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Summary Two dimensional directions of regular particle movements in two phase spiral flow have been
clearly extracted after reducing irregular particle movements by means of discrete wavelets transform and its
multiresolution analysis. The method is composed of three steps. Firstly, the two dimensional particle
velocities at a cross section are transformed to the wavelets spectrum by the discrete wavelets transform.
Secondly, the wavelets spectrum data are inversely transformed to each multiresolution level by means of the
discrete inverse wavelets transform. Finally, after some multiresolution levels including the irregular data are
reduced, the other level results in extracting the regular data that indicate two dimensional directions of the
regular particle movements.

1 INTRODUCTION

A high performance pneumatic transportation system using spiral flow which has a steep axial velocity profile and
swirling motion with large free vortex region was preliminarily developed[1]. The rotating particles in this
transportation system tend not to touch the pipe inner wall because the particles obtain high centripetal force from
the spiral flow with the steep axial velocity distribution. The system is useful for the pneumatic transportation of
fragile and sticky materials in chemical and food industries due to avoiding material breaking and sticking to the
pipe inner wall. It is important to make clear the relation between the air velocity distribution and the particle
velocity distribution in the two phase spiral flow to improve the system performance. The orderly analysis to
estimate the particles movement from the air velocity distributions has been used in order to analyze the
relation[2]. Nowadays, inverse problems have been treated in the other fields such as material engineering[3].
We have applied the idea of the inverse problem to analyzing the two phase spiral flow to estimate the air velocity
distributions from the particles movement. The inverse analysis has two aspects, which are the extraction of the
regular particle movements, and the estimate of the air velocities from the extracted particle velocities. This
paper focuses on the extraction of the regular particle movements in the spiral flow. The originality of this paper
lies in applying discrete wavelets transform and its multiresolution analysis to the two dimensional vector data in
the two phase spiral flow in order to achieve the inverse problem.

Wavelets transform[4] is roughly classified with two types, which are continuous wavelets transform and discrete
wavelets transform. The continuous wavelets transform has been generally used for time frequency analysis in
vibration wave. The analysis enables to analyze simuitaneously time and frequency and to extract peculiar
points. Li classified eddy frequency passing in jet flow[5]. On the other hand, the discrete wavelets transform
has been mainly used for picture image processing. The analysis enables compression of picture image data and
removal of peculiar points from the picture image data. Saito applied this idea to analyzing the electromagnetic
wave[6].

In this paper, after describing the theory of discrete wavelets transform, the velocities of rotating particles on a
cross section in the two phase spiral flow are measured. Next, the directions of the regular particle movements
are extracted from the velocities after reducing the irregular particle movements by means of discrete wavelets
transform and its multiresolution analysis.

2 THEORY OF DISCRETE WAVELETS TRANSFORM
The continuous wavelets transform W7(b,a) of a real square integrable function f{(x) is defined as®

1 x-b -
WT(b,a)=——= [ f(x)a{—]dx ()
Vil = a

Where, fx) is a target function with regard to one dimensional space x such as vibration data and image data, a
is a scale variable, b is a location variable, and ¢ (x) is a real integrable analyzing wavelets with zero at large x
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and at small x. The function f{x) EL’(R) at a location b and a scale a. L*(R) denotes Hilbert space. @ ((x-
b)Ya) is a function to scale @ (x) by a times in x direction and to translate it by b. #(x) is satisfied with the next
admissible condition,

[ o0ax=0 —(2)

From Eq. (1), after the scale variable a and the location variable b change to the discrete values; a = 27 and b =
27k (j and k are integers), the discrete wavelets transform is expressed by

J -
WL =22 [ f(x)p(2' x~k)ds —0)

#(2x — k) can be an orthonormal function when & (x) is a special function. From Eq. (3), the discrete inverse
wavelets transform is expressed by

f) =Y YT (2’ x—k) —®

j— —
Eq. (3) becomes simple matrix operations when the elements of f{x) is composed of discrete values. When the
sampling number in terms of fx) in x direction is »n (n is a second exponent value), a matrix X that indicates f{x) in
Eq. (3) has the sampling data. The wavelets spectrum matrix S that indicates W7} ¥ in Eq. (3) is obtained from
S=w,X —(5)

Where, W, is discrete analyzing wavelets matrix that indicates #(2'x — k) in Eq. (3). In this analysis, sixth
dimensional Daubechies function is used as the analyzing wavelets. The analyzing wavelets is an orthonormal
function. The analyzing wavelets matrix W, is acquired by a cascade algorithm on the basis of a scaling
function matrix C. The scaling function is shown in Eq. (6).

