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º £

�ç Fÿ &�z¢ *� *V' ªb~Ê �[ R'(Electrical Impedance Tomography; EIT) G; Ë~f 'ç �ö r

�Ò¾j BB~&
. EIT G; Ë~º *~ �W¦f *{ G;¦� �W>�, 'ç �ö r�Ò¾f ; ^Bf � ^B�

��Úê
. ; ^B¢ �C~V *~� F� º²»� ÒÏ>î�, � ^B¢ ¦V *~� >�'� regularized Newton-

Raphsonj ÒÏ~&
. G; Ë~ö ~� G;B 
þÖ"f 'ç �ö r�Ò¾j Ö�~�, æ�� �[ R' 'çj áj

> ®î
.

Abstract − The electrical impedance tomography(EIT) measurement system and image reconstruction algorithm are devel-

oped for the visualization of two-phase flow. EIT measurement system is composed of current generation and voltage meas-

urement parts. The image reconstruction algorithm is composed of forward and inverse problems. The finite element method

(FEM) is employed in forward problem and the regularized Newton-Raphson iterative method is used in inverse problem. By

combining the experimental results measured by our measurement system and image reconstruction algorithm, reasonable

tomographic images are obtained.

Key words: Electrical Impedance Tomography, Two Phase Flow Visualization, Complete Electrode Model, Finite Element

Method

1. B �

�ç vª(two-phase flow)f V-� 7/� ¢Ú¾º 
·� z� Ë~,

ç æz& B�~º � v~ Ë~ �öB �;~ WËö 7º� ��j

�
. V¢B �ç vªöB~ ç ª�¢ Ö;~V *� ôf ��& ê

¯>Ú z
. �"öº 2ç 6º 
ç FÿöB FÿËj v¦~æ p

b�B FÿËö &� ;�¢ áV *~� Laser Doppler Velocimetry

(LDV)f Particle Image Velocimetry(PIV), *V' �[ R'(Electrical

Tomography, ET) � 
·� V»ö &� ��& �B® ê¯>� ®
.

*V' ªb~Ê �[ R'(Electrical impedance tomography; EIT)f

V�~ X-ray �[ R'(Computerized Tomography; CT)�¾ ¶V �

« �[ R'(Magnetic Resonance Imaging; MRI)ö j~� 
Ö n*

~�, zç �ö �*� 
� �[ R' V»ö j~� j" 

º Ë

6� ®Ú ~�� ª¢[1, 2] öò jî¢ �³ç� *V¢ Û� > ®º

�Ú� ãÖ~ �-� b�[3], �-� b�[4], ~�������(hydrocyclone)

[5] �~ ª¢öB EITö &� ��& �B® ê¯>� ®
.

� ��öBº EIT V»~ Ë6j �Ï~� �ç vªöB~ ç ª

�~ &�z¢ �ê~�¶ �
.

2. EIT~ V� öÒ

EITº G;~�¶ ~º êö £� *~¢ ~J"� ê~ ãê�~ �

� *~öB *{j G;~� bÚ Ú¦~ &� ª�¢ .G~� bÚ

Ú¦~ �[ 'çj áº VF�
. EIT �Ê�f Fig. 1ö ��æº :

f ?� �^¢ «K~� G;~º ~��Ú¦f G;B *{j �Ï

~� �'~ &�� ª�¢ êÖ~º 'ç �ö r�Ò¾b� �WB
.

ãê�öB G;B *{j �Ï~� ê~ Ú¦ &� ª�¢ áº '
†To whom correspondence should be addressed.
 E-mail: mckim@cheju.cheju.ac.kr
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ç �ö r�Ò¾f ê~ ãê�öB �� B~ *�j Û� *~¢ "

«~� Ú¦ &� ª�~ �>� ãê�ö FV>º *{j êÖ~º

; ^B(forward problem)f �b� ãê�ö FVB *{ 8j �Ï~

� ê Ú¦~ &� ª�¢ º;~� ê~ 'çj �ö~º � ^B�

��Úê
. EIT~ 'ç �ö ^Bº >�'b�º jF; ¾á B�B

(ill-posed) � ^B(inverse problem)� rJ^ ®
. ; ^Bf � ^B

ö &� ¶^� J«f j¾ö "Úê
.

