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M.Takei,et al. International Journal of Applied Electromagnetics and Mechanics, 10S Press, (2002)
M.Takei et al., Particulate Science and Technology, Taylor & Francis, (2002)

Fig. CT sensor

Fig. Guard electrodes

Coaxial cable NoIse protection method
Guard 1. Two guard electrodes
electrodes Concentration of electrical line
|| Copperwire | 5 High Q Resistance
i Me;}gg{%%e Protection of stray capacitance
T~ Resistance | 3. Screen electrodes
J | Guard Noise Absorption
T electrodes P
—— Earthed electrodes
Noise
Guard electrodes Ml Resistance
Measured electrodes
Uy=0 Measured
electrodes

Guard electrodes

SCreer
ez |

electrode
Fig. Screen electrode



micro channel inner wall
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HgEmtEBREH

Laplace A v.(EVuj =0, onxeQ
yo,

j: BREZEEAM?], 0 FEREQ-M] u: EALA [V]

WA
1) Summation of current density on electrodes is currency on electrodes:
1 ou
[ =——dS=1,xee, =12, L
el

2) Current i |s zero except for the current electrode pair:

1 ou
—_—— = O X e a.Q\U|_1e|
O oV
3) Contact impedance is considered on the electrodes
1 ou
u+z, ——=U,,xee, | =12,---,L

Yo Xo1Y,
4) All current and voltage on all electrodes are zero

ZI =0, Zu =0

p. Resistivity distribution on © I: Current on electrodes u: Potential distribution on
U: Voltage on electrodes e, : Surface on Ith electrode v :outward directed normal
vector S: Electrode boundary L: electrode number z: Contact impedance



IZR g (complete electrode models)

1) Summation of current density on electrodes is currency on electrodes:

) L Mys -1, xee 1212, L

" O OU
2) Current is zero except for the current electrode pair: j E,
1 ou
— = =0,xe0\Ul ¢
Yolol¥,
3) Contact impedance is considered on the electrodes
1 ou
u+z, ——=U,,xee, | =12,---,L
Yo XolY,

4) All current and voltage on all electrodes are zero

il, =0,§L:u, =0
=1 =1

p. Resistivity distribution on Q | Current on electrodes u: Potential
distribution on Q  U: Voltage on electrodes e, : Surface on Ith
electrode v :outward directed normal vector S: Electrode boundary
L: electrode number Z . Contact impedance



M. Takei et al. Measurement Science and Technology (2004, 2006)

ECTOERM

Governing Equation in the Electrostatic Field

.y =—2 fomv,(ryar V- [(nVV (r)]=0
Ve i, (i=12,--1L j=i+L1---12)

C; ;:Capacitance between i and j electrodes, € ,:Vacuum permittivity, V. : Electrode voltage , I' : Position vector,
€ : Relative permittivity, V, : Potential in cross section, I';: Area covered with electric force line

Unknown Permittivity
Measured Capacitance C < — S E Distribution E
66X 1 e 1024 X 1

Electrode sensitivity Matrix S.
66 X 1024

Pipe inner wall

y

Sensitivity [-]

32x 32 Space Resolution

lIl posed Inverse Problem Image Reconstruction
Unknown Number > Expression Number Approximate Permittivity E



S ey 7 B . Isaksen,O. 1996 Meas. Sci. Technol.
JE I% w Fﬂﬁ EE@ ﬁ;ﬁ Yang,W.Q. 2003, Meas. Sci. Technol.

Linear Back Projection (LBP) Method  gjyrred Image

Landweber (LW) method Necessary Artificial Gain Value
E(©) = SeT C(©
c = §e E© ] ]
. j‘> E(k) :E(k 1) -I-AE(k 1)
1) = 1) _ (0 _
AC™M = (CM) - C©) _5.'c0 +@|m _SeTSe)E(k 1)
AC.™ ="gx AC™
v
AE(™ = SeT AC ™)
v

E(1) = (EO - AEM)

Iterative Tikhonov Regularization (ITR) method

£+ _ (kD) _(SeT s, @f s, (SeTE *(k-D) _ *(0))



CHARACTERISTICS OF GVSPM METHOD

Takei, M. et. al 2004 & 2006 Meas. Sci. & Technol.

