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Summary

In the thermal-hydraulic system of a nuclear power plant as well as in
many engineering areas, it is common to encounter the two-phase flow
phenomenon. It is essential to understand the mechanism of the
two-phase flow for the analysis and design of the relevant systems. To
obtain the detail information on air bubbles moving in the two-phase
flow many various experiments have been attempted. One of them is the
EIT (Electrical Impedance Tomography) method, which is getting popular
in recent days.

The EIT is less expensive than other methods because the system is
relatively simple and easy to construct compared to other methods.
Nowadays it becomes one of the reliable and efficient methods for
estimating the inner structure of the given object and has a wide
spectrum of applications in various fields. Especially, even though the
spatial resolution of EIT is inferior to those of X-ray and MRI, its
temporal resolution is excellent. And its small size and easiness to
operate provides itself with the portability. For these reasons, the EIT is
properly used in the medical field as an complementary equipment and its
use will be expanded in the future.

The EIT technology in the area of nuclear energy 1is suitable for
studying the two-phase flow which is necessary for designing the
thermal hydraulic system because it can reduce the uncertainty of
information. The EIT is also so fast to get the result data during the
experiment that it is possible to apply it to the thermal hydraulic system

in which the physical process is usually fast.
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Although the EIT is apply to the complicated structure of rod bundle,
its basic principles are the same as of the simple geometrical structure.
The adaptation of EIT to the two-phase flow of complicated geometrical
structure gives the superior results to those of other methods and it is
possible to use it in the reactor thermal hydraulic system as a monitoring
equipment.

However, even the application fields of the EIT are very wide and its
effect is great, the study and adaptation of the EIT in many areas are
still in the beginning step and it is necessary to develop the related
technologies furthermore.

The basic points of the EIT technology can be described as below :

First, specially designed electrodes should be arranged around the
object which has different electric feature. Second, some electrical signals
are needed to be put in the proper manner. Third, according to those
process, the electric voltage and electric current should be measured on
the boundary line of the object. Actually, the EIT is the technology of
finding the unknown inner resistance distributions of the object with the
reconstruction algorithm.

In this study, the main topic was to design and manufacture the EIT
measurement system and to measure the data acquisition time and the
difference between each electrical signal. The measurement was made for
the cases of : a) when there was no resistance, b) and there were
resistances in the object, and c) when the locations of the resistances
are changed.

Through these study, it can be concluded that the analysis of the

two-phase flow can be made efficiently by the EIT method which

visualizes the inner structure of the object.
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oJ¥frEold F JHA Aol FEEE §EoZ AAA WA YAyo| AL
M3ti, 2 oM WEfEol FAdE 540 Aok ol @ o) f= HA o)A
FEe HHAHQA J1&e] dAsT. d5Y AAdL HEF B T4 A d
AX ol FfHEL AW Agoz ALAHA AN2de] MAGG 24, 1 &
HE AAME B FEZN d@ ol WAoot o @ o] w2 HA o4
FEZAN 71X AT S FA87 98 AUSo Ay A2 A5 u gon
HT A7) Ad¥d2x G 3 #9 Y (Electrical Impedance Tomography;EIT)o} 4
¥ AT AAA o2 o]Fojx L Yu}.

I S3E A2 9589 $He ALe 3~409d Hoz A&y Ly
. 19509 G HYG BHe A% body scanner[HE:(BiE) XA A &
Alel FEAS W3 A7 0oy Ayt T q@e FAY. 1 F
19703t} =] Swanson# Henderson $& A 2oz Impedance 343 & A
¢st 51 (Swanson. 1976, Henderson. 1976), Bergles(1969)9} Jones and
Delhaye(1976), Hewitt(1997) 52 d4@d ZA714¢ 2A8A%. a8x
Henderson® Websteri= impedance %A 7}Wlelg 4434 (Webster.
1978). o] ¥2 B& ATFAEo] dFd Y74 FndZEw AYFHSLS Aotst
A AFHAG. 70dd = Aoz X-Hojy Qi A WAHL AL
¢ 9F #Y 38 Ud A7 o)FoH o} o)t BE v g3 AP A
& AT e BH28e ARE AL RAdon YAl sz wys
2 20 4E ALE AEHAT) dFo ANRoZ gHol= SEANA FH
(dynamic) 33 & & 4 AU}

1980 ] Futo] So] d2Hg ALSL Ao tomography systemsol %



S 9L 7Y g2 Y= UMIST(The University of Manchester
Institute of Science and Technology)+ electrical capacitance tomography
IZHEE AZYP3, FAGd v 39 Morgantown Energy Technology
Centerdl M= 712 FA2 8 %9 /IXRYE 24357 94 capacitance
tomography system& AZ&dct. 28n JETHAS LS EIT (Electrical
Impedance Tomography)71®9] ZH<2l A Holm He nLgosz A9 A
As BAZR F gt 754 S odas ANgate oz EOorAA MY @
SHY 71¥o2 EIT7I8 S A =sgr.