2-1. ; ^B

ê~ ãê�ö �� B~ *�j Û� *~¢ "«~� �� r� ®º

&� ª�~ �>�� ãê�ö FV>º *{f 
r" ?� Neumann

;~ ãê��j <º jF; Laplace O;�b� VF>�, � ��ö

Bº *�" Ú¦f~ 7/ &�(contact impedance)j �J� j* *

� Î�(complete electrode model)j �J~&
.

 inΩ (1)

 on el, l=1, 2,Ã, L (2)

l=1, 2,Ã, L  (3)

on ∂Ω\�
l=1

L
 el   (4)

�VB u, ρ, zl, Ul, ν, Lf '' Ú¦ ��~ *{, Ú¦ &�, *�" Ú¦

f~ 7/ &�, *�öB~ *{, »F ÇV, *� >�
. *~ ��

ö ¦&~�, �~ �ÒW" F¢Wj �Ë~V *~� 
r" ?f "

« *~f G; *{ö &� ��j ¦&�
.

(5)

(6)

� (1)-(6)b� "Úæº O;�~ �C'� �º �~V& 
Ö ÚJ

Öæ�, >~' O»� F� º²»(Finite Element Method; FEM), F

� Nª»(Finite Difference Method; FDM), ãê º²»(Boundary Element

Method; BEM) �� ÒÏ>� ®b�, � ��öBº FEMj ÒÏ~�

�¢ �~� ®
. FEMöBº êÖ '� Ω¢ 
Ö ·f º²� ^ª

~� ' º²Ú~ &� 8� ¢;~
� &;~�, Ú¦ ��~ *{ u

¢ 
r" ?� êÖ�
.

Yu=c (7)

�VB, stiffness matrix º Ú¦ &� ª�~ �>� �; ¯R

(sparse matrix)�
. V¢B *~ &> O;�j Î"'b� ¦V *�

Bº �; ¯R �»� jº~
. º force vector� "« *~ N

Z(pattern)~ �>��, Mf ÒÏ� z�~ C ��>�
. ¯R Yf ÇV

c~ ��º Vauhkonen[6]ö ¶^® "Ú  ̂®
. � ��öBº ; ^B¢

¦V *� Fig. 2(a)f ?� 3,104B~ º²(N)f 1,681B~ ��(M)¢

<º FEM z�¢ ÒÏ~&�, � ̂ B¢ ¦V *� Fig. 2(b)f ?� 776B

~ º²(N)f 453B~ ��(M)¢ <º FEM z�¢ ÒÏ~&
. �â

öB "Úê z�öB ï� ��ê º²º *�" 7~º º²¢ ¾æ

Þ
. Fig. 2f ?� ; ^BöB ÒÏB z�f � ^BöB ÒÏB z

�& 
� ©f "Úê O;�j &Ë� ;{~² ¦V *�Bº ;&

� z�& jº~æò, �;B ;�¢ &æ� ' º²öB &�8j .

G�¢ ~º � ^BöBº ;&� z�¢ ÒÏ~� 'ç �ö~ î�

¾�æV r^�
.

2-2. � ^B

ê~ ãê�ö *�j Û� "«� *~ NZ" ãê�~ *�ö F

V>º *{8j �Ï~� Ú¦~ &��j º;~º ";j � ^B

¢ �
. ;' 'ç�ö r�Ò¾öº "� Backprojection, Perturbation

», Double constraint», Newton-Raphson» �� ®
. Yorkey �[7]f

�
 �ö r�Ò¾
j jv ªC� Ö" Newton-Raphson»� 
�

r�Ò¾ö j� >Z ³ê(convergence rate), º~ JN(residual error)

∇ 1
ρ
--- u∇ 

 ⋅ 0=

u z1
1
ρ
---∂u

∂ν
------ U1=+

1
ρ
---∂u

∂ν
------dS

el
∫ I1=

1
ρ
---∂u

∂ν
------ 0=

I1 0=
l 1=

L

∑

U1 0=
l 1=

L

∑

Y ℜ M M×∈

c ℜ M 1×∈

Fig. 1. Schematic diagram of EIT image reconstruction system.

Fig. 2. FEM meshes.
(a) mesh used in forward problem, (b) mesh used in inverse problem.
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�~ G�öB jv' ±f WËj ¾æêj B�~&
. ��¾,

Newton-Raphson»f jF; ßW~ F;zö V� Î�ç JN(modeling

error), 5 Hessian ¯R~ j;~W(ill-posedness) r^ö ò�Ê�Ú '

çj áV& £æ p
. ß®, Hessian ¯R~ j;~Wf � ¯R êÖ

� ¦;{� Ö"¢ ¢V�B 'ç�ö~ WËj &~�Î
. ���

^B¢ jz~V *~� � ��öBº 
r" ?� "Úæº Ï'�>

(8)

j �²z~º &� ª� ρ¢ dº regularized Newton-Rapshon(rNR)

»j ÒÏ~&
. �VB º &;B &� ª� ρöB FEMj

ÒÏ~� PB~ Î� «K *~ NZö &~� *�öB FVB Î�

êÖ *{~ &ËB 8��, U=[u1, u2, u3,Ã, uP]T º Î� *~

NZö &~� *�öB FVB Î� G; *{~ &Ë 8��, ui=

(ui
1, ui

2,Ã, ui
L)T º i®� *~ «K NZöB G;B ' *�öB

~ G; *{�
. �Þ, � (8)~ αf Rf '' regularization 2¢�

Vf ¯R�
. V¢B, � (8)�¦V >�'� &�� ÇV~ Ãªf


r" ?� "Úê
.

