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ABSTRACT

The present study has developed a specialized Particle
Image Velocimetry (PIV) image processing technique which
can be applied to solid-liquid two-phase turbulent flows. The
main principle of the technique is to utilize a 2-D median fil-
ter to separate images of the two phases, thus eliminating the
errors induced by the distinct motion of the dispersed compo-
nent. The main influence of the median filter on the accuracy
of the displacement calculation is due to the filter width f.
This has been studied in the present research by using 6 groups
of different sized dispersed particles ranging from dj, = 45 ym
to 300 um in combination with tracer particles with an effec-
tive image size of d; ~ 15 ym. The results have shown that
the errors introduced by the filter are negligible, and mainly
arise from the regions of large velocity gradients which are
sensitive to the slight loss of information incurred by the pro-
cessing. The filter width f also affects the algorithm’s ability
to correctly separate and identify the dispersed phase particles
from the two-phase images. The number of correctly identi-
fied dispersed phase particles was found to increase with the
particle size, and decrease with the filter width. Above a criti-
cal size d) /d; = 5.0, the particle size had no significant influ-
ence on the number of particles identified, or the accuracy of
the displacement calculation. The results also indicated that
the optimal filter width required to balance the separation of
phases and the accuracy of calculation was f/d; ~ 2.5.

1. INTRODUCTION

Particle-laden turbulent flows cover a wide range of ap-
plications from pollution control and sediment transport, to
combustion processes and erosion effects in gas turbines. In
the last two decades, many improvements have been made in
measurement technology to advance the knowledge of physi-
cal mechanisms and dynamics of such flows. The most com-
monly used measurement techniques, such as Laser Doppler
Anemometry and Phase Doppler Anemometry, are single
point measurements which provide useful statistical infor-
mation of fluid velocity, particle velocity, particle size and

concentration. One limitation of single-point measurements,
however, is the difficulty associated with interpreting the data
into meaningful physical mechanisms which control the dy-
namics between the phases. Thus to reach a good understand-
ing of multi-phase flows, the microscale information of the
inter-phase dynamics and its structure relative to the carrier
fluid is essential.

In contrast to single point measurements, PIV represents
an instantaneous whole field technique which makes it pos-
sible to detect spatial flow structure and provide a direct in-
dication of the inter-phase coupling. One of the critical re-
quirements of PIV measurement is to calculate the displace-
ments of tracer particles by means of cross-correlation or auto-
correlation performed within an interrogation volume. For
multi-phase flows, however, the presence of the discrete par-
ticles will affect the PIV evaluation. Figure 1 shows a sample
two-phase image of a particle-laden channel flow seeded with
hollow silver-coated glass beads as PIV tracer particles (diam-
eter, dy = 15 um), and transparent glass beads as discrete parti-
cles (diameter, d;, = 300 um). The velocity field computed by
standard PIV techniques without any specialized treatment is
illustrated in Figure 2. Spurious vectors occur in the vicinity
of the discrete particles, due to the fact that there are signif-
icant differences between the motion of particles and carrier
fluid. In order to utilize PIV in the measurement of multi-
phase flows, standard PIV processing techniques need to be
modified to eliminate the interference effects caused by the
disparate motions of each phase.

In surveying recent literature, several examples can be
found where PIV has been applied to the simultaneous mea-
surement of both phases. For example, Sato, et al. (1995) used
two CCD cameras with optical filters combined with multi-
volume illumination to accurately detect discrete phase par-
ticulates relative to tracer particles in a water channel flow.
However, due to the correlation influence between the phases
as noted above, no carrier phase vectors could be detected
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Figure 1. Sample of a two-phase images.
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Figure 2. Vector field of carrier phase using standard PIV. Cir-
cles represent locations of dispersed phase particles. Note the
influence of the particles on the velocity field.

near the location of the discrete particles. Fluorescent par-
ticles (Fujiwara, 1998) have also been used to separate dis-
crete and tracer particle information in two-phase bubbly flow.
This technique, however, requires the use of two synchronized
cameras and a powerful laser to produce adequate fluorescent
images. Finally, bulk motion methods based on discriminat-
ing separate correlation peaks representing the discrete mo-
tion of both the dispersed phase and carrier fluid are being
developed (Westerweel, 1997). This technique promises to
be useful for high concentration flows of very fine particles
but, because the method is based upon the bulk average mo-
tion of the dispersed phase, the details of the interaction terms
may not be clear. The motivation for the present study, then
is to provide a reliable, single-camera technique that could re-
solve the local particle/fluid interaction within the flow. To
accomplish this goal, an image processing technique has been
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Figure 3. The sketch of experiment setup.