9 =9 Sheffield University Royal Hallamshire Hospital® 34 & oy
A742AME EIT Q7o) g Aps= oJF¥AX 1 F ulF9 Rensselaer
Polytechnic Institute’} 5 982 99390},

ARAQA EITE 32 WA 49 NS 2432l Bao] 9u ol kg
process tomography<= 282 4$x9 93 258 243 9Q 7} 2lo] 19884
A UMISTHAN A71Hoz AEAA SASS ¥osba 9= 4718 Y3ts
7l 913 EIT 712 @ d77 A 2= Ydoh(Beck and Plaskowski. 1987). ®
@ Yorkey & HA HolHE /X3 o7 EIT A7FH Luzl=9 T3%59
< H 23Ut ZF2rNE FxdH(microwave) S o] & & ojux Y3 7
&2 MEg FEaY.

19903742 process tomography: 4¢3 process design¥} #Fof <&
e de f88 JeEZN 2RI Row AHHAG. 199292 g =
ECAPT (European Concerted Action on Process Tomegraphy)E %3 Az}
A, 2%, #A 71¢ agn 7] EYL o4 Fdsel e MME A
3= BE A7 AASo]l #F 92 (Reinecke 5. 1998) EU9 A& we
S 879 A, AF&, JI19A 5 317] 7]Bo] sensor Mo AF =
A TASTEATE £33 A (Brite-Euram . 1998). 199734 &= w)
AAAAN B3 A58 2 Xo] g3 Electrical Impedance Tomography ol
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FUHAME o] FFEY AN BAFA §45, 7%, 59 =24 Sof A7
A3l A&, A3r1¢d, XF3d, F5d Sl A7E $953 gon A
FTAFEAN = 1998 HH ET 712 o] 83 o| 3752 7/|XRX 7N a
TE & 4.

A71 d¥d 2 g3 # 9 (Electrical Impedance Tomography)2 AlAd® 3
d Aol st=dol ngo] waA APstn, 24 gAZd o H B33
(nonintrusive) £4& 7143 glo] 3138, A Ast(geology) T AZES So
A BUHY 572 F5%30 g, 538, X-ray 2 MRI @339 14
o] HAd Ao FzHa 4% (spatial resolution): Ho| x| gt, AIZHAAE
(time resolution)7t Holui AAe] ths AYAo] Yoz o7} fad L
HEu2 AL85s o goz 1 o|8¥es g Aol

Table 1.7 Fig. 1.2 @389 7|YS5S vad Ao},



Table 1. Comparison of Tomography Methods (Ovacik and Jones, 1998)

43 21y | vg(AS) | =4 99 283 54 (doH HS &%
spin o] ¢ A} 3}
NMR >1,000 AR 7% ~sec
A A
X-ray CT 1,000 X-ray %3 | X-ray &% >sec
Gamma
. 100 7 -ray %31} y -ray &+ ~min
Densitometry
259 g3 10 WAl @ Ara acoustic s
#9 impedance
d
ET 10 AF 2 A con u(.:tance, ~ msec
capacitance
b
( Iinear accelerator )
e
g paEren (NuckarM agnetic
B=| Resonance )
?
!
i
e

tine resolition

Fig. 1. Comparison of Tomography Methods



2. 4754

Y42 Rolod 4 EIT(Electrical Impedance Tomography)7|®¥ & %342
WASFA G APPR] HFAYS Y 5 o) A5Y MAo| N F o
BHEd TE AT AREa dolH HS £} we ME Ho) FPL A
otz A2 459 Yol Hgo| st AAZAH go] MyF X
F TR G PN Fes $UF Ao 2ASY FFHpe
SR VST xE s QA2 o)A FEFA Lo g o uia Hol
U 442 443 A% monitoring®.ZHE 80| s}5 s},

A ARz o] bt FroANE @ilo] Tgday Rai= o] &
BAY AR H o] YA Fo] uUHoz EHas] Y= Fo o] =t
B2 @3y X-A tomography 71 F°| &) JYE waA EIT7Ye 7)
F7Eo] dd SUF ASad0 Qo] dAZAH YA oA FEH AHAHE
¥ 5 Aok EITZ7IMS oA $8¥ok7t w$ BYsatn FFadst o w
o AAHoZ ofa 7w 27 dA o A,

%o} EIT 7162 o] 83t 3@ A7} o] o] FojAttd o] 4§53l
A ANt 2d Jjdel o d o|FREF PRE AMs=d VY Y=
BRE AT A5 A 2 #4 2= AU 43E slds HA4 °
Aolg.

