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Abstract

To accurately model the motion of a solid particle in a turbulent air flow, characteristics of the fluid
turbulence in the particle-Lagrangian reference frame must be known. This paper describes a quasi-nu-
merical technique that uses a laser Doppler anemometer (LDA) probe mounted on a two-dimensional
traverse to track the path of an emulated particle through a turbulent backward-facing step flow. Fluid
velocity measurements (from the LDA) are inputs to a control loop that accelerates the LDA probe as if it
were a particle allowing for particle-Lagrangian fluid statistics to be measured. Particles with time constants
from 0.1 to 10 s were run through a backward-facing step flow with Reynolds number 10,000 based on step
height and inlet velocity. Digital particle image velocimetry (DPIV) was used to estimate the fluid vorticity
along the particle path. The results show that the particle behavior is a strong function of particle path.
Particles entering the shear layer see a larger range of turbulence and therefore are more affected by the flow
than those that stay outside the shear layer. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Dilute particle-laden flows occur throughout industry and in nature. From volcanic eruptions
to combustion, the motion of a dilute second phase is dictated by both the weight of the particle
and by the turbulence encountered by the particle along its path. The fact that the turbulence
viewed by the particle is a function of the particle itself, further complicates modeling. Modeling
began with the work of Tchen (1947), who presented a transport equation for a particle moving in
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a fluid. This equation has seen a number of modifications, with its most recent form being pre-
sented by Maxey and Riley (1983). The difficulty with these transport equations is that they re-
quire the knowledge of the fluid turbulence along the path of the particle. Yudine (1959) noted
that gravitational drift would affect this path by pulling particles through turbulent neighbor-
hoods, reducing the effect of the turbulence on the particle motion (“‘crossing trajectories’ effect).
Snyder and Lumley (1971) demonstrated this through measuring the particle velocity autocor-
relation for a number of different particles in a near-isotropic turbulent airflow, although they
were unable to measure the fluid statistics in the reference frame of the moving particle.

Since the particle weight and ability of the particle to respond to the fluid velocity fluctuations
(as measured by the particle response time or time constant) dictate this path, modelers must
develop a method of mapping the turbulence into the moving reference frame of the particle
(particle-Lagrangian). Current modelers have taken two different approaches: continuum mod-
eling and particle tracking. Continuum models (e.g., Simonin et al., 1993) model the particle phase
as a rarified gas. Particle-tracking algorithms (e.g., Berlemont et al., 1990) estimate local fluid
velocities from the modeled turbulence energies and then move individual particles through the
simulated flow field. Each approach has advantages and disadvantages, but both are hindered by
a lack of experimental data for verification. Direct numerical simulations (for example, Squires
and Eaton, 1991a,b; Elghobashi and Truesdell, 1992; Coppen et al., 1999) have the advantage that
they can give almost all the information about the flow desired. The disadvantage is that the
turbulence is rather simple (isotropic turbulence) and/or low Reynolds number (as is the case with
the channel flow simulations of Rouson et al., 1997). Although the library of experimental data
has rapidly increased in the past few decades (for example, Wells and Stock, 1983; Ruck and
Makiola, 1988; Rogers and Eaton, 1990; Longmire and Eaton, 1992; Kiger and Lasheras, 1997),
most of the experimental work can only measure properties or the fluid and the particle phases
from a stationary Eulerian frame. Since particles will not sample all of the turbulence uniformly,
the average fluid turbulence statistics measured in the Eulerian reference frame will differ sub-
stantially from those measured in the particle-Lagrangian one. The particles do not uniformly
sample the turbulence because the turbulence can dictate their path. Areas of high vorticity can
throw particles into regions of high strain, preferentially concentrating the particles (Eaton and
Fessler, 1994). Coppen et al. (2001) has shown that this behavior falls over a large range of
particles: from particles with response times on the order of one-tenth the fluid time scales to ten
times the fluid time scales. Thus preferentially concentrated particles will tend to see a turbulence
with lower vorticity than measurements taken at an Eulerian point.

