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Abstract

 With a concise review on some basic and novel algorithms and methods for the techniques of particle-imaging velocimetry  (PIV). 
the paper reports an application of the  PTV techniques to the investigation of particle motion in a gas—solid two-phase spiral flow in 
a horizontal tube. Axial velocities of the transported particles are obtained. Some important features of particle motion governing 
high transportation efficiency of the spiral flow are revealed by investigating probability density  distribution of particle  locations in  a 

pipe cross-section.
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1. Introduction

  Particle-imaging  velocimetry  (PIV in acronym) has 
been rapidly developed and used to measure instanta-
neous velocity vector fields from slow flows to super-
sonic  .flows during the past 10 years [1-3].  In contrast to 
other methods for one-point measurements such as the 
Pitot tube, the hot wire anemometer and the laser 
Doppler  velocimeter, PIV can carry out two-dimen-
sional and three-dimensional instantaneous velocity 
measurement. Physical information such as pressure 
field and vorticity field can be extracted based on the 
velocity vector map obtained from  PIV. A survey paper 
of particle velocimetry confirms that  PIV has been 
rapidly advanced in its  fundamentals and applications 
to  multiphase flows, thermal flows, turbulence struc-
tures, etc.  [41, The  VW techniques  are  applied to the 
investigation of particle motion in pneumatic  trans-
portation in the present study.

  Pneumatic transportation of solid particles is widely 
used in many types of industrial pipelines. It has been 
found that an improved method using a spiral-flow-

generating  nozzle can decrease the  power consumption 
and increase the distance of soil transportation in a 
sewage pipe installation system.  The higher efficiency of 
the transportation system has been obtained with the 
spiral-flow method. The reason of the efficiency im-

provement is considered to be due to a reduction of 
 particle—pipe friction. Therefore, the probability distri-

bution of the particle locations and the particle velocities 
are measured and analyzed by applying the  PIV together 
with image processing techniques. In this  paper, some 
useful results obtained from the PIV measurement of the 

 gas—solid two-phase spiral  pow are reported  alongside a 
concise review of the techniques of  NV,

2. Current  PIV techniques

  In previous papers, the method acquiring velocities at 

grid points using high-density  distribution patterns of 
particle images is referred to as  .PIV, and the method using 
each particle tracking for low particle number density is 
usually referred to as particle tracking velocimetry (PTV



in acronym). In this paper, PIV is used as a  general term 
for velocimetry using particle images. When particles 
have a good behavior of traceability to a fluid flow, the 

particle velocities usually represent the local fluid 
velocities. If the particles do not follow the flow, the 

particle velocities do not represent the local fluid 
velocities. For instance, gas flows faster than solid  parti-
cles in the spiral  gas-solid two-phase flow that we discuss 
in this paper. This difference of velocities between fluid 
and particles makes all the PIV techniques, especially 
their algorithms, not always applicable to an investiga-
tion into the motion of particles, drops and bubbles in a 
multiphase flow system. The  PIV techniques are concisely 
reviewed before introducing the PIV measurement of 

particle motion in the present spiral gas--solid two-phase 
flow, although the gas velocity is not measured. 

  The authors classify the current types of PIV tech-
niques according to principles of flow velocity calcula-
tion based on the image processing. Under this 
viewpoint, principles and features of some current PIV 
techniques are listed in Table 1. 

 The algorithm of particle brightness-distribution 

pattern tracking shown in Table  1 is the most popular 
method. Correct pairs of elements of particle clouds are 
obtained in two consecutive frames based on the  simi-
larity of image brightness distribution patterns in the two 
frames by calculating the values of cross-correlation  co-
efficients defined by Eqs. (1) or (2) [1]. The similarity of 
image-brightness distribution patterns may also be 
evaluated by the method of the minimum quadratic dif-
ference defined by Eq. (3) [9] or by the method of  sum-
mation of absolute value of brightness differences defined 
by Eq. (4) [10]. In these  equations,  f  j and  gif are digital 

gray values of the pixels in overlapping interrogation 
windows of size  AI  x  N pixels which consist of elements of 

particle clouds in two consecutive frames, whereas I and 
k arc the mean values of brightness in the interrogation 
windows. When the maximum  value of  Ch or the min-
imum value of  A  fg or  Bfg are found for a pair of the two 
interrogation windows, the pair is considered to be 

 identified. The velocity of the particle clouds is computed 
by using the displacement of the cloud center and the 
time interval  At between the two  frames.
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Another kind of technique employs the algorithm of 
particle distribution pattern tracking. Each particle 
motion is tracked and the particle velocity is calculated 
from the displacement of the particle  center between the 
two  consecutive frames  [11,12]. This is called binary 
image cross-correlation method  (BICC), using the bin-
arized images of two consecutive frames for a high-
speed calculation. The computation of the value of 
cross-correlation given by Eq. (1) can be simplified as 
the following equation after a mathematical discussion 
[13]: 