Normalization by Norm Evaluation Function

m Space resolution Z Sampled Pattern Vector
C=S:E= Z(se ; k)

m=1024
‘f‘\ o

- Normal|zat|on Measured Capacitance
\S ‘ ¥ Vector
T~ Se =—L ) i
‘C‘ \S |t . . |
\/ _ Ig. Iteration process in the case of n=3
IC|=+/c,” +¢,” +...+¢,
k 0 k
‘Sei‘Z\/Sei12+5ei22+...+3ein2 f(E'( ) ) — Cl( ) C'( ) %1.0
Jote1 pair number of E’®: kth iterative solution of SPM
1 C’®: Capacitance from E’®)
m

C’©): Measured capacitance

C'=) (Se;'e’)=Se'E’ lterative Soluti
.1( ‘ erative Solution

Accurate Images No Artificial Gain Value




INCLUSION OF EVALUATION FUNCTION IN
ITERATIVE SOLUTION

Evaluation Function

fE®)=C®C® 1.0

: |

r=i(k-1)
1-f(E®W)=1-C'® >E o
‘Se'E'(k_l)‘
General Iterative Solution of GVSPM
l Multiply C'©)
S, 'E'*kD =i (k=1)
(k) _ pik-1) |, @ 1T | ~1(0) Se'E
ET =B 45" | OV C'O_c'0cO) — 0
S'E ‘SeE( )‘

CcCOC®=1.0




RECONSTRUCTION OF PSEUDO IMAGES

Fig. Pseudo particle images

Jm"'l

Color bar

(a-1)Bottom(a- 2)Annu|ar(a 3)Center(a- 4)Four-bu|k
(a) Reconstructed image by Landweber

-, L%
(b-1)Bottom(b-2)Annular(b-3)Center(b-4)Four-bulk
(b) Reconstructed image by Iterative Tikhonov

@O &

ko
(c-1)Bottom(c-2)Annular(c-3)Center(c-4)Four-bulk
(c) Reconstructed image by GVSPM
Fig. Reconstructed images of pseudo particle images

1.



EVALUATION OF RECONSTRUCTION
s ] o — W Evaluation Method
Cp0.4 = ], 0.6 . .
os // Rl e [ - | Residual Capacitance Cy
-~ GVSPM 0.3 -~ GVSPM1 ’ - LW
0.1 / - LW 0.2 =LW H 024 + ITR 2
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N s P " Image Error |
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CORRELATION OF CAPACITANCE

=1 o1

S o AR |

508 Sos *

< T

© 0.6 © 0.6

5 5

S 04 o 0.4

- -

S 0.2 S 02
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Fig. Correlation of capacitance for polyethylene pellet (Particle flow rate: Q,)
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STATIC ACCURACY TEST

M.Takei et al.,Powder Technology, Elsevier, (2004)

Test Rod: Acrylic rod 500mm (L) X 60mm (W) X 60mm (H)
Permittivity : 2.8
Experiment: PTL300E Electrical capacitance tomography system

Process Tomography Ltd.
Input voltage: 15V (1.25 MHz)

Aerylics
rod position

(a) Positions of test rod (b) Reconstructed images by LBP
Fig. Static accuracy of CT sensor
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Circulating Fluidized Bed (Downer)

High demand of sulfur free & high-octane
gasoline

FCC (fluid catalytic cracking) gasoline

Residual oil + FCC catalysts in CFB
(Circulating Fluidized Bed)

. 1

Key factor of high quality

Uniform concentration of FCC powder Fig. FCC catalysts
iINn CFB 1-2 um zeolites dispersed on an
amorphous silica-alumina

l forming 60 um powders

Nondestructive visualization technique in pipe cross section




Comparison with Previous Study

H. Zhang et al., Chemical Engineering Science, 1999

Gas and solids downer distributer

e 7.2 10.2
194 =08 205 Distributor shell
©2mid) _
ons * I J Auiliary fluidization| ¥
i * * * air distribution grid | .
- L0 & l - \?\ G
= ; ! . 1 + % Sealplate i
aozom 0 | . . e LI
and [ - # e ([H .
. W L B 4 B ) Solids feed tubes N . —"]
nos . . - " A ——— (12mmid.) Auxiliary
fluidization air

Main air B il
Loa | 1 . | 5-70 Distribution grid | ~ Y'l I
aoe { ~(70 N il
I:I.ﬂ'lzl'n i "'*"l'**'* | '."" ** 56.3deg;’(\ fl i|4 I Downer
an2 3 . * i 4 @ w et 1 main air
ang

o4
1158 m s f
ang |
s 3
nna |
2112m D02 |

Local solids holdup, £-

2~3%

(T

A non-uniform distribution
Is clearly seen near the
entrance of the CFB In
conventional distributor.