(9)

�VB, Hessian ¯R Hf Jacobian ¯R Jº 
r" ?� ;~B
.

H = JTJ, and , i = 1, 2,Ã, L×P, j = 1, 2,Ã, N (10)

Regularization O»öº ê~ ßWö V¢ �� «~& ÒÏB
. F

;W� ;� êö &�Bº RTR=diag(JTJ)� vº NOSER r�Ò¾[8]

" RTR=I� vº Levenberg-Marquardt r�Ò¾[7]� ô� ÒÏB
. �

��öBº Vauhkonen �[6]ö ~~� jF;W� ;� êöB � >

ZW� «ÃB first order difference regularization V»j ÒÏ~&
.

3. EIT �Ê� �W

3-1. EIT ²� �W

*Ú EIT �Ê� ²�~ :� 
�Ú�Î� Fig. 3ö "Ú^ ®
. �

�Vf :æ^ �Þ� ��(digital control board)¢ �Ö~V *� ºÏ

�V¾�Ê ��& ��Vö ÚË>Ú ®� G; Ë~ö &� Î� B

Úf ��V «/ÂKf �V¾�Ê ��¢ Û~� ��Úê
. A/D

converter~ ÂKf 12 bits�æò ÂK ��V& ¦^¢ <� ®bæ�


B ��Vº 11 bits ò� FÎ~
.

' j6ö &~� Bê'b� *~ ��(current gain)j �.� > ®

² Jê>Ú ®� *~ ÂK(current output)" *{ «K(voltage input) &

�:f ªÒ>Ú �O(shielding)B
. BêV(oscillator)~ ÂKf 50 KHz

Ò�2� �;>Ú ®b� � �^º *Ú ²�öB &Ë 7º� �^

öb� ÒÏB
.

3-2. *~ �W 5 *{ G;

*~ �W" *{ G;j *� DAC �b�º PM7645¢ ÒÏ~&
.

�©f *~ ��j :æ^ �^� BÚ� > ®² �&
. ¯, Ò�2

*{ �^~ ê�j �;~� *{-*~ æ~ ²�� «K�Úb��

�« *~ �^¢ &æ�Î
. PM7645f OP-amp(HA2625)� ��Ú

ê bipolar operation ²�º «K>º :æ^ ��V 8ö V¢B ê�

� æz~� ãÖö V¢ ÂK� ª~~ *çN¢ <² Jê>î
.

MUX(multiplexer) ²�~ ��f 32j6j Û� G;B *{ �^¢

F�'b� Nÿ Ã�V(differential amplifier)ö �Ö�B"º ©�
.

� ²�öBº DG506, ¯, 16-channel CMOS analog multiplexer v B

¢ ÒÏ~&º�, � v B~ �� 32j6~ G; �^¢ Ê*�~º�

ÒÏB
. � MUX ²�~ ÒÏö ®ÚB, *~ ���¾ *{ ���

Ö;B ãÖö G;j ö~º v j6òj :æ^ �^� :ÞÚ 2b

�� �� G;j Fê� â > ®
.

Nÿ Ã�V ²�º MUX�¦V «KB v �^¢ Ã��Î
. � ²

�º ¸f Ã�ê¢ <º Nÿ Ã�V� Jê>æº p~b¾ ¸f «

K ªb~Ê¢ &æ� ' j6öB «K>º �^ö &� 7* ²�ö

B B�~º �� ªb~Ê Wªö ~� ��j �²z� > ®Ú �

�Ê�ö ÒÏ>î
.