G ¢ ¢ ¢ ¢ ¢ 0 0 -000O0O0C O 0 O

s -C & ¢ ¢ -¢ 0 O 0000O0O O O O

0 0 ¢ ¢ ¢ ¢ ¢ ¢ ~000O0O0O O O O —(6)

0 0 ¢ -¢ ¢ -c, ¢ -c 000O0O0O O O O

C=

c ¢ 0 0 0 0 0 0 -0000¢c¢ o ¢ g

¢ -¢, 0 0 0 0 O O - 0000 ¢ -c ¢ -0

G ¢ ¢ ¢ 06 0 0 0 -0000 O0 0 ¢ ¢

6 ¢ ¢ ¢g¢ 0 0 0 0 -000O0O0 0 ¢ -c
cn=‘6iﬁ(l+\/l_0+\/5+2~/EJ C'=161/§(5+Jl_0+3 5+2~/ﬁ] c2=8—lﬁ(5—~/—13+\/5+2\/13) —(7)
c‘=$(5—~/1_6—\/5+2ﬁ6) c4=161/§(5+ﬁ6—3 5+2JE) c5=161ﬁ(1+~/13—\/5+2~f13)

¢cs ~cytey -t ce-cg=0 —(8) Ocs—1cy+2¢3-3¢c,+4¢,—-5¢=0 —(9)

Where, CT-C=I, I is a unit matrix and C” is a transpose matrix of C. In Eq. (6), the first line shows a transform
to get the mean values to put the weights from ¢, to ¢5 on the input data. The second line shows a transform to
get the difference values to put the weights from c; to ¢s on the input data. The third line shows a transform to
translate the first line by two steps in x direction. The fourth line is a transform to do the second line by two
steps. Egs. (8) and (9) show the transformed values are zero when the input data are constant or simply
increased. To explain easily the process to acquire the analyzing wavelets matrix W, from C, the matrix X is
defined as one dimensional 16 elements,

X =[x X2X35 X4 X5X5X7X8X9X10X1; X12X13X14 X5 xlcs]T —(10)
From Egs. (6) and (10), the transformed matrix X is
X'= CmX = [Sl dl S; dg S3 d3 Sy d4 Ss d5 S¢ d6 Sz d7Sg dg ]T _"(1 1)

Where, C¢ is a 16X16 matrix of C. The element s indicates the mean value and the element 4 indicates the
difference value.  The elements in the matrix X’ are replaced by a matrix Py .

PMX’ = Pl6 me = [Sl 5285384858687 Sg dl dg d3 d./ dj d6 d7 dg ]T—_(12)
Where, Py¢ is a 16X 16 matrix such as
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Moreover, from Eq. (11), the transform is carried out by C and P,
S=W®X =(S,5,S:S,D, D, D; Dy d, dy d; d, ds ds d; diy}” —(14)
Where,
WO =R C)PiCis)  —(15)  p .{Ps 0] c -=[Cs 0] ——(16)
16 16
0 I, 0 I

W® is a analyzing wavelets matrix that is W, in Eq. (5). The wavelets spectrum S in Eq. (5) is W®X in Eq.
(14). InEq. (14), S, indicates the mean value from s, to 55 in Eq. (12). S, indicates the mean value from s; to sy
that translate by two steps. D, indicates the difference value from s, to s,. From Eq. (14), the input data are
transformed to the mean value and difference value with valuable resolution levels by the discrete wavelets
transform. The input data in the space are divided into the range from high frequency to low frequency.

From Egs. (5) and (14), the inverse wavelets transform is,

X=W,Ts =[w?|Ts — a7
[WIT= [(Pi’ C16)(P1sCig)l" = Cis'Pis (C16) ' (Pis’)T —(18)
In Eq. (5), one dimensional space is replaced with two dimensional space in x and y directions. When the

sampling number in x direction is » and that in y direction is m (» and m are second exponent values), a matrix H
(nXm) has the sampling data. The two dimensional wavelets spectrum § is obtained from
S=W,-H-W,’ —(19)

Where, W,," is a transpose matrix of W,, .
In this analysis, because the velocity data located at each grid are vector data, x component and y component are
calculated separately in Eq. (19). The two dimensional wavelets spectrum of x component of the vector data S,
and that of y component S, are obtained from

S=W, H, W, T S,=W,-H,-W,' ——(20)
Where, H, and H, are nXm matrixes to show x and y components of the velocity vector data. The elements of
the matrix show the velocities on the grid of the particle position. From Eq. (20), the discrete inverse wavelets
transform is expressed by

Hx=WnT:Sx*Wn Hy=WiT: Sy Wi —(21)
In this analysis, n=16 and m =16.

