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Force Display and Bi-Lateral Master-Slave Control with an Internal Model

under the Consideration of Human Cross-Over Model

Nagakatsu KAWAHATA, Masanori NISHIZAWA, Youichirou ITOH and Hiroaki YOSHIDA

Abstract

Human behavior for controlling machines is quite adaptive but restrictive in gain, phase, frequency

bandwidth and so on. It is often assumed by a cross-over model especially for compensatory tracking task. Force

display system is increasingly important in robotics, remote manipulations, machine handling and etc. The control

system design for force display and/or bi-lateral master-slave manipulator is not so easy because of gain limits,

mechanical vibration, human-induced oscillation and others. Proposed is a control system design for force display

and/or bi-lateral master-slave manipulator based on model-following control under the concept of human cross-

over model in compensatory tracking. Experimental results are also shown for an actual force display device

designed by the proposed method.

Keywords: Force Display, Master-Slave, Manipulator, Cross-Over Model, Model-Following Control

1. GO

I, BART 4 7 ADRFEIZL > THERIZHELT
VAN =« AL —T g Eh O TR R E DN AH]
HEND L2127 o TREZENY T, 5%imx D
BN THRIND. ZOBRIEICE W TITEEZE ORISR
Be AN E AR & CHRLGE SOl DR S AT AL TV B 08,
TOEEEIIRD E R L TWD X TR AW, 1o
EEII N, FTF T e v AH— « AL —T L LTH<
Dy BAFFE SAVTHRIZAS, BRI AT C AR AL 8 L
mbdhol. LLaens, ERTFINCARHE o
EEEEETTIL, EREGE SNTENE R TRY AT
LRV AL —« AL —T « VAT AL o CIEMICE
BT 5 Z ERMBERAIRIZRY DDOH 5.

NI < B RZ O 72 i, Bk 723K
RHE DY 2 Pl b TS, ek O ISR
I EORENRELHBENTNSD., FTHREUNE - &
TR AR, TT T e v AF—« AL —T %
FEHT HIE~ AL =B LA L—T7 DNk E &1 E

VAR T AR s T2, 2 3 R, 3 BRARRT R U T

* Corresponding author
Received 21 October 2009, Accepted 11 March 2010

FTEHZERRUARTHDH L E2R L. £, HHL 7
WENERE T V&R L C ORI R & T D0
THNRITEERE Lz, FEEITIE, D TRV SR
EH=0 DX D 7RREENG, BED X 5 72 S R EEH ik
HTREVIRIBIZZEAT D L 5 72 E BN ORR 17
RLED ET DL, BBMEOS T A VR e & clk
ENRENT 2 2 En% <, J1 - fEORFEEL T
KBEERVEAND 5. Z OBk EORIBEIZ O
TIEBIZITHD ¥ ORFEN S 5.

AL DO BTN ROV AL — « AL —T 28
W, LS WERIC AR OIS EE ) 2 R L7 2 |
A F—R— e 2T O 2 g LT, B
RN ORARREE L LT 570 W RONTET L
BEAL, TNEETI - 740,728 o TEH
TEHHEEZRRET S, ZOFETHHS " OFELF
FRICNEBET VA AT 503, HELET /L O
NOF e Eax L TRINTEY, EROICEIEL
B, BELILERMEDT - fiEEREIRRITES.
WIDIZ IR RIEE DM 2 D R & et & Wit L vEEAR



NI =B i

B~ =tz b —2DInEARAEEHT 5. F3ET
TET I - T4uf VT FECL S TEDV AT AD
BEHEITH. HWAECTTba—~r A« F o —
FLLTDOI IR « F— 23— « TF)UIDON TS,
5 BEILEEY - BIRYEBREE R AR, RER < IRER
DHETWD Z L A2RT. B EIIATFIEDAL - F
T I e RAH — e AL —T « VAT ASNDIEHICD
WORN, RZRITHGTRTH D.

2. VAT AORBILHMBYET IV

DI DI —RITED NIRRT AT L EEZDH T
&L, OWDO =y a—XfDCE—ZIZU —FR
I[mm] O AR —/L3 Uz RS LT Fig.l © X 9 723 %
BIEL7-. ZOHWEEIX Fig2 07 1 v 7 B TERHET
5. ZIRITLV AT LKL TCIL, ZHTHRH -7
ELTHRITENDET /VBHERIEICE T2 ET V&
TR GEFMbLET AL RY) 7562 LICk-T, 2D
—RITLY AT AEEEASARICIE L TR T
5. BERONEE x(t), X TR E b, T—
A DODANNEEEZu®), NEBMZTWDH%E L, @),
VAT AOFNEEE mE TR Fig.l OEEOES)
FRERIFTRXE 22

Ball Screw

Fig.1 Force Display Device

-+ Manipulator | Displacement
. | BRI
Input Force Model

Desired Force

Environmental
Reaction

Fig.2 Functional Block Diagram of

One-D Force Display Device

X@+M®=KM®+%EAWWM @

IRIEZER TRITNITRD L D ITHF T 5.

W) (0 1Yx®) (0
(ﬁémj‘(o _bJ(m)HJV“) ?

y&)=(1 0)x@) ; x(t)=(x(r) *@) 3)

FLR DAL DT= 8, KD L < 72 W R O I3 %L
DFERBL (1) BEWL, AT LOEEITHEE LD
TI[A, b, ] LitikT 5.

R A — v oo LR R EEE D
BENIFTLOALE VT TR, EFEE TR %
FKHRTHZLETHD., ~=V a2 L—HITaBE S
TEHSEZR T IR Hav., O, Rt &
NIMWENHBI L= )] (B2 EASR) THIGEES
25, NHAR~=t a2l —XThdHENE Y2 DH,
BN U CHBE SN REAR OS] #RT &
71) ENEIOMZT= 13, BALOBEE - I 2B
LM CICRbRER B2, 2043 EE OB
RREE T B S 2T ER 53, T OERBITMmO T
REETHD. 22T, EBARRMERBN R TR
VAT AE U THRARBR - T R & A FTCHD
L, UTFTDLH>ThD.

(1) RAEHREOKRS (BIES) F~v=tEal—%D
EAISCCHEHEN D DT, HENR~=t 2l —
2%, ANBEIOHIIS (A1) ERBILELS L35 HIE
NOBEE/NELTHEHICEL (BT D) ONRE
W B1h, Fig2 DX 577 4 — RNy 7 RICRD.
(2) BN ~= a2 L—Z ¥ AT I v 7 AT
ECINOMNEE T, BESCK B 73RS 720
INEWVDOREN,

(3) RTRENBAT v TR, HDHVIET 7k
LT DRFCHEFBAENE LRV NRRW. JIb
MO 2T BIREE LU,

(4) ROLEARMBRECTH DX O LS R HREER
IZBNWT, NROMISITBRDO LT VAT ANRRE L7
HRETHD. TOEDIIIIRT REBRER I OH
M7 4 — RNy /7 Tw=t =2l —%d Total System
Damping (f2DOF1) BNEZGICEDDH L5, AN~
=tal—% - ETLOMMREIT “17 ThorZ b
NEFE LV, etc.

FRO X D ARBERN SN A~ =2 L —F &
LCROFFEEZEZD.