Cfg (5) 

where  L is the summation of logical products of the 
image brightness  .binarized with the value of I or  0 at 
each pixel in two overlapping interrogation windows 
for two consecutive frames, whereas in and n are 
numbers of bright pixels in the first and second win-
dows, respectively. The computation time of Eq. (5) is 
much shorter than that of Eq. (1) or (2). Therefore, the 
method of  BICC is able to achieve a real time mea-
surement of the flow velocity field. The method is, 
however, limited to the case of low number density of 
particles. 
  Another method of particle distribution pattern 
tracking is a so-called Delaunay tessellation technique 
[14] which also uses two consecutive  binarized images. 
The similarity of the two  Delaunay triangles consisting 
of three centroids of particle images in each of the two 
pictures instead of the interrogation windows is evalu-
ated by the following equation:

     Area(TR  1  n  TR2)   (6) 

 VArea(TR  )  -  Area  (TR2) 
where  Area(TRI  i1 TR2) stands for overlapping area of 
triangles  TR1 and  TR2, Area  (TM) is the area of 
triangle  TR.1 and  Area(TR2) is that of triangle TR2. 
This technique  has a much higher performance speed 
than the method of BICC, and can obtain information 
of fluid rotation together with  translation velocity. 
Spurious vectors, which appear in the pattern tracking 
methods,  can  also  be more effectively decreased by the 
technique of the  .Delaunay triangle.  However,  compu-
tation work by this method will be extremely large 
when extended to measurement of three-dimensional 
flow. 
  The last kind of method listed in Table I is based on 
particle trajectory tracking, frequently called PTV  [17-- 
20]. The principle of the trajectory tracking algorithm is 
based on an evaluation of the smoothness of particle 
trajectory. A method for evaluating the smoothness 

 employs the change in direction of particle trajectory in 
two consecutive frames [17]. The second method evalu-
ates the deviation of combined changes in particle dis-
placement and direction in four consecutive frames  [I  8] 
and is named  4-PTV in this paper. Then there is the 
third algorithm that  evaluates the changes in accelera-
tion based on four consecutive frames [19]. When the
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pairs and particle velocities. The original images were 
recorded by a high-speed camera with  640x  480 pixels 
(NAC  .HSV-1000).

3.3. Axial  velocities  of particles

  Averaged axial velocities of particles are  an im-
portant parameter for the present flow in the pipeline. 
Based on the measured particle-averaged axial velocity 
and the particle number flow rate, the particle number 
density in the pipe  can  be estimated. In other cases, 
the averaged axial velocity and the particle number 
density are measured, finally calculating the particle 
flow rate. 

  When the particle number density is low enough,  2-
PTV was used [20]. In our measurements, a  CCD cam-
era with shutter speed 500 frames per second was used 
for stereoscopic imaging of a particle. The averaged 
axial velocity of particles is given by the following 
equation: 

   1 Ax,                          (8) 
'rt At 

where  Ax, is the axial displacement of a  particle i at a 
time interval  At =  1/500 s, and n is the total particle 

 number in chosen frames. 
  Measured axial velocities of particles  are shown in 

Figs.  5-7 for nozzles of  r.4= 30°, 60° and 90°, respec-
tively, in order to observe the effect of slit angle of the 
nozzle. In the measurement section at  x/D  --- 20, the 
averaged particle velocity of  Up — 7.3  m/s for the nozzle 
of  cz 30° is about 15%  higher than that of  a 6.3  mis 

 for the nozzle  rx=,  0° and  ixr,  =  6.4  mis for the nozzle 
 y.= 90°. This means the former makes larger accelera-

tion. In the section of  x/D  = 200, however, the detected 
particle-averaged  axial velocities of  a, 12.8 m/s for 
the nozzle of  =  30° is  about 2.4% higher than that for 
the nozzle of  g  0° and 5% higher than that for the 

 nozzle of g..'= 90°. This result implies that the air spiral

flow from the nozzle of  ct,--, 30° makes slightly larger 
particle-averaged axial velocity. About 100 frames are 
used to get the particle samples of n .-..-  120 in the  sta-
tistical calculation. The particle-averaged velocity is not 
changed when  more frames are used. 