Fig. Radial solids holdup profiles along the downer




Experimental Setup

[
H

Particle
opper
Sender
‘ Air
Distributor s \/l/_»*
Bt
£l EI2Q
x| 8| o ==\
H H
A LCR meter
‘ = Switch
Air Air
|<—
Receiver —
tank
N Cyclone
\ — separator

Pipe I.D:

Total Height:
Sensor length :
Particle:
Particle Density:

Particle diameter:

Sampling time:

270mm

5.3m

660mm
MFI-type zeolite
1200 [kg/m?]
69.6 um
10ms/one frame

Fig. Experimental Setup
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M.Takei et al. Powder Technology (2009)
M.Takel, et al., Experiments in Fluids, Springer, (2008)

| FCC ﬁﬂbﬁ‘éh%

Fig. FCC BIRREBEBT AN ISk KOFOPTEH PIFDIDILFIRR



New Designed Distributor & Experimental Conditions

T.Zhao, M.Takei, Flow Measurement and Instrumentation, 2007

__ Tong Zhao, Masahiro Takei, et al., Powder Technology, (2011)
4F¢C~ 4 Air
/ - —m |, Side
o [l

Center : Side =1:4
(Ratio of Air flow rate )

Fig. New designed distributor

Table Experimental condition

Casel.l Casel.2 Casel.3 Caseld
Powder circulation rate (particle flow rate) G,

[kg/m2s] 175 233 292 349
Air flow rate of c3enter -
Center: Side nozzle Q,. [m3/s]
1:4 . )
Total air flow rate of side e

nozzle Q,, [m3/s]



Time Mean Reconstructed Images (Centre : Side =1:4)

0.0

___
0.2

Sensor [ Casel.l
position '

Casel.?

Case 1.3

Case 14

h=0.33m

h=0.99m

h=1.65m
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Time Mean Reconstructed Images (Centre : Side =1:2)

[ L |
0. 0.
Sensor Casel.l Casel.2| O case1B 2
position
Case 1.4
/‘— -
-
h=0.33m
h=0.99m

h=1.65m
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Time Mean Reconstructed Images (Centre : Side =1:1)

Nz S——

Sensor Casel.l Casel.d O case1ls 2

Low position

Case 14

h=0.33m

h=0.99m

h=1.65m
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Axial Volume Fraction Profiles

1:4

1:2

1:1

A s

Middle

m%”(

i

Particle volume fraction [-]

Particle volume fraction decreased as
axial position goes downstream in both

experiment and simulation.

0.08
0.07
0.06
0.05

0.04 -

0.03
0.02
0.01

0

0.08
0.07

0.06 =

0.05
0.04
0.03
0.02
0.01

0.08
0.07
0.06
0.05
0.04

0.03 -

0.02
0.01

= B = Experiment = Simulation

02 04 06 08 1 12 14 16 18
Axial position h [m]



Radia

\J 0.06
N l >
0.05
1:4 fif” L///‘

K\ 0.04
( Low ~0.03
< .E 0.02

N\ i , Q
. N P § 0.01
: ( qq_) 0.07
Middle 5 006

)
0.05

0\& - N >
/8 2 0.04
1:1 B 0.03

c 0.

0.01
- A-h=0.33m (Experiment) 0.0?
- m-h=0.99m (Experiment) 0.06

h=1.65m (Experiment) 0.05
——h=0.33m (Simulation) 0.04
_ _ 0.03

——h=0.99m (Simulation)
0.02
h=1.65m (Simulation) 0.01
0

Volume Fractionogmfiles

S -

_,‘~____‘-—___‘—’

Sl b

\J—
\ |
\i————*————‘_“ /"
_\\\ E—j__.. -m 5“‘_"""—”‘ - u
\1§§§--.-__——.’ _
w

0 15 30 45 60 75 90
Radial no<ition r Immfl

105

120

135



Discussion to Axial P
CU O

First acceleration

section (V, <V,)

Second accelerati
Section (V, >V,)

Constant velocity

Z. Wang et al. (1992)

section (V, = constant)

rofiles

Q, =AxV xa
Q, = AxV, x(l-a)
Q, af

Q,+Q, af+(-a

on

Particle volume fraction

Q
Q, + Q.

a isinversely proportional to B.