— 2 —



AN D7 B A« = s EFNEEBE LT T AN R R AT L~ AL — « AL —T7 Ol

em, %, = (fy— 1) +Tﬂ%<f,, — )
L @
Xm(s)= Tfl ) Tfl

AF(s) ¢em,  s°

m, (XETIVORRIEE R, x, 13FT /VAEHH O 22 %8
N, fy TR TEEED, f,@) X AMREIL
1291 fro (@O OREET, EEITIX f,(0) = £,,0) TH
B T, WS RRFERL, AF (s) 133878 S ) Oz
Af ()= [, ()= f,(0) DT T T AEHL(Af (1)) Th 5.
BB IZAL (1) = 0 8 5 WIET, Af (1) + Af (1) =0
EIRDDONEE LWD, EEDOZEN « EHE - IHEC
KL TINEHMEIEDLZ ENHELVOT, HERE
P UCENL & ) ORRRZEZ BRI T 5. 3%
1B OB X 30 L EE) T2 < — B E T T R
@) XDLDILEEE 72D O THORRFRZZNIREHM & 36
BT D2 L &R L, £z, VAT DD IHE % FF >
TEH R CTHLHORTEEAS = f, - £, WIS D
L2, BEHD el TELRET/NSVORLEE LW
LT s,

LALARS, (DR)RTHESND RN 27
D7 T > N EHFREN 17 OEREN~=E = L —
H (4) \Z72 DRRRHIERIT, FEEICT T AT ()
DML 707 . 2T, JIDREIREEZD DS,
ANFEDEEST 2 L9 RERE B TR TEBLSND LD
AF(s) _ s
AF(s) T,s+1
(AF(s)) ZHAT 2. ZOEBITLUFO L 5 1T 5.

(2, RS 70D &5 It lisoy

. 1 1
i=——z+—A4f
I, T,
.11 ®)
Af =——z+—4f
I, T,

DI AFRAS = [, f, OB THD. 20
FEs SR L Cv=a L — ¥ OBEMAKET L
@) EHEET L RRUC D,

em, X, =(f, = ;) +Tf1A;

b b

T T
f1 f1
=———z+| 14+ = - 6
T, ( T, j(fh fa) (6)
/:’\’ Zm = [Zml ’ Zm2 ’ Zm3 ! = [‘xm ’ xm ’ Z]T fo(: 6 Jﬁ
BB PV EERTITHERMEN R~ =2 L—Z(%
RATEIIND.

0 1 0
Lt Zm
T
b |=|0 0 -2 o
. gmm Tb
Zm3 l Zm3
00 -—
Tb
0
T
o @+—Qj4f )
Em, T,
1
Tb
ym =(1 0 O)(Zml Zm2 Zm3)T (8)
IOV AT LAOREATIEE LD T[A,, by, ¢, ] b
Ll 5. RERRIT,
Y. (s) X, 1 \T,\+T,)s+1
~Xa()- Ly D) ©)

= S

AF(s)  AF em, s*(T,s+1)
Ly, EHABR~ =t 2 L—Z OIRZEREBE DMK
Hix 17 TiEAe 27 LR, 7T b OMRKEL
ERICIZR D720 TR, T, & kiay/hs < EUYL
th oz RBREEIXRMIE (FFEMR T 40— RNy T - 5 A
N NHRT DR BEENG LN D (R, Fig. ).
BIREIE, (1) &5 0 Q) TRILE D IR RIEE
D H I y(1)(= (1) DT D Af (1) (2D T HeER
B~ =t a2l —% ) 0Ny (1) (= x,0)
LELLRDERRITIEEA T v(), B, E—X DA

1 1
= — wEtd o2& T
M(I)( K. (1) K. m Jia (f)] ERET D

HD. TRICIE, Ee S PID HIToEBR TR T
bHDT, 9) FNEWEFAL LIz 2 B S E
EF L BGEEER OB FEEFIT 5 HENH 5.
T CHEFOTFELENTS.

_3_



NI =B i

3. EFNVEREDTO DO

HATZc=[1 0], ¢, =[1 0 0]& LT, ~=t=
L— 2 O y(1) (= x, (1) = x(t)) 7R E 7 L O fif [

Y= 2, () = x, (1)) 123886T 2 & 5 701 BRI &
BR O] D FIEIC L > TRDD. K (2) (3) DR REE
B OREATHI[A, b, c], R()Q) THRHALEETF L
DIREATHN % (A, b, ¢, ] & LT, HAHFEEZIER
WAL CTHEELAFTIv I AeRDDELUTFOLSIC
n5h.

e, =CX—C,2, =X —2, =X—X,

é =cAx—c,A, 2, =X, —2,,=x—%, A e,
é,=cA’x+bv—c, Az, —b Af

*

22, cA’=(0 -b), b

T
(%ﬁ=()0~l—~ﬂ
em, T,

=cAb =1,

m

. T
mz%%mzl 1+
gm, T,

BHERT ML e=(x—x, x-x,) ZEHZTIUT

— ¢ _ Cm
e—Mx—Mmzm=(Cij (CA)Z”’"

m m

Lo e, REDICk e Z Mg ke 72 5.
ick" =(k, k,) THS.

- =
— —

é,=—kTe+cA’x+b'v—c, Az, —b Af +k'e

SCHR[O (e~ T, AL TREAEr LD K5I
FAR RO v(r) 2Rk 5. Wb,

v=—b* (A + k"M W+ b (e, A2+ k"M, ),
b* b FAf

E—@pké—bk+(h,kr————

T
! @+;ﬂ}v
Em, T,
NBOEM LT f,, (1) & = DORE £, (1) 135 L
M, E—FZ AN u@) 1E (1) R HROL BELRD.

1 1

+ (10)

1 q 1 .
E—;:Rﬁ+@b—@d+izhﬂm+@&J
SN N VTR B

Z
K, em, T, K, em, T,

m

1| 1 T, 1
+K—Ame-(l+T—b](fh—fd)—;fh} (11

FEFRE Y E T & LR, SOl Em4 A
X v 7 AFIRD LD AR RIRE G RIS/ B

o))l

TOBEELATFTI v I APWEREL 2D LY ICRy
kT =k k) ZEDIIE, HEARTROBRE (Af
PEFAASDOAS) OMEIED B, elt) >0
(ie, x(t)=x,(t) &R THBEBOEFL - 7304
VIMBEREIND. ZOT 0y 7RI Fig3 Dk )
2725,

12)

Human

1

Force Canceller

K,m

X
M_

[« |

]

Manipulator ||_
ﬂi

Virtual Environment

Fig.3 Block Diagram of Force Display System with Internal Model

_4_



AN D7 B A« = s EFNEEBE LT T AN R R AT L~ AL — « AL —T7 Ol

Type Il Model
Fh (s)

+ AF (s) 1 (Tfl + Tb )S +1 Fm(s)
Human 2 —
I.; - em, —s*(T,s+1)
F,(s)
M—

Virtual Environment

Fig.4 Essential Characteristics of Force Display

o, YA VK,, K, K, 1[T(11)XDFE 30T
7T NREEE S x, T WVREEETH D x, KV z,
NI Th D I)DRRTRFRGE Af = f, — f, \CHT D65658%
FEOLLDTHL. iz, F( )X 5 F, Z 42
RT LMK TRESNHTERBTHS.