In order to better understand how to make this transformation from the Eulerian to particle-
Lagrangian reference frames, we developed an experimental technique that combines both nu-
merical and experimental techniques to make measurements in the particle-Lagrangian reference
frame. The idea is to actively move a two-component laser Doppler anemometer (LDA) along the
path of a particle through a water flow. The LDA takes a single measurement of the flow, a
computer calculates the local acceleration of a particle of given mass and response time if it were
at that location in the flow and then accelerates the LDA at that rate. Therefore the LDA
measuring volume will move through the flow, as though it were a particle. This technique,
dubbed quasi-numerical simulation (QNS), is therefore essentially a numerical simulation with the
water flow acting as a Navier—Stokes solver. The QNS was initially developed for a channel flow
(Ainley et al., 1997), and this paper looks at particle motions in a backward-facing step. We
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choose a backward-facing step flow because it can be simulated (Le et al., 1997) and has been
exhaustively studied experimentally (e.g., Armaly et al., 1983; Ruck and Makiola, 1988). It has
the advantage over the channel flow in that it gives some insight into particle motions in an
inhomogeneous flow field.

For the QNS method to work, we have to assume that the particles do not affect the fluid phase,
since there is no real particle in our flow. Further, to simplify the hardware, we constrain the
emulated particle to move in two dimensions. Finally, to simplify the transport equation, we also
assume that the emulated particle density is substantially higher than the density of the carrier
fluid and that the gravitational drift of the particle is small so that we can use a simple linear
Stokes drag law

dar, 1
PN OB 1)
where U; is the local Eulerian fluid velocity and V;, is the local Eulerian particle velocity, (t, is the
particle response time or time constant, and g is the gravitational acceleration). The experiment
itself, however, uses water to simulate the air turbulence since the time scales are substantially
slower than the corresponding ones in air. If the flow is isothermal, the turbulence should be the
same in the two flows for identical Reynolds numbers. The experiment is further limited to
particle motion in two dimensions.

2. Experimental setup

A backward-facing step flow was used in this experiment to further the investigation of par-
ticle-turbulence interaction. Previously, particle data were taken in a fully developed, turbulent
channel flow and dispersion was found to increase with decreasing Stokes number (Ainley, 1997).
With the backward-facing step channel, shear layer interaction can be investigated and compared
to channel data.

Our system is composed of two distinct setups: the hardware that creates the backward-facing
step flow and the hardware that controls the motion of the simulated particle (the LDA measuring
volume). Fig. 1 shows a schematic of the backward-facing step and the traverse system. The LDA
is mounted on a two-degree of freedom traverse that is capable of accelerating the probe at rates
much higher than the fluid fluctuations in the turbulence. The recirculating water flows in a
combination of Plexiglass and PVC piping. The test section itself is 5 cm high (one step height)
and 15 cm wide (three step heights) upstream of the step and 10 cm by 15 cm downstream of the
step. The 15 cm width was limited by the focal length of the LDA system. The LDA focal length,
in turn, was dictated by the measuring volume size (0.4 mm), which had to be smaller than the
fluid Kolmogorov length scale. Since this width is on the same order as the height, our step is not a
purely two-dimensional flow. Finally, the channel was 48 step heights long (36 step heights after
the step). The water is pushed through the test section with a 1.5 hp submersible motor with a 6 in.
propeller. The fluid velocity measurements were taken with a TSI fiber probe system using an IFA
750 Burst Analyzer. The motion of the LDA was controlled by two Parker amplifiers and
brushless DC servo motors with encoder feedback. These amplifiers were fed a velocity from the
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Fig. 1. Schematic of the test apparatus: water flows from right to left.

control computer based on the readings of the LDA. The LDA readings were fed into the control
computer, which in turn, controlled the traverse acceleration.

The control code in the computer was designed for constant emulated-particle acceleration
(LDA moves at constant acceleration). Since the traverse speed responds linearly to the input
voltage, constant acceleration is achieved by updating the traverse velocity at 10 kHz. The desired
acceleration is updated from the velocity measurements taken with the LDA. The speed of this
loop is limited by the LDA data rate, but must happen faster than twice the Kolmogorov time
scale to resolve all turbulent scales. In this particular flow, the Kolmogorov time scale is on the
order of 5-20 ms (estimated through particle-image velocimetry (PIV) images and energy spectra
data) and the largest time between data points is on the order of 5 ms, satisfying this constraint. In
essence, we are performing a first-order forward difference approximation to the motion of the
particle (traverse). We have tried some second-order schemes but all predictor—corrector schemes
are hampered by the fact that we cannot get the fluid relative velocity at the next time step without
moving the traverse and we cannot correct the traverse speed based on that new reading.