Particle diameter | image diameter | d)/d;
type (um) (pixels)

PIV tracer, d; 15 2 1
discrete, dp 53-45 3-4 1.5-2
discrete, dp 90-75 6-8 3-4
discrete, d) 106-90 8-10 4-5
discrete, dj 125-106 10-12 5-6
discrete, dp 212-180 13-15 6.5-7.5
discrete, dp 300 20 10

Table 1. Properties of particles used in the present study

developed to eliminate the dispersed phase influence for di-
lute solid-liquid flows, and applied to several experimental
test cases. The technique is based on the existence of image
pattern differences between the PIV tracer particles and the
discrete (dispersed) phase particles, and utilizes a 2-D median
filter to separate the two phases.

2. EXPERIMENTAL SETUP

The experimental test cases for the technique have all ex-
amined heavy particle sedimentation in the turbulent wake of
a cylinder. A vertical, recirculating water channel (Figure 3)
with a 100 mm by 100 mm square cross-section and a max-
imum velocity of 100 mm/s were used to conduct the tests.
The images were acquired 25 mm downstream of a 12 mm
diameter cylinder, at a Reynolds number of 840 based on the
cylinder diameter. The test section was illuminated by a high
speed pulsed Nd:YAG laser (A = 532nm) with a pulse inten-
sity of 15 mJ. The image area was approximately 24 mm X
24 mm, and recorded using a Kodak Megaplus ES1.0 camera
with a 200 mm lens (f# = 8) and a time separation of 3 ms
between image pairs. Hollow silver-coated glass spheres with
average diameter of 15 um, and a specific gravity around 1.5
were seeded as PIV tracer particles in the flow. Six groups of
different size transparent glass spheres with diameters rang-
ing from 45 um to 300 um were used as discrete particles.
The properties of the particles are listed in table 1.



3. THE IMAGE PROCESSING TECHNIQUE OF
PHASE SEPARATION

To eliminate the effect of two co-existent phases, a two-
dimensional median filter is employed to separate the larger
dispersed phase particle image from the carrier phase tracer
particle image. The carrier phase is then obtained by subtract-
ing the filtered image from the original two-phase image. In
order to reduce the errors introduced by the separation pro-
cess, the filter width must be selected to balance separation
efficiency and accuracy.

3.1 The principle of phase separation

A median filter is a nonlinear signal processing tech-
nique, that has been found effective in reducing random noise
and periodic interference patterns without severely degrad-
ing the signal (Huang, 1981). In PIV image processing, the
property of preserving sharp edges makes the filter useful be-
cause it allows more information about the original image to
be maintained. This is especially important in regions of high
shear, where the ratio of signal to noise is relatively low. For
a two-phase image with both small tracer particles and big
discrete particles, the small tracer particles can be regarded
as noise scattered over a uniform background. To remove the
small tracer particles, a median filter is performed by convolv-
ing a square two-dimensional filter window A, of width N x N
pixels, over all the pixels within the image. For each position
(iy, jo) of the window A, the filter sorts the gray level values
of region A into ascending order and then selects the median
value to replace pixel (ip, jo). This is stated mathematically
by equation (1):

X< o<xb<xN ) ea (1)

g
Y, = XF 2

iJ

where Y;, ; is the filtered value, X; ; is an element of the in-
put image, and the superscript k represents the median value
of the region. This implies the effect of the median filter is to
reduce the variance, and increase the ratio of signal to noise in
the image. The median value computed at one window posi-
tion is independent of the value computed at another window
position.

Provided the filter window size is small enough, the gray
level values of the pixels (i.e. image background) are nearly
homogeneous inside the window. Only a small portion of pix-
els (at the location of the tracer particles) in the window would
be “noise” pixels, which will generally have gray level val-
ues in the extreme rank position, and hence will be removed.
When the filter window moves over a discrete particle, the im-
age intensity is dominated by the pattern of the discrete par-
ticle, and the median value will reflect a value close to the
original. Thus after filtering, the small tracer particles are re-
moved, leaving only the discrete particles. The filter width is
a critical parameter to determine whether the two phases are
separated properly.

3.2 Evaluation of the discrete particles

After filtering, only discrete particles remain on the im-
age, and their motion is calculated using a correlation track-
ing method as shown in Figure 4. First, a reference particle

(b)
fr 1
/ N
! /
/
! 7 J —~
1 { ~ ? N
-
Y \

(©)

Figure 4. (a) Dispersed phase (filtered) image. (b) Image and
surface of reference particle. (c) The corresponding velocity
field.

is selected as a template and convoluted with the whole im-
age to identify discrete particles (Figure 4b). Since the dis-
crete particles have a form similar to the reference particle,
the peaks in the convolution correspond to center locations of
the individual dispersed particles. (see Figure 4c). A peak-
finding algorithm is then used to identify discrete particles,
and a cross-correlation tracking method is performed to cal-
culate the displacements between the discrete particle image
pairs.