A : Sectional area of pipe

Q, : Particle flow rate
Q, : Air flow rate
a : Particle volume fraction

V, : Particle velocity
V, :Air velocity
B : Slip velocity




Governing Equations & Fluid Drag Force

Solid phase (Discrete phase)

Gas phase (Continuum phase )

dv
m—=F +F +G a—g-I-V'(EU):O
dt ] " ot
u
d_‘t” -7 Py FV - (pye utl) =—£,Vp+ f, +&, (1 + 4,) V2
Drag force
f, = ﬁ(vpi ~U,), Re — ‘Vp —Ulped, #A=8) 50— 5)+1.75R,] (s <0.8)
Py K B =1 3 P L&) Ergun’s equation, 1952
24(1+0.15 Re°'687)/ (Re<1000) |2Co g2 ¢ 'R, (¢ >0.8)
C, = Re \ p Wen and Yu’s equation,
0.43 (Re >1000) 1966

m : Mass of the particle, v : Translational velocity, w : Rotational velocity, P : Pressure,
| : Moment of inertia, F5: Force acting on particle exerted by surrounding air,

Fc: Contact force, G : Gravitational force, u : Velocity vector of air,

T : Torque caused by the contact force and the moment of inertia of particle,

€ : Volume fraction, pq : Density of air, p : Fluid viscosity, Je : Eddy viscosity ,

C, : Drag coefficient for a single particle, d, : Particle diameter, v, : Particle velocity




Contact Force
Normal contact force

dx

n

|:cn — knAXn — 71

dt dashpot
friction slider
Tangential contact force Fig. Models of contact force
dx _ Cundall and Strack 1979
F. =kAX -7, d_'[t If ‘Fct‘ < U ‘Fcn‘
Fct:ﬂf‘Fcn“;(t_t‘ If “:ct‘>:uf“:cn‘

kn & k; : Stiffness of the springs in the normal and tangential direction
Nn & Ny - Coefficient of viscous dissipation in the normal and tangential direction

Xn & X : Particle displacement in the normal and tangential direction

us - Friction coefficient.

Turbulence Model —— Standard k-€ Model




Simulation Conditions

Gas phase
Fluid type Air
Density(kg/m?3) 1.2
0.27
Bed geometry(m) (diameter)

1.98(height)

Superficial velocity

20
(m/s)
Viscosity(kg/ms) 2.0X10°
Acceleration of gravity 98

(m/s?)

T. Zhao and M.Takei, Advanced Powder Technology, Elsevier, (2008)
T.Zhao and M.Takei, Powder Technology, Elsevier, (2010)

Particle phase

Particle shape spherical
Density(kg/m?3) 1200
Particle diameter(mm) 0.3
Number of particles 328400
Spring constant (N/m) 800
Friction coefficient 0.3
Time step (s) 104

()’ p,

Time step At :gﬂ'
5 6k

n

(Y. Tsuji et al. 1992)



Calculation Domain and Calculation Results

212
< » Particle inlet
122
VAV,
Air nozzle
A
(@)
o0
(@))
—i
\ 4
>
270 (Dimension in mm)

h=0.33m h=0.99m h=1.65m

[ ]
0.0% Powder concentration 5.0%

Fig. Simulation results of axial position



Calculated Profiles of Axial & Radial Volume Fraction

I.Zhao, M.Takei,. Flow Measurement and Instrumentation, (20 gy ——Simulation M Experiment
T.Zhao, and M.Takei et al., Advanced Powder Technology, Else'@"er, (3010)