Finally, in order to estimate the local vorticity along the path of the particle, we mounted a
moving PIV setup on the traverse as well. Using a red laser sheet to illuminate small seed in the
water flow, we can optically filter the PIV information from the LDA information and get both
fluid velocity and vorticity measurements. To do this, we used a color-separating dichroic filter at
a 45 degree angle that reflects wavelengths above 600 nm and transmits wavelengths below. Since
the lasers from the LDA are at 514 and 488 nm, they are transmitted through the filter. The laser
sheet is at 670 nm and is therefore reflected off the filter to the camera. Hence the camera saw only
light reflected from the laser sheet and not the LDA. The digital particle image velocimetry
(DPIV) system (modeled after Willert and Gharib, 1991) consisted of a Lasiris 670 nm, 750 mW
line generating diode laser and a Kodak ES 1 with a 1k x 1k resolution (30 frames a second). By
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Fig. 2. Velocity feedback (LDA) and vorticity measurement (PIV) on the traverse.

pulsing the laser sheet for 5 ms, we could effectively freeze the flow and thereby get accurate fluid
measurements. Fig. 2 shows the complete setup on the LDA and PIV systems on the traverse.

A 2% uncertainty for particle emulation was estimated based on traverse and LDA uncer-
tainties. For the traverse system to accurately behave as a particle, it must respond to fluid
fluctuations faster than the Kolmogorov time scale. To test the ability of the traverse to respond
to sudden changes of the flow, we measured its response to a step input. Fig. 3 shows the traverse
response time to be 5 ms. We can further test the overall setup by giving the traverse a sample
voltage train and using the LDA to measure the traverse speed by measuring the speed of sta-
tionary water in the test section. Fig. 4 shows measured traverse velocities compared to desired
velocity. An error less than 1% was found for both axes. The combined LDA uncertainty from the
11-bit A/D converter, the shift frequency and filter settings was less than 2% (Ainley, 1997).

The overall DPIV uncertainty was found to be 5% based on correlation correction and pro-
cessing error. Spurious correlation points accounted for 7% of all vectors and were fixed by
manually finding secondary correlation peaks or averaging the vector with its neighbors. We used
a central difference algorithm to calculate local vorticity (McAndrew, 1998).

The experimental facility does have numerous limitations. First, the motion of the probe is
limited to two dimensions. Adding a third component of velocity, while not computationally
intensive, is experimentally difficult in that the three measuring volumes must remain coincident
while the traverse is moving. This is easy to do in two dimensions but almost impossible in three
(because of the change in index of refraction of the water and any curvature in the test section
walls). Therefore we are really simulating a particle constrained to move in two dimensions while
traveling through three-dimensional turbulence. Results from numerical simulations have shown
(Ainley, 1997) that the particle behavior is not substantially different as long as there is little
gradient in the fluid shear across this constrained plane — for instance, in the centerline of a
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Fig. 4. Comparison of desired and measured traverse speed showing the ability of the traverse to follow the track.

channel. Second, in order to keep a small measuring volume, we have a step with a lower aspect
ratio test section than desired. This geometrical constraint adds some three-dimensional effects to
the fluid motion. Finally, since each run gives only a single measurement at a spatial location in
the flow, to obtain statistically accurate data is time consuming, limiting the size of the measurable
parameter space. The data presented were averages of 100 runs (or emulated particles).

The water flow (Reynolds number based on step height of 10,000) in the test section is indi-
cative of most step flows. The inlet channel profile is within 5% of plug flow and the exit flow is
fully developed. The reattachment point is seven step heights downstream of the step. Fig. 5(a)
shows mean streamwise velocity distribution at 13 spatial locations in the test section, with a
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Fig. 5. (a) Mean Eulerian fluid velocity profiles at 13 downstream locations (centerline maximum at 0.2 m/s upstream
of the step and 0.1 m/s downstream). (b) Fluid Eulerian turbulence intensity profiles at 13 downstream locations (peak
intensities are 25% for the streamwise direction and 18% for the streamnormal direction).

maximum speed of 0.2 m/s upstream of the step and 0.1 m/s downstream. The dashed lines on the
figure are lines of zero velocity for comparison. The turbulence intensity (the ratio of the rms
velocity to the average inlet velocity) had a streamwise maximum of 25% (13% average) and a
streamnormal maximum intensity of 18% (10% average) and is shown in Fig. 5(b). Both maxima
occur in the shear layer behind the step. One can see the presence of the characteristic shear layer,
reattachment point, and recirculating regions from these plots.