3.3 Evaluation of the tracer particles

Once the displacement field of the dispersed phase has
been obtained, the motion of the carrier phase can be deter-
mined. This is accomplished using an extraction technique
which obtains a single-phase image of tracer particles, S j,
from the original two-phase image, T; j, by subtraction:

Sij = T;j — median(T; ;)  (i,j) € Z* A3)

where median(T; ;) is the two-dimensional median filtered
output of the original image, and Z is the domain of the image.

An example of the carrier phase image of tracer particles,
Si,j» is shown in Figure 5(a). The velocity field of the carrier
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Figure 5. a) Carrier phase image is created by subtracting fil-
tered image from the original. b) Standard PIV technique ap-
plied to carrier phase image to obtain the corresponding veloc-
ity field.

phase shown in Figure 5(b) is calculated through a standard
cross-correlation method applied to the tracer particle images.

3.4 The validation of the technique

(© (d)

Figure 6. (a) Two-phase image. (b) Carrier phase image ob-
tained with the filter width = 3.0. (c) Carrier phase image ob-
tained with the filter width = 5.0. (d) Carrier phase image ob-
tained with the filter width = 7.0. d}, = 300um, d; = 10um.

The median filter width will affect the information of
both phases extracted from a two-phase image. In turn, this
may influence the accurate calculation of the displacement
through residual “artifacts” left by the image separation pro-
cess. Figure 6 illustrates how the information content within
a carrier phase image changes with the filter width. For
small filter width, the discrete particle is completely removed,
whereas for increasing filter width, a residual image around
the periphery of the discrete particle remains. This results
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from an erosion of the particle by the larger filter, and hence
an incomplete removal when it is subtracted from the original
image. These slight changes may induce errors in the dis-
placement calculation of both phases. The goal of the present
work is to quantify these effects and assess the optimal filter
parameters to ensure accurate calculations.

In order to achieve these goals, the phase separation tech-
nique has been tested by using a series of artificial two-phase
images composed of two separate single phase images; one
which contains only PIV tracer particles, the other which con-
tains only discrete particles. The results of the composition
process are illustrated in Figure 7, which is obtained from
equation:

T;j=255< ((P,‘,j — Nyoise) > 0+S,',j) >0, (Y

where N,,is. is the average background noise of the dispersed
phase, and P; j is the image of the dispersed phase particles.
The velocity field of the carrier phase is then calculated in two
ways: 1) by applying standard PIV technique to the original
single phase image, and 2) by applying the separation tech-
nique to the artificial two-phase image and recalculating the
tracer particle displacements (see Figure 8). The errors in-
duced by the median filter are investigated by computing the
absolute and relative variance between the two displacement
fields in the direction of streamwise and spanwise coordinates
of the fluid motion. Filter widths of 3, 5, and 7 pixels are
tested for 6 different groups of discrete particle size. The av-
erage error is then calculated using

1 i=N j=M
Yerr = MN ; ]g A%y, = BXGij) origh — (5)
1 =NIEM | Ax,,.; i —Axi: o
Xerr/xo _ err(i,)),0f (i,j),orig 6)

MN :

i=1 j=1 U(i,j),orig

where M X N is the number of carrier fluid vectors in each

image. The total error is then calculated for 10 independent
image pairs for each case. This represents 23000 velocity
measurements for the carrier fluid and approximately 1200 to
1800 measurements for the particles depending on their size.
The results are shown in Figure 9, 10, and 11.

4. DISCUSSION

The accuracy of displacements for both phases calcu-
lated from the separated images is influenced by the median
filter width and the discrete particle size. In the following,
Section 4.1 discusses the effect of these parameters on the
tracer particle motion, followed by a similar discussion for
the discrete particles in Section 4.2.