.g 6 I
% -
":—) RN m
E 3 N
- \ [
—_ 5
O = \
>
©
= 0 .
(@] - -
N 0.3 03 0.7 ne 11 13 1.5 1.7
Distance from the distributor h [m]
Fig. Profiles of axial volume fraction
-4~ h=0.33m (Experiment)
- #- h=0.99m (Experiment)
_ OO- o h=1.65m (Experiment)
2 ) h=0.33m (Simulation)
c 006 7 3 .
o) h=0.99m (Sunulation)
0 0.05 h=1.65m (Siumulation) e
S - -
- R ‘t,:,f e :,l,—,—h - — -
E 0.04 =
R L
S -
0.02 1 f
> M
S 0.01 - S —
5 0
P~ ‘
o

0 15 30 45 60 75 90 105 120 135
Distance from center [mm]
Fia. Profiles of radial volume fraction

h=1900[mm}




COATING PROCESS IN DRUG PRODUCTION

Functional particle (X Y )
- 33
. . “
Production by coating process Nucleus particles s Coating solvent
Nozzle spray of coating solvent to oXxe,

Coating process

nucleus particles in fluidized bed

Functional particles
Fig. Functional particles

articles

Dry of coating solvent around

nucleus particles by hot air Y 2" ot duct
Bug |

B filter acley
Operational factors for uniform ‘} \""
coating 1 KA Draft tube

l Draft tube

Noninvasive monitoring
technique to visualize the
uniformity of particles
fluidization during coating
process

Apertures Wk air duct
plate e 3G

Hot air supply
Fig. Coating process




INSTANTANEOUS CT IMAGES

Nucleus powder Crystalline cellulose Asahi Kasei Corporation Celphia 203
Nucleus powder diameter 150um
Density of powder 870 kg/m3

Relative permittivity of Air 1.0006
Relative permittivity of Powder2.1

Atomized coating liquid HPC (Hydroxypropyl Cellulose) Shin-Etsu Chemical Co., Ltd.
Spray coating time 50 minutes
Sampling time Every 5 minutes for several seconds

d

Spray time Spray time  Spray time Spraytime  Spraytime  Spray time

0 min 10 min 20 min 30 min 40 min 50 min
Fig. Instantaneous CT Images at each spray time 0.0 B ma 1.0
Concentration
o

The high concentration particle distribution is located near the tube



SPATIAL MEAN CONCENTRATION FROM IMAGE

M.Takei, et al.,Powder Technology, Elsevier, (2009)

The spatial mean particle concentration at a time point

—_ N Nx . . .
Dp(t)= 1 ZVZEth N_, : the pixel number outside the pipe
(N,N, =N, )y
T Rang Range Range
s 1 1
% 0-8 0.8 0.8
5 T NIPWY AN 0.4 0.4
£
- 0.2 0.2
IS , X A t[ms]
(% 100 200 300 400 500 e Time Time
_ i 100 200 . 300 400 500 100 200 300 400 _ 500
Spray time 0 min Spray time 10 min Spray time 20 min
g Ralmge R:imge R:imge
g 0.8 0.8 0.8
% 0.6 0.6 0.6
o I I B e N TSV
% OAM 0_4/\WJ\—WM% 0.4
£
= 0.2 0.2 0.2
g . X A t[ms]
@ 100 200 300 400 500 T 100 200 300 400 500 100 200 300 400 500
Spray time 30 min Spray time 40 min Spray time 50 min

Fig. Spatial mean concentration from CT images.
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Previous Study on Particle Migration

B. Chun et al. Physics of fluids (2010)

Upstream Downstream at Re=100,
Uniform particles distribution Migrate 8 equilibrium positions, Linear
chains

Migration Reynolds number Re, Particle Reynolds number Rep,
Initial particle concentration ¢, Particle size d,

Downstream position z
How to measure 3D particle

concentration?
Typical measurement technique

Brightness from the 2D horizontal image by microscope



Brightness Fluctuation by Particle Migration

Brightness fluctuation bz)  p'(z) = V(b(z) —< b(z) >)?

<b(z)>
Upstream cross-section Downstream cross-section

b(z2)=17p.1

2593

shiz 1

Upstream Downstream

Fig. Histograms of brightness at upstream and downstream by microscope

‘vHow to measure in dense particle phase?