(1) D WE Fig3 12 aan<, AR FEEIZHIIN
Lz =%« M IICE > T—HHEELTET L -
TxuA T REEBL, RS ioBE (Af
or AF) I[ZX > TENEEITHIRIC/R> TV D, fE
BELT, Figdo7w vy 7 BEE, EEIChzTwn
D7 fra @) DDHWILF, (5) KOZEDOF ¥ 8T —%
EWT, BA—72NR(9) DX 57 R OIRERE &
HBLL DD, ZONRERT AT MIEEHIC
Figd D L HIZENEIND. ZOHAEDT7 4 — Ky
T e =" (F(+)) 1 IMEEREIC L DTS L,
I E NI U S RIER 672008, —iRIZIERH
THHNMEETH D, BIZITRENSHEM AR O b
DEFTIIE, F( ) ITHRDNARXERTK,, V—7
TA I K em, (BT, 2 O MR BRI ALK
Fig.5 DL 92725 DT, NXELOMEIfRD BT,
VAT DMIRETHDHZ ENNDH. AR EROEAH
RS HRETIETE D2 0E, em, &2 (ZFRE
LTh—=7 714 (Kglem,) %4 722560HIC R
WL ENHKD., T, UBORTHDINRHITT
TAINZx LT HERBREITE DT, B ) Ofr
MARETH 5.

Human Operator: Yp (s)

+ I 1 1
K |1+—+17 —zs [l
—3O—» p[ ds] > ¢ H

A S
X, 1L ! |

Fig.5 Root Locusfor7 () “em,,
4. JOR + F—N—+ EF)

R, ARNIEE(7), (8) HDWE (9) TRIEND &
DI A R S T I EARR U AT L EEET 5 2 &I
%%, £IT, HbOREEEDORE (F(-) 74—
KRRy 7 ol I B 25 Kk NP EIETE 5
MEDPHRETH D, ANH—HEBCROBFZEE, 20
AL T DI Ty (SCHR 10), 11) 72 &), B
B 18 (Compensatory Tracking) (2351 5 AR D
B LC, B4 a A« A —/3— « £7 /L (Cross-
Over Model) MER SN 7=, AimlcBW\WTh, hRE
RV AT b NH— R L%, Aoz -
F— 3= - BTLAE M ATRE AR K O I AR R EEE O
IRT A =B EPEETE DB ERFT 5.

Yo b= OMEEZHRLEY ICHERELZY
(Compensatory Tracking) & i 95 Aff D= K
KOKE BN % FF - 72 PID filf# Ttk s b &
T5. METNEL, ZhXVEUWEEREELELE
THHEITHE LS.

1 )

YP(S):Kp(l'FT—S +T[}S]€ (13)
I

ZOWRE, HERRVATASERO T v v 7RI

Figd #ZM LU TNE 7 4 — Ry 7 22 403 Fig.6

DX O D, #HEHEIZESE (Controlled Element) D1z

Controlled Element: G(s)

(T, +7,)s+1

em, s (T,s+1) I

— m

F ()

Virtual Environment

Fig.6 The Entire Block Diagram of Force Display System

_5_



NI =

BRI G(s) DFFEIINERIL—7" « A L F( ) em,, |T
KT D0, NROL KA T I v 7 AL memory
BRI VWEREE R S, Gs) X —MRICRER 3 RFR
T % (Fig.5). AHIORFE 7 1385 0.1 ~ 0.2 [sec] T
HHZENRMBNTEY, T2 Tlidr=0.2[sec] &K
ET D, JaR e F—N— - EFFT /LTI, Fige D—iK
BIEMEKY, (jo)=Y,(jo)G(jo) 37 v A « F—r3—
JEWEk w0, (W1~ 2[Hz]) 3T Fig7 Dk 5121/ jw
(=20dB/dec) 272 B8 NS PID O 7 A o &
E¥ (K, T, %0T,) Zi#ifivsLE16h, €O
FHETOEES IS U CHEME LS S ORI 21T 5 L Sbh
TW5.

v, (jo)| .aB

~ ~
~_ -20 dB/dec
~

0 . 10 Log(w)
T t >
I 7a\
~N

Cross — Over Frequency(rad | séc)

Fig.7 Cross-Over Model

Fig.6 DY A7 JZBWT, BREIZHS 2V IRED
HVIEELMVEREIOR (F(+)=0o0r Small), T,, T,
&Y IR A TR IEARITH R 2 HLBIHI#E K, D2
TR« A== ETNVEEBTE, FHITHE
AEETHD. LU D, BOREOR (F(-)=
Large) (L BIHIE K, DA ((13) 2B W TT, =,
T,=0) TIEZ B R« A==« BT LOFRMEGT-
FTENTERY. ZoHAE, ARITHGIHIE 217
DT, PIHLWIIPIDHEICL > T v X F—
N—e BT NEFEBTHLEEZOND. AMIZZ D PI
HDWITPID D7 A L RERE D DA TR

RETZDMNEPICE > THRIEO# S 2 HET DD
T, WHEERED ST A—2THD T, T, KPem,
EEYITRATY B A« F—3— « BT LOFKMN%
LW E y iR b,

Fig.8 I& Fig.6 ® < 27 LT F( + )=50 [N/m] D&
D—AZBIR D F B2 % LT, 1 [Hz] (i
THIRREZ B A « = "—« ETFT ANEIHIN TN,
xR EDNANREREFFSTRE F( - ) ITOWTH
RIFERT, #0377 VNS SERETDLONEL, 1K
53 DHRFIE 2 LS IR T2 MER B D Z &3 yino
7-.

5. NIREFROIEE

BB SR, FERIB SR B KO\ EE, H(ZiXe 2T
UV 2ADOMWE %R - 1 BREEIC DWW T Figl O3 E %
> CHRIBROFEREIT o 72, FritEaliR clidfmed
THoRFRBERE L, FE R ERETRVWERZ
HIEEOMREA R TEZ., ZZE T -T2 AT
LFHBENRY =2 L —F c EFLLE LT @) RT
KIND Type U ET/NVHEIERL LTWDHN, gD
72Dz Type 1 ET NV EIARL LIV AT AIZHONT
bR DE T NVIBIEE THRIER Y AT L% i%GHL,
el KB 21T~ 7. Typel 7 MIkATEHEZ bR,
VAT DETFEACD T DI T O ITMETIE R WO T
EREINTHZRY (@) o Type 1 7 /L &%) .

gmm(‘x'm—i_bmxm):fh_fd or
X, () 1 1
AF(s) em, s(s+b,)

a4

40 n T
= I
o ol ~20dB/ dec :/:J Lead by PID Human |
~ 1]
P .
3 0 H\ :
e n :
gﬁ 1] 1
R I o
+
_qoly] ety Lk
270 T |
— n .1
w 225 I |
180 | N
_<C‘@ 135 N Poles of Controlled Element
n
o 90 n by Environmental Loop Closure ~____ |
107 10° 10' 10° 10°

Frequency (rad/sec)