  Measurement for the case of an increased particle 
load needs in addition an algorithm  for the particle 
identification. The 4-PTV  [18] is a possible method  for-
this purpose. The 4-PTV demands longer axial length of 
the measurement region for four-frame tracking instead 
of two-frame tracking. Referring to Fig. 8, calculation 
of particle pair identification is carried out by the fol-
lowing equations: 

         0_2  a, = --2-+ay,.  d
/2„,, (9) 

where: 

dm .=---' — (di- 4-dk-I-do):Om,.2                     ,(0ik  +  Oil), (10)  .1

a
 3            72 
   kaiatnI ajk!di.;f  dm I2)" (11)

 11  rio  =  V  —2  (IOR  0,r2+  10ji  12) (12) 
As shown in Fig. 8,  Xi,  Xk and  xi are regarded as the 
coordinates of the same particle in  four consecutive 
frames when the value of evaluation function  a, takes a 

 minimum value. As an example, a vector map of particle 
velocities obtained from the 4-PTV technique is plotted 
in the axial coordinate x and the vertical coordinate z  as 
shown in Fig. 9.

3.4. Probability distributions  o/ particle  locations

  Probability distributions of particle locations 
determined by using the 2-PTV technique  [20].
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measurement section  was divided into several sub-re-

gions in a pipe cross-section to observe the particle 
suspension.  To describe macroscopic features of particle 
transversal migration, probabilities for a particle to 
appear in every sub-region are calculated according to 
the following  equation: 

              21 

E (i) .--.‘,..1/./i Aina X 1 00% ,  i = 1, ?, , i„„ (13) 

( 

                  ./....-1 • 

where  N,n, is total particle number of  in frames,  Afill is 
particle number in the  sub-region  i of the jth frame, and 
the measurement sections in every frame  are divided  into 
the  i„, sub-regions. 

  In this analysis, the pipe cross-section is divided into 
three sub-regions in the radial direction, i.e.  1,,,  ,,, 3 in 
Eq. (13). Every sub-region has an equal area of  102/12 
(allowing for a comparison of the probability density). 
The first is the pipe center region of  2r/D <  0.577. The 
second is the region of 0.577 -,<__  2r/D < 0.816. The third 
is the region of 0.816,.<.,  21.  I  D < 1.0. Here  r is the radial

distance from a particle location to the pipe 
 surement results of probability distributions 

locations are given in Figs.  10-42.

Frame 1 (0) 
Frame  2  (0) 
Frame 3  (E) 
Frame 4  (40)

Search Area 
 Frame  3 

          jk 

ij

      01.

SiEl

   e

xi 

 CI

 Fig.

Search Area 

Frame 2

axis. Mea-

of particle

5 '415' 

......

•

        .. . ..... 

   iii 
Search Area 

Frame 4

 8.  Schematic  diagram of the 4-PTV  algorithm  118].



f

5  Eris

    -' --` --'" '''' -77. -a' .•-,- ,-;-.• ---. — —., — 
                                                                      -•...-,j

,...,j., 
     ... , _. , , _ _ -..,_ _ —_-- 

'4e..:,7:::-..,24.:,:,.... , ...,,,,, '''' ,,,,,,,,,,,,,,,,,,,,,,,,,,,, '',• 5 '4
Vatii50" '.. 4 ''' ...- --"'-'-* •-•1 -"'.."•-.1* -.41,-•&-' -04s. -..I•1 114.- ...--0,4.4•-zst 41..4-1.-•44A. • -4, ',,`. -•'"-•

/D,I 3

 Axial

 

I  ength --I> x
xf{)--20

Fig. 9. A velocity vector  map in the  x--2 plane for the  nozzle  of  a  30'.

  In the section  of  x/D  = 20 for all the three nozzles of 
 30°,  60° and  90° smaller probabilities are found in 

the regions near the pipe wall, while most particles are 
located in the region of  2rID<  0.816. The result indicates 
that particles tend to migrate towards pipe center and 
the  particle-pipe  friction may be decreased by the spiral 

 flow. From this viewpoint, the nozzle of  = 30° achieves 
the best result among the three nozzles, i.e. minimum 
probability in the near wall region, among the three 
nozzles. 

  In the measurement cross-section at  xID ----- 200 where 
the nozzle  effect is decreased, particle probability  den-

sities in the regions near the pipe wall increase for all the 
three  nozzles. Compared with the nozzles of or..= 0° and 
90°, the nozzle of = 30° results in lower probability 
density in the  legion near the pipe wall, and may make 
fewer particle-pipe collisions.