Three regions of turbulence characterized the channel: the free stream, the shear layer, and the
recirculating region. The free stream turbulence has an integral time scale (7'), calculated by the
area under the fluid velocity autocorrelation, of 0.1 s upstream of the step and 0.2 s after reat-
tachment. The non-dimensional time is defined as
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T(]inlet

7 (2)
(again H is the step height) and has the value of 0.4 upstream of the step and 0.8 downstream of
reattachment. The shear layer, or the region between the free stream and the recirculation region,
has an integral time scale of 0.07 s (7 = 0.28) while in the recirculation region, it is similar to the
flow after reattachment at 0.2 s or 7 = 0.8. The shear layer has a much smaller integral time scale
because it is the region where the fluid is mixing between the free stream and the recirculation
region. The minimum Kolmogorov time scale was estimated to be 5 ms from PIV images and
energy spectra data. These estimates were made from the PIV images using a central differencing
scheme to estimate the dissipation. From this, one can estimate the Kolmogorov time scale.

T =

3. Results

Given the inhomogeneity of the flow, the data from the backward-facing step flow are inher-
ently more confusing than homogeneous channel flow. The shear layer and recirculation region
split the channel into regions where the particle behaves differently and must be accounted for in
data reduction. That is, an emulated particle that remains in the recirculation region throughout
its run will have seen different turbulence from a particle that crossed the shear layer while a
particle that remains in the free stream will behave more closely to a particle in a homogeneous
turbulent channel flow. Simple homogeneous flow was investigated by Ainley (1997). This article
looks at bulk behaviors in inhomogeneous turbulence. Detailed measurement in both channels
will be the next undertaking.

Once the flow behavior in the test section was established, the next step was to take mea-
surements along the path of the emulated particle. Fig. 6 shows two sample comparisons of the
particle and surrounding fluid velocities. Fig. 6(a) is a sluggish particle and Fig. 6(b) shows a
particle with a response time on the order of the fluid time scale. Typically, one would compare
the fluid to particle time scales through the Stokes number (the ratio of the two), but since the
turbulence scales change along the path of the particle as it goes in and out of the shear layer, we
choose to cite only the particle response time. All measurements had the emulated particle starting
1.4 step heights upstream of the step and in the middle of the channel. Note that the particle in
Fig. 6(a) reacts to little of the fluid fluctuation whereas the one in Fig. 6(b) follows all but the
highest frequency fluctuation. Both of these particles stayed in the freestream flow, never entering
the recirculating region or the shear layer. This is more apparent in the average particle
streamnormal velocity fluctuation (Fig. 7). Smaller particles are more affected by the turbulence
and therefore have a higher fluctuating velocity component.

The turbulence in the backward-facing step was maintained at a constant Reynolds number
during all experiments, so average fluid fluctuating velocities should yield similar results irre-
spective of the particle time constant if the particles are randomly sampling the surrounding
turbulence. Fig. 8 shows the measured fluid fluctuations in the streamnormal direction versus
distance downstream. Again, these are only the subset of particles which were started 1.4 step
heights upstream of the step and stayed in the free stream of the channel throughout their runs.
Note that all the particles do not see the same fluid turbulence. Heavier particles are seeing a
higher amount of fluid fluctuation. This is because they are less likely to follow the fluid motions
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Fig. 6. (a) Particle and fluid velocity (t, = 1 s). (b) Particle and fluid velocity (7, = 200 ms).

as quickly as their smaller time constant counterparts. Therefore in vortical regions, these par-
ticles will have a larger instantaneous slip velocity, leading to a higher perceived fluid turbulence.
Further, smaller time constant particles will tend to preferentially concentrate in the regions of
lower vorticity and therefore not see the greater fluid fluctuations. Fig. 9 shows an example fluid
velocity autocorrelation along the path of the emulated particle. One can see both the continuity
effect and the non-isotropy of the shear layer clearly.

Since we simulate the particle motion, we can look at particle trajectories. Fig. 10 shows one
sample trajectory as the emulated particle (LDA measuring volume) gets flung out of the recir-
culation region. Particle dispersion or mean-square displacement was calculated for varying
particle time constants. For a particle in the backward-facing step, the fluid characteristics change
depending on the location of the particle in the channel geometry. When a particle remains in the
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Fig. 8. Average fluid turbulence along the particle path.

freestream, the channel turbulence does not vary as much as a particle moving through the shear
layer. By starting emulated particles at the same upstream location and examining only those that
remain in the free stream throughout their run, dispersion data has similar trends to homogeneous
turbulence but has the inhomogeneity of the expansion.