2 AFANE B FA JYBAL A EIT ZAHN2DL AA-A™s0
EIT 3458 482 %8 4948 2aug g 5 Ay Yo 447 Qe
d AN A4S FAHEEL o)EA 9} vEst] A2de] NHYS FAsz,
ARAZL A& o, 2 QA A} 277 AT of 2zt Foof o
el AAAN ZAHE A7H A5} ZHLECE At 1 =Y do]g
EX AgAe] 9 L A HozHW o¥FEF U FzxE Fu
T A=A 23 EIT A2do] o] 4453 7HAste] $89 4 A of ofst
of #Aa Mgt



II. o] &3 u]7
1. EIT N2¥9 Aga

EIT 7129 71& 92 Fig2.13% 2o] vAe] Wy 8§ ¥¥g 2= 2
A TN S5F34A A% A3 o ) Wsn HARA dAY A==
THS ool ME AL 24 AN 2% F o] FEE Ao A3
Y dnAFS FH BEA WHY nAo NEg RYIS YRYsE s]a
%oulFol & AFES 2 2o xgd B FU(ZL A A
g TU%E WY AFE PX wel Y ¥ AYN D, oo wa}
ARdAA L A &= AFE DAy,

EITAM AgsE Ao @& 7]& 7d AN a4 Y50 EIT inverse
problem solver®] 7123 A EIT 24742 2 4 Q). o] & EIT 53
Z1ed dA 2934 A4S 338, JAEY AngdEe a9 o] 3#%5 9
S A2 BAG £ QA 3 Qo= EITY 73 7o o= 7]
z°olg.

o

o

o Fu

= y 712
(@)
0

o O
Q Lo, o9
Az 4 00005 NE 2 9989 >

- = o -_J_’_ %
<9 S

Fig. 2.1. Concept of EIT System



2. EIT9 44354

471 992 G3HYY 9 o 9 (image reconstruction) F3L IAA o}
¥ F 7HA Ad#HAe uE Adow FAHAG. A A FAHAANE, FA
AAGAN 42 Mo AFS ¥t AFE FU3n A& S (resistivity)e] ¥
TEAN AARA 7] H= Ate a9, o] & A E A(forward problem)a}
@0}, o] Neumann 3o ZAAZAS 2t v AY Laplace #3402 7149
™, 1 # 4 A (analytical)! AE F& 717} S o)A $ 22 43 3 (numerical)
Y #¥ 224 (Finite Element Method;FEM) T+ A 844
(Boundary Element Method;BEM)2.2 ZAIIE T3 $ WA FHRPA =
qoz FAAAA fF718 A% &L o8 A YR AYE Byg 33
st HA o P4 BAst=d, o]& dEA(inverse problem)dt i &t}
Fig. 22 945492 9@ #3U ATA} JEAS 4302 e oo

Foward and inverse problem

Forward problem Inverse problem
Given V2 Given
I I
Measured
FEM Recon st.ruction
algorithm

Fig. 2.2. Outline of Image Reconstruction algorithm

2.1 Forward problem



Ao AAAAAN oA Ao AFL Tt AFE Tk o)y YnYeE
AFE] #5-2q AADA 57 9= ALLS G &3 go] Neumann 89 7
AZAE& &= vAY Laplace 3402 71480, B AR E A2 4
ool HEHAY(contact impedance)E LT A AIY A (complete
electrode model)-& A}-4 3 %t}.

v - (‘}J‘Vu)=0 in 0 (2-1)

u+z,%‘;—jj=(], on e, I=1,2,....L (2-2)
L ou_ I=1,2,...,.L (2-3)
P OV

%a—z=0 on AU L, e (2-4)

A7 wu, 0,2, Upv, L& 22 WA, A & (impedance), A 33 U3 s}o]
AEAY, AFAAM A, A A, 33 Folt. 919 zA| Rr}ato, o
A AR FAL vAEI] fad g8 g 39 ARG 2 At
qg =18 g

gl,= 0 (2-5)