Fig.8 Achievement of Cross-over Model by PID Control

_6_



AN DI B A« = s EFNEEBE LT T AN R R AT AL~ AX— « A L—T7 Ol

oL xOHBEANZFEEEOHEIC L > TR D L H 1

Bohb.
u=— ﬁ, k2_k2 X+ L’ M X,
KA KA KA KA
1
+ —f,)-—— 15
gmm( ha fd) KAmfha ( )

FTRIND XL DT, FAORHERER TIITh O BREE %t
LTC%H Type Il F=E Type I FUcHs s & b8 5720
EREO R R FEBTE . WRIT, HEMET LV
@ Type I, NIZ X 2EWE LD %2, BiRytEReRiRs

_ 015 -0
Z 0.15
'S
=6
x [m]
T4 | a) Type-1I Model
Z t
i
R
-ans —

1To7z. AJNZ AR = 10[cm] ORI %K) 6 7
DEMITHRBTREEZBIEL, ¥4Iy 772 AT
Hzlz. ZORE%E Fig9 R Lz, KoL a)
2 Type I 5, AMIb) 28 Typel ik =€ L, £FH
DA — IR DT DIIFER CICLTH D, 0D
BROZENL (BR#h [m]) (CxF L TR Sz (Z#)
BILOFEDO S (GG %t (N) & LT Fig9
DOEBEIR LT, £z, EETIIREWEREINTZS
DREETER LT TR Lz, FERIE SRR DO
RS & L CORBEIZOW T b RIBEDEBR 21T\,
DOFER % Fig10, 11 (2R LTz,

-0.15 -0.1

-0.05

F [N]

-6
x [m]

s i b) Type-I Model |

e

R [N]
p _«i} g
ja) | .

-0jis =
.

i

% [m]

Fig.9 Dynamic Force Display of a Linear Spring (approximately 6 [sec/cycle] )

\
\

2= N

=5

% [m]

= 7 //
=
“oolis 01 fBE o 005 oft 045
x [m]
i . | b) Type-I Model
@ | =
_ it N
z H
= gl \
Wo-ohls g il 015
SRk

x [m]

Fig.10 Dynamic Force Display of a Nonlinear Spring (approximately 6 [sec/cycle] )

_7_



JIE =B

F [N]

&

|

°

S

&

> d

o
o
&
o

o
x [m]

a) Type-1I Model

FE [N]

:

4

% [m]

F[N]

x [m]

b) Type-1 Model

%

WMM
=01 -0p5 i 1 005 ot

i i

7 [N]

B

4

% [m]

Fig.11 Dynamic Force Display of a Hard Wall (Approximately 6 [sec/cycle] )

20

w S
-045 0.1 -005 O .‘-—/
S~

0 005
/ -10

-20 | a) Type-1I Model

0.1 0.15

F N]

x [m]

—20| b) Type-1 Model

x [m]

Fig.12 Dynamic Force Display of a Nonlinear Spring (Approximately 4 [sec/cycle])

-20 | a) Type-II Model

x [m]

015 -01 005 0 —==o5 ;

F [N]

v =20 ! b) Type-I Model

x [m]

Fig.13 Dynamic Force Display of a Nonlinear Spring (Approximately 2 [sec/cycle])

Flo, 7R A= N—JHEHEZITIE 1 [Hz] ICRE
LTHDDT, Fig9, 10,11 LY BWAHITH L TH
AERIERES U D B I E R~ T, = OfE R %I
W DIERRIE S HIZONT, E# 4 7> (0.25 [Hz) DA
HNZHOW T Fig.12, AH 2% (0.5 [Hz]) (2501 T
IE Fig 13 1R L7z, BIEEIZARMTRLTHY, K
LRAZEZHETE 2. WIFhoOBEE S Type I ODET
NWEFERL LIV AT ATIEIBD TRWERNZE SN
7o, AW 18 (1 [Hz) 1250 Tik, AOAHELT
E 720 B CTHIERANEIRAET D 2 L BRER TS
T, BROZ LN LNRIETREELZENRDY
WZHbL7e.

6. MHM<TAY— « AL —T~DJ5H

ATER E TIZR R N RIRR S AT L& W5 (34
-STFI) wAE— AL—T AT LAOHIEIC
fHICEHTE 5. WM~ AX— « AL =728V
T, AL —T I~ A ¥ —4EEO ) RIERICHE - 728
HBHET B L CHEIE, ZOMBERENGKT) f,
EZTHEHICT D AL—T0EERHREIE~ A
H—LRFICRKTEZBND LT 5.



AN D7 v A« ==« TF)VLEEF LT VN

.. . 1
xs +bs‘xs = KAsus _m_

s

(5) o JE) Q)

yo= 0k

f,=v, or

N

16)

s

~ A —OE@HFHEX () BT D ABOENT £,
EHIRY, AV—THBICIRERABNN L, EL
TMb 5 (FFENW). ~ A X —EERIT I REIER
TR, Type I ODNERET L (BN~ =
ol —HOETIV) I IHICEFFShTns e
THUE, NLEE SIOBMRE R ) OFRE CEREICEE
TELmb, vAZ—HERL LI O EEHRE
AVL—TEERRICMB E LTH %, AL—T70Rn%T
REN) [~ A8 —8EER TR &N f, &7
E (f, = f) RN f, = [ 2 ERTE5,
—%7, AL —T7HEMERII~ A — R LR LB E
ZTHEROND, v AZ—L[E LNERET VITIBRE
TORICRETTHIT R (v A2 —#ERIT T A O
WNESE T LD < R %5E O FRICRR G S Tn D). i
fErOgE E e FEkZ, XA6) DAL —T DOfLE
ZR (@) DET VO DITBHESE L2, B
FAZENA T v I ANEERE LT H /8T A—H « X
skl =k, k| BESIC®RRE, AL—T D
MR D X 91272 5.
v :_(ksl’ ksZ_bs)‘x

s s

T
+ (ksl ’ ks2 [ 1 ’ %]st
Em ;

m

T
LS PPt Af 17)
em, T,
ZOHE, AL—T7OL—TRITERNAE Ao T,
G, -x)+k,(x,-x,)+k,(x,—x,)=0
X, = Xx, as t—owo s

BTV T xruA T RERIN, A L—TEERD
frEEBE IR U 5.

.@ﬂ+nﬁ+1
s*(T,s +1)

19

TUNFIR Y AT b b~ A Z— « 2 L— 7 Ol

AL — T EEERIC T D EBEOET—X AT (17) L0

u, = ! v, + ! /s
KAsms

== Kl [ksl'xs + (ks2 _bs )XS]

As

1 1 1 T
+—— [k x, + ki, |- — il
As KAS gmm Tb
1|1 T, 1
+ 14+ —= - f)+—
KAS |:8mm [ Tb J(fh fs) ms fsi|
(20)

Lieh. AL—T7 ORIBENCIIREER T £, DIEHRO H
RHY, v AZ—~HInShi)) f, DIEFHR S MET
bbH. TDH, wAH—« AL —TENEGRORIFIZT)
B —BREERD. fER, YAZ—ITETLEE
CCAL—7%8nL, AL—7I3EFL%E 0 T
BN e~ AZ =Bz b2 &2 b.