3.5. Errors in the e.Aperiment

  Measurement errors of velocity vectors happen 
throughout the whole experimental process  of PIV. The 

 first is the resolution error of the particle displacement 
due to the  CCD camera sampling of the particle images. 
The error in the particle displacement is  01 times the 
particle centroid error, which is a function of parameters 
depending on the image particle radius, the pixel size, 
and the Gaussian peak location on the CCD  array, etc. 
According to research of Veber et al.  [251, a referential 
estimation of the error is about  ±073 pixel for a par-
ticle image with about  15 pixels in our experiment. The 
averaged displacement of particles in the axial direction 
traveled by the particles between two consecutive pie-
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tures is about 90 pixels. The resolution error due to 
CCD camera sampling is about  ±0.5%. However, the 
averaged displacements in the y- and r-directions cov-
ered by the particles between two consecutive pictures 

 are only about  1.5 and 2 pixels, respectively. Corre-
sponding resolution  errors then reach  ±31% and ±25%, 
respectively. Inaccuracies of the radial and azimuthal 
velocities are therefore  much larger than that of the axial 
velocity. This is the reason why we  fail to obtain reliable 
radial and azimuthal velocities for the particle motion  in 
this transportation system. 

  Another error may be caused by calibration of 
camera parameters and frame grabber. Camera pa-
rameters may be well calibrated and corresponding 
error is neglected. However, the selection of the 
threshold level, which depends on the operator, may 
produce inaccuracy. The size of the particle image de-
creases as the level of the threshold increases. This kind 
of inaccuracy may reach  ±1/4 pixel. This error may 
not be important for the measurement of the axial 
velocity, but should be important for the measurement 
of the radial and azimuthal velocities. A total inaccu-
racy may reach  ±(1/4  .1.-/3) pixel, and this estima-
tion shows that the total inaccuracy of the axial 
velocity reaches  1.6%. PIV is basically efficient in the 
measurement of particle axial velocity for  transporta 
tion pipeline . However, it is  difficult to measure the 
radial and azimuthal components of velocities with 
high  accuracy, because they are much smaller than the 
mean axial velocity.

4. Practical significance

 It is shown that PIV techniques are useful for the 
 measurement of particle axial-velocities and particle 

locations in pipe cross-sections  for  the  problem of 

pneumatic transportation of solid particles in a pipeline. 
This study reveals the mechanism of the  high-efficiency 
transportation of the spiral flow, and makes the  spiral 
flow applicable to practical systems.

 5. Conclusions

  The features and classification of  PIV are  discussed in 
detail in Section 2. An emphasis is laid on the algorithms 
for particle pair identification. It is shown that most  PIV 
algorithms are limited to low particle number density. 
Algorithms  for high particle number density in three-
dimensional flows need to be developed. The  PIV  tech-
niques have been applied to measure particle motion in a 
spiral gas—solid two-phase  flow. Low probability densi-
ties of particle locations in the region near the pipe wall 
are found and show that the spiral flow can decrease 

particle—pipe contact. This is an important reason for 
reduction of power consumption when the spiral nozzle 
is used. It is also shown that the PIV techniques  can 
measure the particle axial velocities with high accuracy 

 but have  difficulty in simultaneous measurement of the 
radial and azimuthal velocities.

Nomenclature 
        a similarity coefficient based on the 

        quadratic  differences of gray levels 
       (dimensionless) 

 13/, a similarity coefficient based on absolute 
        values of differences of gray levels 

        (dimensionless)
cf,

 f  g  g

I) 

di;

 dik

cross-correlation coefficient 
(dimensionless) 
cross-correlation coefficient calculated 
based on brightness difference 
(dimensionless) 
pipe diameter (m) 
length of the displacement vector of 

particle location from x, to  x1 in the 4-PTV 
algorithm  (n) 
length of the displacement vector of 

particle location from  xj to  .\-k in the  4-PTV 
algorithm (m)



 E(1) 

MA 

 7' 

 x,ya  z 
 A) 

 yi(p) 

 Greek 
a 

Oik

length of the displacement vector of 
particle location from  x5 to  xi in the 4-PTV 
algorithm  (tn) 
probability of particle locations 
(dimensionless) 
magnification (dimensionless) 
distance from particle location to pipe axis 
(in) 
a similarity coefficient calculated based on 
the Delaunay triangle (dimensionless) 
averaged axial velocity of particles  (m/s) 
Cartesian coordinates  (m) 

y-coordinate of the particle p  (n) 
 y-coordinate in the mirror  (m)

 SY1)11301S 
   slit angle of the spiral nozzle (degree) 

   time interval between two frames (s) 
   angle between the vectors of  du and  di, 

  (rad) 
   angle between the vector of  djk and that 

 dAi (rad)
of
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