Lagrangian particle tracking. The findings are summarised as follows:

(a) The intensity of spatially-resolved non-random concentration fluctuations varied between 0.6
and 0.9 of the local mean concentration at the edge of the shear layer, where particles dis-
persed only due to centrifuging by fluid flow large scale structures and between 0.15 and
0.35 in the central region of the shear layer, where particles are convected by the flow or arrive
due to centrifuging from the fluid eddies and gravitational effects and, as a consequence, ran-
dom contributions on particle concentration become more important. This finding suggests
that the spatially averaged value of non-random particle concentration fluctuations does
not represent correctly the particle flow characteristics.

(b) The rms of fluctuations of streamwise particle velocity was larger than that of the cross-stream
velocity. The cross-correlation coefficient of fluctuations of particle concentration and stream-
wise particle velocity was 0.3, while that of the cross-stream particle velocity and concentration
was smaller around 0.1. The cross-correlation coefficient of the fluctuations of the cross-stream
and streamwise particle velocity components was around 0.6. The cross-correlation coeffi-
cients were symmetrical around the central region of the shear layer. Increased random flow
motion, gravitational effects on particle dispersion and particle centrifuging determined the
values at the central region and the gravitational influence may explain the lower value of
the cross-correlation coefficient between particle cross-stream velocity and concentration
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and the symmetry of the profiles. This finding was confirmed by appropriate quadrant anal-
ysis of the correlated measurements of velocity and concentration fluctuations.

(c) Discrete vortex calculations predicted fluid velocity frequency spectra with )5/3 decay, as
measured in the experiments. The simulated results calculated qualitatively the experimental
findings for particle mean and rms velocities. The calculated cross-correlation coefficients of
particle concentration and velocities were not symmetrical and had higher values than the ex-
periments at the low speed side of the shear layer. This is due to the effect of gravity on dis-
persion, which was not considered in the calculations, and confirmed the importance of
gravity on particle dispersion.

(d) LIDAR systems for measurements of atmospheric turbulence must include an additional
computation of the cross-correlation coefficient of scattered light intensity fluctuations (which
is a measure of concentration fluctuations of scatterers) and measured velocity fluctuations, in
order to assess potential bias in the velocity measurement due to preferential distribution of
the scatterers. The size of the probe volume of such systems should be assessed in terms of the
scale of the atmospheric turbulence or vortices of the wake of airplanes, in order to establish
the influence of the averaging process over the probe volume on the detected signal.
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