Previous Studies of Multi-capacitance Sensing

Multi-capacitance sensing: High speed switching of electrodes
Process tomography: Imaging from multi capacitance data

T. York et al. Sensors and Actuators A (2006) T. Sun et al. Biosensors and Bioelectronics (2010)

~ Agar gel \\

(- T_\fat flakes
Fig. Hole type mini sensor ; Fig. EIT for imaging single cell in culture in a
> 2 mm diameter > 6 mm diameter circular electrode pattern
> 12 electrodes > 16 electrodes

Our research originality: Multilayer microchannel by MEMS
» 0.25um x 200um electrode size

» 700um diameter of diamond shape cross-section

» 5 cross-sections with 12 electrodes per one cross-section
» 60 layered electrodes




ered Electrodes

hman et al. Flow Measurement and Instrumentation (2013)

I\/Ilcrochannel with 60 Lay
Z.Liu, M.Takei et al., Heat and Mass Transfer, Springer, (2007)

Pin
connector

Electrode

Microchannel
Spring pi

Microchannel Central board

Top circuit
board

Fig. Microchannel with connector

Fig. 60 electrodes of microchannel
Quartz Electrode

N

5 mm 200 um Elegtrode
y e e Qe v
= 0
X Quartz _gi_ass:SOum 7 7 §% A %5
@ 2 § T 700 pum — E—
—— v !
700 um

YA 10 mm
(b) ()

Cross-section: | 1l
(@)
Fig. (&) 3D microchannel, (b) Cross-sectional and (c) Micro CT microchannel



Fabrication Process of Microchannel

Electrode : Platinum (2.5um*200um)
Substrate of Microchannel : Quartz

gl JiSS (28ieR (@ photolithography Step (1) Photolithography — «— 200pm

| Step (2) Compré&on Master layer l Step (2) Compression

| Step (3) Repeat step (1) to (2) | I

l Step (3) Repeat step (1) to (2)

| Step (4) Micro mechanical processihg|

— —
| Step (5) Repeat step (1) to (4)

l Step (4) Micro mechanical processing

— | Step (5) Repeat step (1) to (4)
| Step (6) Compression l Step (6) Compression
— ==
e W —
| Microchannel (12 electrode) l Microchannel (60 electrode)

={=m""

Fig. Cross-section Fig. Radial-section
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N. T. A. Othman et al. Flow I\/Ieasurement and

M A 2 ™ ZEO”S AOA x Instrumentation (2013)
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Experimental Set-up, Method and Condition #1

Multiplexep~Z /)
// //

. [

Inlet

Outlet

Micro £=5 Micfochannel

Earthed electrical shield
Flg Experlmental set-up
| ¢ OO e @l »

, e (@) (b) ()
Fig. P'olystyrene' particle  Fig. Cross-sectional microchannel by micro CT

Properties of experimental condition
Inlet A and B Deionized water and particle
Initial particle concentration ¢ [%0] 3.0,5.0and 10.0
Particle diameter d; [um] 1.3,1.5and 2.1
Cross-section position z [mm] z=0 z=5 2z=10 z=15 z=20
z*=z/D [-] with D=700um z*=0 z*=7.1 z*=14.3 z*=21.4 z*=28.6
Numbering of cross-section [-] I Il 1] AV V




Experimenta

Conditions #2

Liquid phase (non-conductive liquid)

Micro particle phase (dielectric particle)

Fluid Deionized Particle shape Polystyrene
water (Duke Scientific Co., USA) | Spherical
Density, pt [kg/m3] 1000 Density, pP [kg/m3] 1050
Flow Reynolds number 40 Particle Reynolds number 0.42
Re Rep
Relative permittivity, €- 15.0 Relative permittivity, &P 2.55
Resistivity, p- [Qm] 1.8 x 105 Resistivity, oP [Qm] 2.8 x 105
Conductivity, - [S/m] | 5.5 x 10-6 Conductivity, & [S/m] 1.0 x 10-6
Flow rate, v [uL/s] 1.0
Properties of multi capacitance sensing
Measurement frequency [MHZz] 12.5
Voltage [V] 4.5
Electric fields, E [V/mm] where E = —VV (1) 2.0-5.0
Sampling time, t [seconds] 100
Data measurement [frame/seconds] 820
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Experimental Conditions #3 --- §, d and z ---

Initial | Particle Cross-sectional
concentration diameter measurement
¢ [%0] d, [um] position z