BEMHEHEIC ST 5 AHOFEBRELZERT 7 1
AR e F—=N— e FETNEEZ DT LIZL S TAIEL
W IEE OFRGFHEARE L. 2y A )
Ry I RIRIRRIERE A SRS CEBLT 57201, R
R ZEWMEFRESO N HONHBET L« VAT LAEk T
JATV Yy b ETT N T xuA s (Bxplicit
Model-Following) iz k> TEHT L5 FIETHS.
VAT AEBUIHEREFEONRT A=A 37
BR e A== BT IVOERER T L DTS,
HIEIPERE &2 R D T2 DI — I D TR i A B
L, FEBREITo7. TOME, FIADNTZT TRE
HFIAINT L ChE R SR E CHR AR CE 2.

D=1z, WERET NV E 1TRLE LIEREDO TR
ARV AT AL G EBRL, AN D II
BINESE T VOB & RS U=, BhAIREEE O 2
IZOWTIE, UL EOWNEET L HEE X LN DHNE
EVEZ OMORER S 5.

ZONAANBET VO NRIRRS AT LEN AT
T I e RAS— e AL—T « VAT KIIGHTDHTF
HBIZOWTHIRARZ, v AX —[INEET L E2@B U T
AL —THEEMNL, AL—TIIRECHNEET L AE L
TREN 2~ AY —|ZRTZ L2k D,



I

S Wk

1) HNAERA991) @ “mR y MIET D K OBUR & k7,

HAR®RR Y MERTEE, vol9, No.6, pp.62-65.

2) /N —8L(1991) : “TIHENE O R & A S A T A DRGGHET,
HARTR Y F#55E, vol.9, No.6, pp.67-74.

3) & ME(1991) : “~wAZ AL —T Ry MBS IHIE S A

T LADBFFNE", BARR Y FEREE, vol9, No.6, pp.82-88

4) BN 2828, ) 1 (1990) ¢ v R HZ - R L— 7 T R
it AT DOBAENE”, FHI A B 5 5K, Vol.26, No.5,

pp.572-579.

5) Ri/NE 23, I 1EFR1991) ¢ “BUARA AR AEBNRE & 5 %
HRAL « AL—T « v =2 L—Z DA 55 FLHI7,
B B2 S04, Vol.27, No.l, pp.56-63.

6) /PR B 1ED 16 44 (1997) @ v R MBI SRS, FHE )
T2, pp.117-143.

BB

7) dEHE A, VE BN, HEE R, EU 1 (1988) ¢ fAHIN
HWET WIS AFZ AL AT « v = Ea L—2 Ofil#”, FHA
H B 225 S, Vol.24, No.2, pp.176-182.

8) M s, & WE(1995) : “—ARFER—RE LA =X
AN 31T DB EMEOSGEEFE", AR R Y MR,
Vol.13, No.5, pp.659-665.

9) Kawahata, N. (1980) : “Model-Following System with Assignable
Error Dynamics and Its Application to Aircraft”, Journal of Guidance
and Control, American Institute of Aeronautics and Astronautics,
Vol.3, No.6, Nov.-Dec., pp508-516.

10) McRuer, D. T., D. Graham and E. S. Krendel (1967) : “Manual
Control of Single-Loop Systems : Part I & Part I1”, Journal of the
Franklin Institute, Vol.283, No.l and No.2.

1) SEH BE(1993) - Hl LoE, JIa#E, pp.164-188.



J. Res. Inst. Sci. Tech., Nihon Univ. No. 120 pp. 11-20

Real-time Visualization of Multiphase Flow by Means of Electrical Process Tomography

Je-Eun CHOI ', Tong ZHAO' " and Masahiro TAKEI”

Abstract

A new reconstruction method called Generalized Vector Sampled Pattern Matching (GVSPM) has been

applied to an ill-posed inverse problem involving an electrical process tomography for multiphase flow. The

characteristics of GVSPM method were examined using a simulation for pseudo particle concentration distribution

images. Overall, the GVSPM method was proved superior to the LW and the ITR methods in the case of annular

pseudo particle images. Then, a large scale electrical capacitance tomography (ECT) system was designed to

visualize the powder concentration in the process of mixing air and FCC catalysts in a vertical pipeline. The

concentration distribution image was obtained its accuracy was also discussed systemically. Moreover, another

research focused on the fabrication of a micro-channel and the visualization of solid-liquid two phase flow in the

micro-channel. A micro-channel with commercial connecter system for 60 electrodes was fabricated. The impedance

between the electrodes was measured with changed frequency, and the cross-sectional impedance was determined.

Key Words : GVSPM method, Electrical capacitance tomography, Electrical impedance tomography

1. Introduction

Recently, process tomography (PT) has become
increasingly popular for multiphase flow measurement.
The PT has previously been investigated as a visualization
technique for solid behavior in solid-air two-phase flow
U The PT sensor containing several electrodes is
wrapped around the circumference of a pipeline, and the
capacitances between the electrodes are measured. The
particle concentration distribution, which is based on the
permittivity distribution in a cross section, is obtained
from the experimental capacitances. This is performed
using an image reconstruction technique that is based on
an ill-posed mathematical inverse problem. Because inverse
problems are heavily dependent upon the system equation,
a suitable image reconstruction technique is necessary.
Recently, the iterative techniques such as the Landweber
(LW) method and the Iterative Tikhonov regularization
(ITR) method have been widely used because of the
relatively high accuracy of their reconstruction images *.
These conventional reconstruction techniques, however,
have several drawbacks with regard to empirical value
setting and convergence at an infinitive number of

iterations.

In order to overcome the drawbacks of these
iterative methods, Saito et al. proposed a novel solution
strategy called the Sampled Pattern Matching (SPM)
method for ill-posed linear inverse problems >. This
inverse problem solver was then generalized for various
types of linear system equations. The key idea of the
generalized solver, so called Generalized Vector Sampled
Pattern Matching (GVSPM) method lies in an objective
function that estimates convergence from the angle
obtained by the inner product between the input vector
and the solution vector. However, the GVSPM method
has not yet been used as a reconstruction technique for
the electrical capacitance tomography. It is necessary to
clarify the characteristics of this GVSPM Method by
comparing with the conventional Landweber and
Iterative Tikhonov regularization methods.

Then, as an application of the Electrical capacitance
Tomography (ECT) technique using GVSPM method,
an ECT sensor was designed for the visualization of the
powder concentration in the fluid catalytic cracking
(FCC) process, which is the most important technology
to convert low-value heavy ends of crude oils into more
valuable blended stocks, such as commercial gasoline.

Approximately 45% of worldwide gasoline production is
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generated through the FCC process and its ancillary
unit?. The catalytic cracking efficiency and flow condition
of the FCC catalyst is a key factor in producing high-
octane gasoline. Therefore, concentration visualization
of the FCC catalyst distribution is indispensable. On the
other hand, the ECT technique was believed with the
potential to noninvasive visualizes powder behavior in a
cross-section of a pipeline, which has been investigated as
a visualization technique for multiphase flow. Numerous
studies have investigated the improvement of image
reconstruction methods ” and industry applications,
such as bubble coalescence and formation in a fluidized
bed ¥, pneumatic conveyance ", and a coating process in
a spouted bed ”. Tortora et al. compared the FCC catalyst
powder concentration obtained by electrical tomography
and Gamma Densitometry Tomography in the petroleum
refinery process, and reported that they agreed well .
However, the relationship between powder-air flow
volume rate ratio and powder concentration distribution
has not yet been discussed.