��V(demodulator)öº �� &æ& ®b¾, � �Ê�öBº AD630

j ÒÏ~� G;B �^¢ ;~B �^� :ÞÚ &
. G;B �^&

Ã�V¢ �ö AD630b� «K>V �*ö :æ^ �^ö ~� ê�

j �.� > ®ê� PM7645~ single operationj ÒÏ�
. G;B �

^ Vp(peak voltage)& 6 V �ç�� ;~B �^& G;º*¢ >ÚB

¾Ò² >æ� PM7645¢ �Ï~� ê�j �.� &
.

jV(filter)�º four-pole Bessel filter¢ ÒÏ~&
. Bessel filterº 


� jVö j� Ê� w� �*(step response time)� 
Ö 
V r^

ö �³ G;� º�>º � �Ê�ö ÒÏ~&
. � �Ê�ö ÒÏ�

Bessel filter~ Ê� w��*f £ 400 µs ;ê�
. &Ë �� w� �

*j *� fc(corner frequency)º 100 KHz�æò Ò2(ripple)� 100 KHz

Φ ρ( ) 1
2
--- V ρ( ) U–[ ] T V ρ( ) U–[ ] 1

2
---α Rρ( )T Rρ( )+=

V ρ( ) ℜ LP∈

ℜ LP∈

ℜ L∈

ρk∆ ρk 1+ ρk H αRTR+( )
1–

JT V ρk( ) u–[ ] α RTRρk+{ }–=–=

J
∂Vi

∂ρj

--------=

Fig. 3. Block diagram of EIT system.
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�æ� ��V~ ²�öBº ¦z Ôf fc¢ <ê� Jê>î
. �º

��V~ j:J ªÊf ?f 
� ²Ê
� �� ö�¢ Oæ~V *

� ©�
. ��V ²�º Ã�ê& 1� >ê� Jê>îb� ²�ö

�VB &�" ~�B~ 8f F > ®b� ;{® ¢~�B¢ �
. j

V ²�º jÆ�� ²�~ �« ÂK�ö ®bæ� �VB~ ·f J

Nº *Ú �Ê�~ JN& >V r^ö "~¢ º�¢ �
.

A/D æ~V(converter)� ÒÏB AD574Aº 35 µs~ �& æ~ �*

j <º 12-bit A/D æ~V�B :æ^ BÚ �^ö ~� £² bipolar

6º unipolar operation� &Ë~� «K>º jÆ�� �^~ �&~

º 10 Vf 5 V 7öB F�� > ®² B ��
.

3-3. Phantom" *� �W

� 
þöBº öÛ; phantomj ÒÏ~&
. Phantom~ ¸�º

330 mm��, Úã� 80 mm~ 
Öz Î·b� Òîf 2¢Ê�b� >

Ú ®
. *�f phantom Úö ã«� >Ú ®Ú phantom Ú~ *�î

" 7/� >Ú ®b�, *�~ ^�º 200 mm�� .jº 6 mm�
.

� 
þöB ÒÏB *�~ Òîf stainless steel� 11.25o *Ïb�

phantom Ú�ö �¢~² J~>Ú^ ®
.

EITö ÒÏ>º *�f FÿË" 7/~V r^ö 7/ &�j �²

z~V *� *� ��j 
j#² ~� *êê& �&� �Ë>ê�

Jê~&
. �Ò� phantom Ú¦� òÂ>æ pê� *�~ �Vö �

² phantom Ú¦ Þö nj 2B *�*~ 'Ëj �²z~�, ®jº

� ¦ª� FÿËö �Â>æ pê� J~~&
.

� ��öB ÒÏ>º EIT �Ê�~ ��V �� ³êº 100 frames/s

;ê��, "«~º *~~ &ê~ �&~º �� G;>º *{~ �

&~º 0.5 V ;ê�
. ¯ .� 100B ;ê~ ;' 'çj áj > ®

º ��V¢ ��� > ®
. V¢B FÿË� *VËö �Â>º �*

f 0.01. ;ê�� �r~ �& **N& 0.5 V ;ê�
. V¢B �

;ê~ ��V �� ³êf *VË �� Ûç'� z��;öB Fÿ

Ëj &�z~º� ê ^B& ìj ©�
.

4. 
þÖ"

EIT~ 'ç �ö~ îf Ú¦~ &� ª�, "« *~ NZ, G; J

N �ö 'Ëj A² B
. � ��öB ÒÏB r�Ò¾~ ;' 'ç

�ö WËj ¦Ã~V *�, *� > L=32B¢ <º phantom Úö ³

ê& 0.15%� ².bj jÖ�, çã� 10 mmf 30 mm� 2¢Ê�

ï&~ &�Ú¢ �Ï~� �� ãÖ~ ªÖçj ò
î
. � ��ö

B ÒÏB 
þ Ë~~ «ÂK �*� > ms ;ê� j" 
bæ�, j

� �;B 2¢Ê� ï&¢ ÒÏ~æò �Ú ³j �ÿ~º V�f ?

f Î"¢ â > ®j ©b� &;~� 
þj ~&
. � 
þöB Ò

ÏB ².b~ &��f £ 333 Ωcm� G;>î
.