I m v Vv

3.0 v v

5.0 2.1 v v

10.0 v v

1.3 v v

3.0 1.5 v v

2.1 v v

Inlet A

(6=3%,5% and 10%) Case 1
N\ ix
>/* i1 Z
/ ] Vv

Inlet B
(é=3%, 5% and 10%)

Inlet A
(d,=1.3,1.5and 2.1um) (Case 2

\ X
> Z\
/; ‘ "l \
Inlet B
(d,=1.3, 1.5 and 2.1uym)

Inlet A Case 3

T

Cross-section I, Il, I, IV and V




Configuration Electrode Pair Areas

(@)

(b) )

(d) GraV|ty(e)
(a)Adjacent pair (b) Vertical wall (c)Vertical center (d)Horizontal wal
Electrode Fsael)HOI’IZ'OQIQI C%el’ 4-5 5-6 7-8 10-11
Adjacent pair
Distance between | 154 159 120 120 120 120
electrode, |, [um]
Electrode pair, i-j 3-4 2-5 1-6 7-12 8-11 9-10
Vertical pair :
Distance _electrodefrom 300 -180  -60 60 180 300
X-axis, |, [um]
_ Electrode pair, i-j 1-12 2-11 3-10 4-9 5-8 6-7
Horizontal _
pair Distance felectrodefrom 300 -180  -60 60 180 300
y-axis, |, [um]




Capacitance Measurement Circuit

Direct measurement circuit

Conventional circuit

Technical Report of Agilent Technology LCR meter
D

&
4
T) @Tb—%k e L ™ }/R

(b)

Fig. Equivalent circuit for the
capacitance measuring module: (a)
Bridge method and (b) Auto balancing
bridge method

SQUARE WAVE
GENERRTOR

+15V

ot }——:l—o—o—u—o—o—:l—

s2 \
i

RB

W Q Yang, et al.,Meas. Sci. Technol.(1997)
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T1 T2

Fig. Direct capacitance measurement circuitry

for a single plane of electrodes

* Very small changes in inter-
electrode capacitances; order of

Equivalent circuit not
measure capacitance

1017 Farads (0.01 fF)
Small capacitances between

directly but from
reactance.

onno<sing electrondec (10fE)
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Larger capacitances between

adjacent electrodes (500fF) at




Calculation Process on Particle Concentration

Time Averaged
Absolute Capacitance

Absolute
Capacitance

Capacitance
Sensing

Earthed shield — C P j —
I—] ~PO i
1 _ L= 1 C™ lC"J
2 7 X 0 : : :
3 1 Stray Differential of Time
§ j\ /ﬁ g Capacitance Averaged Absolute
6 Vv Capacitance
actP (e aen )-[cPven S ——
=T =) L-P
Cancellation from — ) ; ’ AC i
Stray CapaCitance, CI |_J C |—J C P |_J J
Particle concentration P PO Y —
(gI_J _ gi—j) < P_ern_nttl\_/lty
(]__¢)_ = - distribution
-]~ Ci-j c -

i-j — A

Symbol: C = capacitance, € = permittivity, (1-¢) = particle concentration, |, = distance
between electrode pair, A = area of electrode, | = source electrode and j = detector
electrode Superscript : L = deionized water flow, PO = static

particle, P = particle flow, C* = actual capacitance value and C’ = stray capacitance




Time Averaged Absolute Capacitance in Case 1

1,000
" 800
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400
200

Time averaged of absolute
capacitance, Cy; [fF]
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Representative electrode pair, (i-j) [-]



Differential of Time Averaged Absolute
Capacitance in Case 1

Time Averaged of
Absolute Capacitance

O Utl et Capacitance Absolute
Sensing Capacitance
chi-j cPij

12.

y N
B L —l> Differential of Time
9 Stray Capacitance Averaged of Absolute
v 8 Capacitance

OUIR N

L-P _(al* e ) (aP*
(e e ) o ,_,+ci_j)l

Differential of time

Particle concentration € Permittivity distribution
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Representative electrode pair, (i-j) [-]




Permittivity Distribution in Case 1

o Outlet e et
5 oy Differential of Time
| Q ggvgg —|> Stray Capacitance Avergg‘]a:;c;l g{ aAr\]l(J:s(:}olute
\
I n | et | \ Particle concentration ( Permittivity distribution
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2 100 -
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Representative electrode pair, (i-j) [-]