4.1 The influence of median filter width on the veloc-
ity fields

The effect of the filter width and discrete particle size on
the calculation of the tracer particle displacement is shown for
a specific example in Figure 8, and the average error results
are shown in Figure 9. The main conclusion to be drawn from
these results is that the filtering process produces a negligible
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Figure 7. (a) Discrete particles extracted from a real two-
phase image. (b) A real tracer phase image. (c) The artificial
image reconstructed by adding (a) to (b)

(a)Single phase . (b) Composite image 7 ¢
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Figure 8. The errors induced by a median filter with filter
width = 5.
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Figure 9. Absolute and relative displacement variance of car-
rier phase. (a) absolute streamwise. (b) absolute spanwise. (c)
relative streamwise. (d) relative spanwise. +, filter width = 3;
*, filter width = 5; o, filter width = 7.

error in the carrier phase displacement. From the average re-
sults in Figure 9, it is observed that the absolute value of the
error is less than 0.01 pixels for the optimal filter. Normalized
with respect to the actual displacement, this corresponds to an
error of around 1% for the flow speeds and timings used in the
current experiment. It can also be seen that the errors are very
small for the majority of the flow map (Figure 8c), and siz-
able errors only occur in limited regions not associated with
a discrete particle. Upon further examination, these regions
are more closely correlated to areas of large gradients. High
shear regions typically have low signal to noise ratios which
produce poorly resolved correlation peaks. When the filtering
process is applied, it removes a small amount of correlation
information, and hence makes the area more susceptible to
errors.

The optimum filter width for the separation process is
observed to consistently be a 5 pixel window, which corre-
sponds to a nondimensional size of f/d; ~ 2.5. Filter widths
smaller than this value decrease the correlation peak through
the removal of some of the larger tracer particles, while larger
filter sizes leave residual “artifacts” of the discrete particles as
shown in Figure 8. In general, there is also a slight increase in
the error as the size of the discrete particles is increased. This
may be due to the increased area of the “voids” left in the
single phase image after the discrete particles are removed,
which decreases the number of tracer particles available to
construct the proper correlation near the boundary of the par-
ticles.



IS
1.2 ~ 1.0
"
— °
K 1.0 + o+t S o8f *
g X ok X 5 *
o 0.8 a
‘f:j L4000 4 o 0.6 ©
o + ¥ @
a 0.6 ¥ * b
3 G 0.4
< 0.4 hel §¥
< o0 e +
3 02 5 02 o6 o
= X X *
0.0 ot 8 0.0l F
0 2 4 6 8 10 12 £ 0 2 4 6 8 10 12
d,/d, dy/d
(@) (b)

Figure 10. (a) The correctly identified number of particles ver-
sus the different size of particles. (b) Incorrectly identified par-
ticles versus the different size of particles. +, filter width = 3; *,
filter width = 5; ¢, filter width = 7.
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Figure 11. Absolute and relative displacement variance of dis-
persed phase. a) absolute streamwise. b) absolute spanwise.
c) relative streamwise d) relative spanwise. +, filter width = 3;
*, filter width = 5; o, filter width = 7.

4.2 The influence of filter and particle size on dis-
crete phase displacement

The effect of filter width and discrete particle size on the
accurate identification of the discrete particles is shown in Fig-
ure 10. The results indicate that the smaller filter widths do a
better job of separating the phases, and that above a critical
discrete particle size of dj,/d; > 5, little change is observed
in the number of particles correctly identified. This is consis-
tent with the fact that the image size of the dispersed phase
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particles will vary depending on whether they happen to be in
the center of the light sheet or near the dimmer edge of the
sheet. The greater the separation in size between the filter and
the particles (large dj,/d;, small f/d;), then a greater num-
ber of the discrete particles will be retained by the separation
process.

The effect of the filter width on the displacement of the
discrete particles is shown in Figure 11. The error for these
displacements is about an order of magnitude larger than those
for the tracer particle calculation. Thus the average absolute
error is about 0.1 pixel, and the relative error is on the order
of 10% (note that the relative error will depend on the timing
and flow conditions of the experiment). Considering that the
typical uncertainty of a subpixel interpolation estimate is on
the order of 0.1 pixel, this does not represent a major increase
in the particle’s calculated displacement. The optimal filter
width is again the intermediate value of f/d; & 2.5, but there
is no strong trend with the various discrete particle sizes.

5. CONCLUSIONS

The above discussion indicates that the median filter
width should be selected to optimize the minimum error in-
curred on both the carrier phase displacement and to maxi-
mize the correct identification of the dispersed phase particles.
The optimal value is given by a filter width of f/d; > 2, and
discrete phase particles should then be larger than dp/d. >
4. These conditions give average displacement errors in the
tracer flow field of on the order of 0.01 pixels, but the errors
are primarily caused by a small number of vectors which are
modified in the region of large shear. The displacement errors
of the dispersed phase particles will be larger, and are typi-
cally on the order of 0.1 pixels. These conditions will also
ensure that almost 90% of the dispersed phase particles are
correctly identified.
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