4-1. "« *~ NZ 5 *{ G; O»

*~¢ "«~� *{j G;~º O»öº neighboring method, cross

method, opposite method, multireference method 5 adaptive method �

�� O»� ®
. ' O»~ ßWf Webster[1]ö ¶^® J«>Ú ®
.

� ��öBº � O»
 7 Ú¦ ®�¢W~ æêK� &Ë Ö>� ©

b� rJê adaptive method(trigonometric method)j ÒÏ~&
. �

O»f 32B~ *�ö 'V ç�� *~¢ "«~> *Ú'b� *~

~ ^V ª�¢ â'�> Z� ò�º ©�
.

� ��öB ÒÏB â'�>;~ *~ NZf 
r" ?
.

(11)

�VB, θ1=2πl/32�
.

4-2. 
þ ��V~ 'ç �ö 5 Æ~

� ��öB ÒÏB 'ç �ö r�Ò¾~ WËj 
r" ?f 3&æ

ãÖö &~� �þ~&
. Case 1f 7�¦ö çã� 30 mm� � B

~ ªÖç(ï&)� �Ò~º ãÖ��, Case 2º çã� 30 mm� � B

~ ªÖç� ãê� "Oö *~~º ãÖ��, Case 3f çã� 10 mm

� v B~ ªÖç Îv ãê� "Oö *~~º ãÖ�
. ' ãÖö

B~ ï&~ *~f �öB 'çf '' Fig. 4-6ö ¾æÚî
. �âö

B r > ®��, �³ç(².b)~ &�� 8f 300 ;ê� jv' ;

{~² �ö>� ®�, ªÖç(ï&)~ 7�� Ú:ö �Ò~º æº {


~² º;~� ®rj {�� > ®
. V¢B 
þf jv' ;&~²

ê¯>î
� � > ®
. ~æò ç ãêöBº �öB &�� ª�~ î

� ÎÚöj r > ®
. ��� *çf EIT 'ç �ö~ ãÖöB 
r

" ?f �F r^ö �ç ¾æ¾º *ç�
. ¯, � ��öB ÒÏ~º

32 *� �Ê�öB áj > ®º ëã'� ;�~ >º 32C2=(32×31)/

2=496B�æò 'ç �ööB ÒÏ>º º²(pixel)~ >º 776B�
. V

¢B ' º²öB~ &�8j ;{~² ;�"Vöº ;�~ >& �R

¦�~² >Ú 'ç �ö~ î� ÎÚæ² B
. ê~ ãêöB 'ç �

Ik 1( )
cos kθ1( )           1 1 … 32 k 1 … 16, ,=, , ,=

k 16–( )θ1( ) 1 1 … 32 k 17 … 31, ,=, , ,=sin



=

Fig. 4. Experimental condition and reconstructed image for Case 1.
(a) position of dispersed phase, (b) reconstructed impedance distribution.
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ö~ î� ß® ÎÚæº �Fº ê~ ãêöB~ ®�³W r^ö jF

;W� ;~² ¾æ¾�, 
B 
þöB~ ç~ ãêf 'ç �ööB~

º²
~ ãê& ¢~~æ pjB � º²& v çö �öB �Ò~º ã

Ö& �Væ� ç ãêöB~ 'ç �ö~ î� ¾�æ² B
.

5. Ö �

EIT V»j �Ï~� �ç Fÿ~ &�z¢ *� 'ç �ö r�Ò¾

j BB~&� ß;� �^ *~¢ B��Ê� *{j G;~º ²�


� �WB EIT G; �Ê�j Jê B·~&
. � ^B~ j;~W

(ill-posedness) ^B¢ jz~V *� first order difference regularization

j �Ï� 'ç �ö r�Ò¾" Ú¦ ®�¢W~ æêK� Ö>� â

'�>; *~ NZj "«~º EIT �Ê�j Ö�~� �ç Fÿ~ &

�z &ËWj ¦Ã~&
. ­ &æ ãÖö &� 
þÖ"¢ �Ï~�

�öB 'çf �ç Fÿ~ ª�¢ jv' ¾ �� "îb¾ ç ãêö

Bº �öB 'ç~ î� ÎÚr
. 

6 Ò

� ��º "�VF¦~ “�ç FÿË &�z¢ *� ET(Electrical

tomography) V» BB” "Bö ~� æö>îÛî
.
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Fig. 5. Experimental condition and reconstructed image for Case 2.
(a) position of dispersed phase, (b) reconstructed impedance distribution.

Fig. 6. Experimental condition and reconstructed image for Case 3.
(a) position of dispersed phase, (b) reconstructed impedance distribution.