Partic

e Concentration : Effect of { d,=2.1[um]

% 12
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Particle Concentration : Effect of dp §=3.0[%],

—&— 1.3 upstream cross-section —=— 1.3 downstream cross-section

—&— 1.5 upstream cross-section —=— 1.5 downstream cross-section

Adjacent pair : -
J P —— 2.1 upstream cross-sectton —— 2.1 downstream cross-section

1.0
0.8
0.6
0.4
0.2
0.0

Normalized particle
concentration, (1-¢);; []

~ 10
2g 08
go 06
g5 04
SE 02
=500
z s

Electrode distance in x-axis, d [um], Electrode pairn (i) [-] 1)

1(12) 12 (2- 31 (4- 39 (5 52 (7- 57 (8- 64 (10-66 (11-

Horizontal pair

Distance electrode pair in y-axis, &y [pm], .
Electrode pair, (i-j) [-]
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Particle Concentration : Effect of z ¢=10.0[%],

d,=2.1[um]
-1 (1-2) 31 (4-5) -39 (5-6) %52 (7-8)
| —o-57(8-9) 64 (10-11) 66 (11-12)
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Mass Conservationin ¢
Mass Conservation [kg/s] f f pp(1 — d)uydxdy

Approximate Mass Conservation [-] Z[pp(1 — )]

: . o = ¢ m10 m5 m3
Vertical pair = =80 -
£ 260 -
1 12 X N g |
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Cross-section, z [-]
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Cross-section, z [-]



Particle Migration Ratio @ --Effect of { and z--

Outlet 1 1 _ ;
% Z°K i Z 77X 11
3 :/E E } 10 3 ; AV SPR. 10
! 2% 1 s ﬂ\E X
6 - 3 6 7P 7
e \
(1 - qb)wa.!l (1 - d’)center (1 - (p)wall (1 - qb)CETlt&T

-g

Inlet

) 1— m Vertical pair
- 5.0 D = ( ¢)Wall ®m Horizontal pair/
o |
= :8 (1_ ¢) center
oa U
£9 20 - —7
o .2
s § T 5004 NN BN mma  mw oaw s
S 0.0 -
s 3 510 3 510 3 510 3 510 3 510

Cross-section | || Cross-section Il || Cross-section Il || Cross-section IV || Cross-section V

Initial particle concentration, & [%]

Fig. Particle migration ratio at cross-section | to V, at vertical and horizontal pair
for é=3.0, 5.0 and 10.0%



Particle Migration Ratio ® -- Effect of d, --

Outlet 1 1 _ ;
" : 7 i
== ==
6 4 3 6 7R X 7
a N
(1-¢)wan (1 = )center (1 =®)wan (1 — ¢)center
A— D). M Vertical pair
D = B Horizontal pair
S 2.0 - (1_¢)center /
g — 1.5 -
55 10
=% 05
o .=
R 0.0 | | | |
*% 1.3 1.5 2.1 1.3 1.5 2.1
o

Cross-section Il

Particle diameter, dIO

Cross-section V

[Um]

Fig. Particle migration ratio at cross-section Ill and V, at vertical and horizontal
pair for d;=1.3 ym, 1.5 ym and 2.1 ym



Streamline Migration W --Effect of ¢ and z--

downstream
(n+1)
< \7 (n)to(n+1) (1 ¢)wal| center
NN wall ,center 1—

N ( ¢)wal| center
N = upstream
== < m adjacent
Inlet N m vertical wall
. 20 AY vertical center

5 60 - = horizontal wall
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22 40 \

Ez 30 - b

e & 20 -

% = 00 \

=
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Cross-section | to Il Cross-section Il to 1ll Cross-section Il to IV | | Cross-section IV to V

Initial particle concentration, ¢ [%] , streamline transition, z [mm]

Fig. Streamline migration ratio at adjacent, wall and center of vertical and
horizontal pair from cross-section | to V at (=3.0, 5.0 and 10.0%



Streamline Migration ¥ -- Effect of d; --

downstream
Outlet -
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Streamline migration,
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Particle diameter, d, [pm

Fig. Streamline migration ratio at adjacent, wall and center of vertical and
horizontal pair from upstream to downstream for d,=1.3 ym, 1.5 ym and 2.1 ym
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