Fig. 11 shows the expected trend of particle dispersion increasing with decreasing particle time
constant. Particle trajectories that entered the shear layer had substantially different mean square
displacements that varied depending on when the particle entered and exited the shear layer. This
is clearly seen in Fig. 12 that shows particle dispersion data for a 100 ms particle originating in the
recirculation region (three step heights downstream of the step and 0.5 step heights from the



D. McAndrew et al. | International Journal of Multiphase Flow 27 (2001) 1517-1532 1527

1

Streamwise —+—

Streamnormal ——
0.8
0.6
o, 04
0.2
0
-0.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time (sec)

Fig. 9. Sample fluid velocity autocorrelation in the shear layer.

0.5

y/H
o

-0.5

-4 -2 0 2 4 6 8 10
x/H

Fig. 10. Sample particle trajectory in the shear layer.

bottom) compared to free stream particle dispersion. Particles that remained in the recirculation
region dispersed 25% more than free stream particles. Dispersion increased with the number of
shear layer crossings. Particles that left the recirculation region dispersed 50% more than particles
that remained in the free stream throughout their run. The data are plotted versus time because
the particles are not transported similar lengths downstream. Note that there were no particles
that crossed the shear layer more than twice. One can add full numerical simulations to gain more
insight on the effects of fluid structures (Coppen et al., 2001).
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Further, one can examine the range of particle velocities at a given spatial location in the flow.
Fig. 13 shows the distribution of particle velocities (normalized by the number of occurrences of
the most common velocity) at three spatial locations in the flow for two different particle sizes.
Fig. 13(a) shows the distribution for the 100 ms particles upstream of the step, in the recirculation
region, and downstream of the step. These distributions were found by extracting all of the
particle velocities that were measured in a box two step heights long (2H) and half a step height
tall (0.5H). One can see that the particle distribution in the recirculation region is much larger
than outside, where their velocity distributions are roughly equal. The measurements for inside
the recirculation region were for particles moving in a box 0.5H x 0.5H. This is most likely a
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Fig. 13. (a) Normalized particle velocity pdf at three spatial locations in the flow (z, = 100 ms). (b) Normalized particle
velocity pdf at two spatial locations in the flow (7, = 500 ms).

result of the varying velocity histories of the different particles. Also note the increase in the
variation in particle velocities in the recirculation region. As one would expect, the variance in the
particle velocity decreases for the larger time constant particles (Fig. 13(b)) since the particles are
losing their ability to respond to fluid fluctuations. We were unable to make a similar measure-
ment in the recirculation region as the heavy particles would either move toward the walls or
bounce out of the region.

Finally, one can also look at the vorticity along the path of the particle to correlate fluid
structures to particle motions. The local fluid vorticity measurements were estimated from DPIV
data taken during the motion of the traverse. The uncertainty in these measurements is rather
large due to the limited laser power of the light sheet. Further, we can only measure one
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Fig. 14. Measured streamnormal vorticity along the path of a particle for different particle time constants.

component of vorticity and therefore are seeing only a part of the picture. Fig. 14 shows the range
of fluid vorticity seen by different particles. The results show the particles taking a path of least
vorticity. That is, the largest time constant particles are getting flung out of the vortical regions,
preferring to stay in the straining regions. The lighter particles are thrown less, and therefore
sample more of the vorticity of the surrounding flow. This has been seen in previous simulations
as well. One can then try to correlate the local particle acceleration with the local fluid vorticity,
but the limitations of only one component of vorticity and the large uncertainty in the mea-
surements reduce the effects of any trends. The only apparent trend shows that lighter particles are
subject to larger accelerations and higher vorticity.

4. Conclusion

The presented quasi-numerical investigation of a particle-laden flow has been shown to be a
useful technique; it examines a larger range of turbulent scales than full numerical simulation
while providing data in the particle-Lagrangian reference frame, currently impossible with ex-
perimental work. Previous work was conducted (1997) to study homogeneous flow in a turbulent
channel. In this article, average fluid and particle statistics, including local fluid vorticity, were
shown for a single Reynolds number flow in a backward-facing step. The greatest difficulty in
modeling the measured results is in deciding how to take into account the motion of the particles
in and out of the shear layer. Interaction with the shear layer increases the range of turbulence
seen by the particle and therefore the fluid will have more of an effect on the particle motion than
on the particle that never entered the shear layer. Future work will be aimed at making condi-
tionally averaged measurements of fluid and particle velocities, looking only at particles that pass
through various sections of the shear layer. Additionally, results will be compared to LES results
and more channel data will be added.
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