Moreover, another research was focused on the
application of the electrical impedance tomography
(EIT) in the micro-channel. Fuelled by developments in
personal computing and sensor design, research into
application of tomography to industrial processes began
to gain popularity in the early 1990s. Techniques have
been influenced by successes in medicine; however, in
many cases, the demands of industrial applications are
significantly different. It is not uncommon to require
many cross-sectional images per second, at low cost,
using equipment that is easy to operate and introduces
no risk to the user. A particularly successful approach for
industrial applications involves electrical tomography.
Three, relatively low frequency, measurement modalities
are used to determine distributions of conductivity
(resistance), permittivity (capacitance) and permeability
(inductance), and these are the subject of the present
survey. In past our research have been carried out a
measurement of the particle distribution in large scale
channel and making the cross section image of channel
by using the capacitance tomography methods ' .
Recently, micro channel apply to various industry, so it
need to various measurement and analysis method for
understand about the inside reaction in micro channel.

We proposed and developed a micro channel system using

electrical tomography based on the tomography method.
In this research, before using electrical tomography, the
concentration of particle in a micro channel with 60
electrodes is measured resistance with changed frequency,
and the cross-sectional resistance is determined.

In the present paper, the GVSPM method was
proposed as an accurate image reconstruction method of
process tomography in order to overcome the drawbacks
of the conventional iterative methods. The characteristics
of the new GVSPM method were examined using a
simulation for pseudo particle concentration distribution
images. The results of this simulation were then compared
to those from the conventional Landweber and Iterative
Tikhonov regularization methods. Then, the GVSPM
method was applied to reconstruct the FCC powder
distribution image in the petroleum refinery process, with
parameters of two air volume flow rates and four powder
volume flow rates. Here, a 270-mm diameter ECT sensor
is designed for the visualization of the FCC powder
concentration. The accuracy of the reconstructed images
was then evaluated by residual capacitance and correlation
capacitance. Finally, the possibility for the application
of GVSPM method in the micro-channel electrical

tomography system was discussed in detail.
2. Evaluation of GVSPM Method

2.1 Governing Equations
The capacitance CT sensor is shown in Figures 1 (a).
The twelve sensor electrodes are separated by insulation
materials . The relationship between capacitance and
permittivity in a static-electro field can be expressed as

the following matrix expression:
C=S.E D)

where E is the permittivity distribution of particles in the
cross section, S, is the known sensitivity map matrix and
C is the measured capacitance matrix. In the case of 12
electrodes and 32X32 =1024 pixels in the pipe cross
section, as in Figure 1 (b), the sensitivity matrix S, in
Equation 1 is a 66 X 1024 matrix, the capacitance matrix C
is a 66 X 1 column vector, and the permittivity distribution
matrix E is a 1024 X 1 column vector. The mathematical
method used to obtain the permittivity matrix E from

both the capacitance matrix C and the sensitivity matrix
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S. is an ill-posed inverse problem because the inverse
matrix S.' does not exist. In the calculation, all the
pixels of E that locate at the pipe wall and outside the
pipe are set as 0.

In order to solve this inverse problem, many methods
have already been proposed such as the LW method and
the ITR methods. Comparing with the conventional
method, although the GVSPM method is also an iterative
method, it has one characteristic that other iterative
methods do not: the inclusion of an objective function in

? The objective function of k™

the general solution '
iterative particle distribution E’®, f(E®), is given as

follow:
f(E®)=C"".Cc'™ 1.0 2)

This objective function uses an inner product to
determine whether the solution converges between the
capacitance of k' iterative particle concentration image,
C’®, and the experimental capacitance, C’*). Here, the
prime symbol ° indicates normalization by the norm.
The particle concentration distribution obtained by
GVSPM method is E’® when f(E®) approaches 1.0. The
relationship between the k™ iterative solution, E’®, and

the (k-1)™ iterative solution, E'®, is

(k) _ k-1 _ 7 1(k-1)
E"W=E S," AC
e

s lEl(k-l)
_ vk 17 e = C'(exp)
S el ’

In this equation, | |indicates the norm.

Pipe inner wall
Electrode

Pipe inner wall

32

N-32

(a) Cross sectional view (b) Space resolution

Figure 1 Overview of capacitance tomography

2.2 Evaluation of Image Accuracy
The GVSPM, LW and ITR methods are tested
using pseudo particle distribution images of solid-air
two-phase flow. Figure 2 shows pseudo images. Because

the actual solid-air two-phase flow image consists of

main particle bulk and dispersion particles around it, ten
different dispersion concentration rates (DCR) between
0% and 100% are considered. For example, a 10% DCR
correlates to a random white noise value between 0.0
and 0.1, which highlights the dispersion particles. These
values are assigned to each pixel in the original 0% DCR
image. Values over 1.0 replace all of the pixels with the
original pseudo particle images.

The representative reconstructed images that were
obtained using each method are presented in Figures 3 and
4 as a reference. Figure 3 shows the images for iteration
number /=30 and 0% DCR. Figure 4 shows the images for
iteration number /=30 and 100% DCR. From these figures
it is evident that the annular images reconstructed using the
GVSPM method is clear then the images reconstructed
by other methods.

In order to estimate each method quantitatively, the

image correlation /¢ are calculated using the following:

:’;1 l(ei(k) _ E(k) )(eioriginal _ Eoriginal )J
Zm \/(e.(k) _ E(k) )Z m \/(efm'ginal _ Eoriginal)z
i=1 i i=1 i

In these equations, e’

Ic

4)

is ith element of the final

reconstructed image E®, E® is the special mean pixel

original
i

image E”*". The high value of I. means accurate

value of EW, ¢ is ith element of the original pseudo
reconstructed images. The details for each method are
summarized in Figure 5 below. In general, the image
correlation /- decreases as DCR increases for GVSPM
method. The GVSPM iteration process also proved to
be very stable. Moreover, in Figure 5, where /=30, the /.
value for GVSPM is higher than those of LW and ITR
regardless of DCR. Considering the three estimation
categories as a whole, GVSPM is clearly superior to LW
and ITR for all DCR values. This highly accurate
reconstruction does not use an empirical value because
the GVSPM method contains an objective function.
Because the LW does not utilize an objective function
and ITR has only a minimum least square criterion,
matching between the experimental capacitance and the
reconstructed image capacitance is not compensated

. . . 15
during the iteration process .
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(a) 0%DCR (b) 100%DCR
Figure 2 Pseudo images

(a) LW (b) ITR (c) GVSPM
Figure 3 Reconstructed images with 0% DCR, 1=30

(a) LW (b) ITR

[ |
Particle Concentration

Figure 4 Reconstructed images with 100% DCR, =30

(c) GVSPM

0.8
0.6 — \'
o %4 | 4+ GvseM
—a— LW
0.2
ITR
0 | I I |
0 50 100

DCR [%]

Figure 5 Image correlation of the reconstructed images
with 7=30

3. Application of Electrical Capacitance Tomography
in Petroleum Refinery Process
3.1 ECT Sensor Design
Figure 6 reveals the configuration of the ECT
sensor. As shown in Figure 6 (a), the sensor wrapped
around an acrylic pipe is composed of twelve electrodes

constructed of copper thin film, insulated polyamide

membrane cinctures, high-impedance resistances, and

16
screen electrode '

. As shown in Figure 6 (b), the electrodes
separated by insulate polyimide membrane are composed
of measurement electrodes, guard electrodes, and earthed
electrodes.