3 EXPERIMENTS

3.1 Nozzle to Produce Spiral Flow & its Characteristics

The nozzle to produce the spiral flow is designed with an annular slit connecting to a conical cylinder as shown in
Fig. 1[7]. Pressurized air is forced through the sides of the device into the buffer area, and then through the
annular slit into a vertical pipe entrance. The suction force is generated at the back of the nozzle by Coanda
effect. The annular jet, passing through the conical cylinder, develops a spiral structure with a steeper axial
velocity and an azimuthal velocity distributions, even if it is not applied tangentially[8). Particles at the back of
the nozzle are sucked into the nozzle to be issued to the pipe as rotating. The characteristics of the single phase
spiral flow has been reported[9]. According to the paper, the divergence angle of the spiral flow issued from
the nozzle outlet is reduced 45 %, from 14.3 degrees to 7.8 degrees as compared with typical turbulence flow.
These results clearly indicates the focusing characteristic and the high stability of the spiral flow. The particles
in the two phase spiral flow obtain high centripetal force.
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3.2 Experimental Equipment, Method & Conditions

The experimental equipment consisted of a vertical acrylic pipe, the nozzle to produce the spiral flow, a CCD
camera and an air compressor as shown in Fig. 2. The inside diameter of the vertical pipe is 41.0 mm and the
height of the pipe is [.5 m. The CCD camera to focus on a two dimensional cross section of the vertical pipe is
set up at the top of the vertical pipe to record the particle trajectories. With the experimental equipment, the
movement of the particles ( styrofoam balls ) in the spiral flow on a two dimensional cross section are observed.
The balls rotate inside the cross section of the vertical pipe when the gravity on the ball is balanced by the drag
force due to the upward velocity component of the spiral air flow. The styrofoam balls are sucked from the
intake part of the nozzle. The diameter of the balls is 6 mm and the particle density is 700 kg/m’.  The air flow
rate is 5.5 X 10° m*/s. The mean velocity of the air flow in the vertical pipe calculated from the flow rate is 4.2
m/s.  The Reynolds number calculated from the velocity is about 5700 .

CCD Camera

| _Aorylic Plpe

Spirel Flow

nozzle Air Compressor

=

Fig. | Spiral flow nozzle Fig. 2 Experimental equipment

3.3 Experimental Results

As an initial experiment to clarify the ball movement in the two phase spiral flow compared to that in a typical
turbulence flow, several styrofoam balls movements were observed from the side of the vertical pipe on the above
experimental conditions. The balls in the spiral flow rotated on a cross section of the vertical pipe at 0.8 m
height from the outlet of the nozzle without touching the pipe inner wall as shown in Fig. 3 (a). The flow
direction in the figure is upward and the gravity force on the balls is balanced by the drag force. If the flow rate
increases, the balls move up as a rotating spiral, On the other hand, the balls in a typical turbulence flow move
randomly upward and downward colliding with the pipe inner wail as shown in Fig. 3 (b).

Next, many styrofoam ball movements in the spiral flow are observed from the top of the pipe for the same
experimental conditions. The two dimensional velocity vector of the balls on a cross section are acquired from
the recorded particles trajectories. An example of the velocity vector is shown in Fig. 4. In this figure, the
positions of the vector data are shown on a 16X 16 grid to simplify further analysis. The length of the vector
indicates the magnitude of the particle velocity, and the direction of the vector indicates the two dimensional
direction of the particle movement. From the figure, the balls rotate counter-clockwise. Some particles move
irregularly due to interference and collisions with other balls. For example, a particle located at (10, 4) moves in
the y direction; however, other particles around this particle have x and y component velocities.
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g >
g 3.0 mis
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=
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2 4 6 8 10 12 14 16

(a) Particles in spiral flow (b) Particles in turbulence flow Fig. 4 Two dimensional velocity
Fig. 3 Particle movements in spiral flow and turbulence flow vector of particles in spiral flow
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4 ANALYSIS AND DISCUSSION
4.1 Assumptions for Analysis
The following assumptions and prior conditions are set up. (1) The air velocity V, is given by