Three methods are used to design accurate ECT
sensors for noise reduction. First, several 1-MQ resistances
are connected between the measurement electrodes and
the earthed electrodes in order to protect the sensor
from the influence of stray capacitance. Second, screen
electrodes are wrapped around the electrodes to absorb
the outside noise. Third, two groups of guard electrodes
are located at the top and bottom areas in order to
maintain straight the concentration of electrical line, as
shown in Figure 7. In order to prove the noise reduction
effect of the screen electrode, capacitance values are
measured every second by means of an LCR meter
(E-4980A, Agilent Corporation) for both the cases in
which the screen electrode is used and the screen
electrode is not used. The time mean capacitance
difference value of the ECT sensor without the screen
electrode is 0.718 fF, which is higher than 0.235 fF, the
value obtained with the screen electrode, indicating that

noise has been absorbed.

FCC catalyst & air
=0 8'5 oo §

— Acrylic pipe

'

Resistance

Noise Measured

electrodes

Noise absorption

electrode’

(a) Capacitance ECT sensor

Coaxial cable Insulate polyamide

i oo 1 membrane
got e el g el P | Guard electrodes

o0 1 | | |y | Y | Y Copper line

Measurement
_~ electrodes

Resistances
vz Guard electrodes

Earthed
electrodes

(b) Inside configuration of ECT sensor

Figure 6 Configuration of the ECT sensor
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Guard electrodes

I' Measured electrodes
U,=0

[

Guard electrodes

U

Figure 7 Guard electrode protections

3.2 Experimental Setup and Conditions

The experimental equipment consisted of a hopper
tank, a sender, an air mixer, a vertical pipe, a cyclone
separator, and a receiver tank, as shown in Figure 8.
The vertical pipeline connected to the bottom of the air
mixer had an inside diameter of D =270 mm and a
length of 5.3 m. An acrylic pipe having a length of 0.66
m was covered with an ECT sensor and was connected
to the air mixer. FCC catalysts were supplied from the
hopper tank to the air mixer inlet. The FCC catalyst
powder used in this experiment was an MFI-type zeolite
powder having a real density of 1,200 kg/m*® and a
relative permittivity of 2.7. The average powder diameter
is 69.6 um. The experimental conditions are shown in
Table 1 for different FCC catalyst flow rates and air
flow rates. The hopper was adjusted to provide four
powder volume flow rates, Q,, to the air mixer setting
with two air volume flow rates Q,, as shown in Table 1.
In order to allow the powder to flow in a stable manner,
measurement of the capacitances started at bases time
using the PTL300E ECT system after a few seconds
delay. The time interval to acquire the capacitances
measured by 66 pairs of electrodes in a cross-section was

At = 10.0 ms. The total measurement time was 500 A¢
(=5s, N,=500).

3.3 Experiment Result and Discussion
The time mean distributions of the powder

concentration images in the cross-section of the vertical

e
FCC
catalyst

Hopper

Sender

Air mixer
Capacitance
Measurement
equipment

Switch
Cyclone

separator

Receiver tan

FCC catalyst

Figure 8 Experimental equipment

pipe were qualitatively reconstructed from the experimental
capacitances, as shown in Figure 9. From Figure 9, it is
clear that the powder concentration becomes partial with
the increase of the solid air volume ratio. As the ratio
increases, powders become increasingly concentrated
near the wall. At the same time, the center-area powder
concentration becomes smaller. Therefore, the powder
and air flow rates influence the uniformity of the FCC
catalysts concentration qualitatively.

The powder volume fraction calculated from the
reconstructed image V' and the measured capacitance
Ve are compared in order to estimate the accuracy of
the image. An image that gives a value of Vi that is
close to Ve is accurate with respect to volume fraction,
although the powder distribution cannot be determined.
As a result, both V;; and V¢ increase with the increase
of solid air volume flow ratio. The differences between
Vi and Ve were extremely low for all cases. Therefore,
the accuracy of the powder volume fraction calculated
from reconstructed images is very reasonable. Moreover,
the residual capacitance Cy and the capacitance correlation
Cc are calculated in order to prove the accuracy further.

Table 1 Experiment conditions

Powder volume flow rate [m?/s]

Air volume flow rate [m?/s] 0,=8.33x10" 0,=9.72x10° 0,=1.11x10? 0,~1.67x107
_ Case 1.1 Case 1.2 Case 1.3
Q,=0.292 2.85x10° 3.33x102 3.80x102 -
_ Case 2.1 Case 2.2 Case 2.3
Q,=0472 1.76x10? ) 2.35%10? 3.54x10?
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A high-accuracy reconstructed image has a small Cy
value and a large C. value. Figure 10 reveals the time
mean residual capacitance values for each case. As
shown in Figure 10, the time means residual capacitance
value decreases with the increase in the solid air volume
flow ratio. Figure 11 reveals the time mean capacitance
correlation values for each case. As shown in Figure 11,
the time mean capacitance correlation value remained
approximately constant for each case. Consider these
two estimation categories as a whole, the accuracy of the
reconstructed image decreases with the increase of solid
air volume flow ratio. Otherwise, in this research,
experiments were carried out several times for same
experiment condition, and the results present out very
similar pattern every time. Therefore, the reproducibility

of the experimental results is reliable.

4. Application of Electrical Tomography

in Micro-channel

A micro channel is designed for electrical tomography
comprising many electrodes which are distributed
around the micro channel with rectangle cross-section,
as shown in Figure 12. The rectangle cross-section has
twelve sensor electrodes. In this microchannel, 60 sensor
electrodes are attached around the micro channel to

measure the particle distribution of five different positions.

<
h

r

-
b b 4

The electrode has a diameter of 0.025um and the electrode
of interval in cross-section is 200um. The microchannel
is made of quartz glass and has dimensions of 20X 0.6 X
0.6 mm, and cross-sections are separated by Smm. Figure
13 shows a photograph of the microchannel with
electrodes. The microchannel has three inlets on the left-
hand side and three outlets on the right-hand side. Test
flows can be made to flow through the inlets and outlets.
The cover makes in order to do inject the test flows.
There is a possibility of receiving the data to connect
electric wire in the electrode tails.

of the

microchannel system, the micro pumps, a function

The experimental equipment consists
generator, a switch, and a computer as shown in Figure
14. The micropump (IC3100 [KDS100], KD Scientific,
USA) is an automatic dispenser and controls the flow
rate to the inlets of microchannel. The function generator
(E4980A, Agilent Technologies, Inc., USA) charges the
frequency and the voltage to the switch. The switch
(34980A, Agilent Technologies, Inc., USA) is used to
flow the frequency and the voltage between the function
generator and the microchannel system.