Va=V,+V(d Re, v/ v)) —(22)
Where, V, is particle velocity and ¥’ is additional velocity on a particle. 'When d/L(Re) <1 and >/ 2, =1, V'=0.
L is characteristic eddy length, d is particle diameter, Re is Reynolds number, 2/, is air viscosity and z, is
viscosity of particle surface. In this analysis, the particles does not follow the air movement as ¥’5#0. (2)The
instantaneous particle velocity distribution in Fig. 4 is considered. (3)Only a two-dimensional horizontal cross
section of the pipe is considered. The velocity component in the z direction is ignored. (4)The velocity at a
mesh point without any particles is assumed to be zero.

4.2 Analysis Method
This analysis consists of three steps.  Firstly, the two dimensional vector data of the particles velocities in Fig. 4,
H, and H,, are respectively transformed to the wavelets spectrum S, and Sy by means of the discrete wavelets
transform in x and y components in Eq. (20).
Next, the multiresolution analysis can be carried out because the wavelets transform is an orthonormal transform,
that is, each part of the spectrum is inversely transformed to three multiresolution levels by means of the discrete
inverse wavelets transform. From Eq. (17), to explain easily, the multiresolution analysis about one dimensional
data is,
X = [WOI'S = [WI'S, + (WS, + (WS, —(23)
Where,
S:=1[5,5,8;5,000000000000]" $,=[0000D,D,D;D,00000000]"
S;=[00000000d,d,d;d,ds ds d; ds]” (24)
In Eq. (23), the first term is Level 1 which includes the lower frequency of input data, the second term is Level 2
which includes the middle frequency, and the third term is Level 3 which includes the higher frequency. Namely,
Level 1 shows the mean particle movement except for the random particle movement. On the other hand, Level
3 shows the random particle movement except for the mean particle movement.
Finally, each level is considered if it has irregular data. Then, afier some multiresolution levels including the
irregular data are reduced, the other level results in extracting the regular data that indicate two dimensional
directions of the regular particle movements.

4.3 Analysis Results & Discussion

Figs. 5 (a) and (b) show the wavelets spectrum of x and y components of the particie velocities by means of the
discrete wavelets transform in Eq. (20). In these figures, the whiter parts at each grid show the larger
transformed values, the darker parts show the lower transformed values. Each part is drawn by gray scale with
ten patterns. In this analysis, the transformed data are separated from the low frequency level to the high
frequency level by the discrete wavelets transform. In Figs 5 (a) and (b), from Eqs.(23) and (24), the low
frequency level concentrates on the inside of 4X4 parts (from S, to S, in Eq. (24)) in the spectrum. The middle
frequency level collects inside 8X8 parts except 4X4 parts (from D, to D, in Eq. (24)) in the spectrum. The high
frequency level collects inside 16X16 parts except 8X8 parts (from d; to dy in Eq. (24)) in the spectrum.

Fig. 6 shows the results of the multiresolution analysis from transforming inversely each part of the wavelets
spectrum in Fig. 5. Fig. 6 (a) shows Level 1 which indicates the mean direction of the particle movement with
low frequency level. The direction indicates swirling motion on the whole. Fig. 6 (b) is Level 2, which has the
middle random vector.  Fig. 6(c) is Level 3, which shows the large random vector with high level frequency.
From this multiresolution, the spectrum can be divided from low frequency level to high frequency level.
Adding from level 1 to level 3, the original velocity vector in Fig. 4 is completely recovered because the discrete
wavelet transform is an orthonormal.  From Fig. 6(a), the regular particles movements are clearly obtained.
Additionally, adding from Level 1 to Level 2 results in Fig. 7 after reducing Level 3.  Fig. 6(a) shows the regular
particle movements more clearly than Fig. 7.
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(a) Spectrum in x component (b)Spectrum in y
Fig. 5 Wavelets spectrum from particle velocity
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5 CONCLUSIONS

Two dimensional directions of regular particle movements in spiral flow have been clearly obtained by means of
discrete wavelets transform and its multiresolution analysis. The method is composed of three steps, which are
the discrete wavelets transform of the particle velocity, the inverse transform to each multiresolution level, and
the reduction of the irregular data resulting in extracting the regular data. The velocity data in two dimensional
space can be divided from low frequency level to high frequency level because the wavelets transform is
orthonormal transform. These results lead to a new idea to estimate the air velocity from the particle velocity
inversely.
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