In this experiment, two types of fluid sample were
used, namely, water and a conductive particle flow. The
water was used tap water and the material of the
conductive particle (5130A, Duke Scientific Corp., USA)

is polystyrene. The diameter of the conductive particle

il s e - -
d L@‘ @ Particle Concentration

Case 2.2 Case 2.3

Figure 9 Time averaged images of powder concentration distribution

Case 1.1 Case 1.2. Casel.3 Case 2.1
8
iz ! o
R 213
5 g 06 ~__ \- g8
g % 0.4 \Q\‘\- § %
: 2o ¥
ES o g
H

Qpl QpZ Qp3

Powder flow rate [m3/s]

Qp4

Figure 10 Capacitance residual

1
0.8 *.vi—.
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0.2
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Qpl QpZ Qp3

Powder flow rate [m3/s]

Qp4

Figure 11 Capacitance correlation
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was 1.3um, which is small enough that the particle is
dispersed evenly within the carrier fluid. In the first
experimental condition in order to examine the flow
resistance of the water and the conductive particle flow.
The water and the conductive particle flow 3% was injected
into inlets A and C using a micropump(0.01 ml/s),
respectively. The positions of the electrodes in the
microchannel are shown in Figure 15. The electrode
resistance was measured from position A to position S.
The flow resistances were measured at the same distance
of electrode pair and at different distance of electrode
pair, as shown in Table 2. The measurements at the same
distance were taken at 447.21 um. The measurements at
different distances were taken at 200 um (A-B), 316.23
um (E-F), 447.21 pm (I-J), 509.9 um (O-N), and 583.09
um (T-R). In the second experimental condition considered
in order to examine the flow resistance of the particle
volumes of the conductive particle flow. The particle
volume of the conductive particle flows are three types
1%, 3%, and 5%, respectively. The flow resistance in the
conductive particle flow was measured at the same distance
of electrode pair in the three cross sections, as shown in
Table 3. The mixed conductive particle flow with water
was measured, the water and the conductive particle
flow were injected into inlets A and C simultancously in

Figure 16, respectively.

Particle  Electrode 2-25m}“
LI
ot

=i

inletB |
_outletB

outletC

inlet C

Figure 13 Photograph of the microchannel

Switch unction generator

Microchannel

Computer

Figure 14 Experiment setup

Electrode
nd 3

rd 4th Sth
1 L P4
o [ W T
K

Outlet

1st
E
nlet C
—
[s)

Figure 15 Position of electrode

—

R ond ve flow direction

particle flow

Figure 16 Procedure for fluid mixing

Table 2 Measured position of resistance

sgcrtol.“;sn Same distance (length) |Increase distance (length)
1+ A-C(447.21pm) A-B(200um)
2nd E-G(447.21pm) E-F(316.23um)
3ud [-J(447.21um) 1-J(447.21um)
4t L-M(447.21um) O-N(509.9um)
5t P-Q(447.21um) T-R(583.09um)

Table 3 Measured position of resistance for mixed fluid

Density of conductive Cross Same distance
particle section (length)
1% It A-C(447.21um)
3% 2nd E-G(447.21um)
5% 3w 1-J(447.21um)

Figure 17 (a) shows the measured flow resistances
for the case of the water flows and the conductive
particle flow 3%. The measured values for the conductivity
particle flows are smaller than those of the water flows.
However, the resistance data was measured different
data in each cross section of same distance because the
resistance data for the water and conductivity particle

flows are mean values. Even though the experiments
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were carried out under the same conditions at the same
distance, the resistance is measured different data.
Therefore, it is produce data handle process. Figure
17 (b) shows the measured resistance for the different
distance of resistance at each cross section. In addition,
the measured resistances of the conductive particle flows
are smaller than those of the water flows. The resistance
of water increases as the distance increases. However, the
resistances of the conductive particle flows remain
approximately constant at each cross section. The
abovementioned this resistance was measured different
data in same condition and the resistance value is mean
value. Therefore, the reason of constant is produce data
handle process in conductive particle flow. Figure 18 (a)
shows the flow resistance of three type of particle flow
volume 1%, 3%, and 5% at same distance of electrode
pair. From the figure, the flow resistances are decreased
as the particle flow volume is increased. The resistance
of the low-volume (1%) particle flow is a higher
resistance than the flows at other particle flow volume.

The high-volume (5%) particle flow is the lowest

Resistance[2]

resistance, however not much lower than the particle
flow 3%. Figure 18 (b) shows the measured flow
resistance for the mixed conductive particle flow with
water of each particle volume. The mixed conductive
particle flow with water is compared, the flow resistances
are unsteady. Because the water diffuses to the
conductive particle in the microchannel, the particles are
not evenly distributed in the electrode distance. Therefore,
the flow resistance of the mixed conductive particle flow
with water is high resistance than the conductive particle
flow as conductive particle flow and water mix in each
particle volume. Figure 19 shows the measured resistance
for the water flow, conductive particle flow 3%, and
mixed water and conductive particle flow 3% to the time.
The resistance of the water flow was generally higher
than that of the conductive particle flow. The mixed
water with conductive particle flow 3% is smaller than
the water and larger than the conductive particle flow
3%. Moreover, the flow resistance keeps almost constant
to the elapsed time in the three types flow. Thus, the

microchannel is considered linear response and stable.

6.E+06
O water
5.E+06 I g conductive particle 3% §
4.E+06 § x
3.E+06 —
2.E+06
0.E+00 g
1st 2nd 3rd 4th 5th
(200pm)  (316pm)  (447um)  (510pm)  (583um)

Cross section

(b) increasing distance

Figure 17 Cross section of electrode resistance
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Figure 18 Cross section of electrode resistance in conductive particle flows
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Figure 19 Flow resistance of three types flow in the cross section A

5. Conclusions

The Generalized Vector Pattern Matching Method
(GVSPM) has been applied to an ill-posed inverse
problem involving the electrical process tomography for
solid air two-phase flow. The characteristics of GVSPM
method were examined using a simulation for pseudo
particle concentration distribution images and real
experiment data. The details can be summarized as
follow:

1) The result shows that the GVSPM is superior to LW
and ITR methods for annular pseudo particle images
in terms of image correlation, even though the GVSPM
method does not use a empirical value. The GVSPM
iteration process also proved to be very stable.

2) The GVSPM has been applied to reconstruct the
FCC powder distribution images in the Petroleum
Refinery Process. Experiments were carried out using
FCC catalysts with two air volume flow rates and four
powder volume flow rates. The time means capacitance
residual values decrease with the increase of the
volume ratio. However, the time mean capacitance
correlation value remains approximately constant
for each case. Therefore, considering the capacitance
residual and capacitance correlation as a whole, the
accuracy of reconstructed image is believable.

3) Moreover, the resistance in the micro-channel was
measured for water flows and conductive particle
flows, water flows were found to have higher resistances
than the conductive particle flows. Furthermore, a
low volume percentage of conductive particles were
fund to have high resistance compared to a high

volume percentage of conductive particles. Mixed

flows of water and concentrated conductive particles
produced unsteady results because water diffusion
occurred inside the micro-channel. The experiment
result shows the high possibility of the application of
GVSPM method in this micro-channel system.
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