Z} U=0 (2-6)

919 Neumann o ZAAZAL = HAg Laplace A 49 &4 3
(analyticaD?l &&= Fa 717t Wl$ o2l $ 22 4 4 (numerical) 342l &
8.2 (finite element method;FEM), #& =} (finite difference method;FDM),



A 82 (boundary element method;BEM)5 o] A5 : 9lom B o Fof
M= FEME AH83d. FEMoANE A4 49 08 o e o413 i
2zt a2ule] AFE gol dFsgn sHPse, W A} «E G g
o] vetdict,

uxu"= gaiq&, 2-7)
A7l N& F node ¥, ¢, iHA noded M 1013 Yv|x] noded = 0
! 71 A #4(basis function), ¢;&= iHMA nodedld AStolt. 4 (2-4)8 w=

A7 A AFAM A} Us et go] 2apdy.

Uz U= 23,-",- (2-8)

A7 n,=[1,-1,0,..., 017, n,=[1,0,-1,0,..., 017, ... o]},

w9t Uel Wit weighting function® v9 Vet 3, o] E Ao o3t
variational form2 &3 o] "},

B, U, (v. W)= S0V, (2-9)
9714 Bt 9433 o] A5 variational formo]t}.

B((, U), (v, V))=fg%w-  vdx + ;iﬁ(u—%)(v— V)dS  (2-10)

vsh Vel A A #45E ust U U@ 714 g5 pogm S



Galerkin®l S AH-83l9 99 v WAL g 2L AY dF FPJo =z
At

Ab=f (2-11)

Aq71- b=(a,p) TE.‘.-',N""1°I_T'_, stiffness matrix A€ FWVML DXWNnil D g o

3 Zo] Fo]R = sparse matrixo]y,

A= ( CBT 1‘5)) (2-12)

force vector f= Y &3 o] FolA.

_ _(0 .
f_(éf,lin,)/ (7) (2-13)

4714 0=(0,0,..., 0) TezNo)a, I=(L,- L, I,— 1L, ...., L —I)TesNt o,
714 55 6% n,& A (2-8)9 variational formol g3}t ARG A
A= JdE B, C, DE 9&7 go] FojAy.

Blif= [ L Ve v+ le%f $:6,dS, 1,i=12,...,N (2-14)
Cay=_ (L -1 _
Clip==(5 [ pas=—1= [ gas),
i=1,2,...,N,j=12,...,L—1 (2-15)
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D= FE [ i) as, i=1.2,....L—1 (2-16)

wala], ojAE 4 (2-9)9 RE A WM So] ANHYoumR p=(g,8) €
#N'P = sparse matrix solver® AMgdte] T 4 A, AFojA 9 A Ure o

23 gol FolAn.

Ut 2/31

Uil = | A (2-17)
Uy —BL-1,

2.2 Inverse problem

EIT 4459 dngFoAAe £39 dodx 22X E adz I4siste 3

A gAY (static imaging)® AHA W3S JA3d= 53 93U (dynamic
imaging)°] %t}
A A (static) B4EYL dnFe F WHA rmNR(regularized modified
Newton-Raphson)2 X2 U} o A& o] W3 Adxn nAA 948& 43
7] 9iste], G5 o] FolAE EAFSFE AL AJEX pE RE
o}

¢(p)=%[VM(p)—UM]T[ V(o) — Uyl (2-18)

A7l Vy(p)e="e @A 7139 AF EX polld FEME ALg3o PA
ol RE Y AHF dAdo disd Aidd AFAA {718 EE A4 AR

golx, Uy=[v, v 05, -« +,0p) € RE AFAEA s 249 A
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X

FAM #7189 RE A4 A @olW, 0,= (0,0 ..., 0D T€ste AR A
# 99 A”AAN 238 2 AFANe Astold. BN gL ge zaL
BEGE NG BEE = Ao Arh

O (0)=[Vy ()1 Vi(0) — Uyl =0 (2-19)

0’2 Hessian Jdolet st=d o] JFL HA u{AY Ay a9 1
b d$ A=z v AXA(ll-posedness) FTAE of7|gd. ol
ill-posedness 44 9 d1n2F9 A5 doj=a 7] fEof, ola A
€ 9337 A3t regularization 71" #£t}. Regularization 7] & 23
#5E A3 2o Mad

()= 31 Vi(0) =~ Ud TVu(0) =~ Ul + % (L) (L) (2-20)

971X ast L& ztZ} regularization Q1 ZH(parameter)®t # 2 o]},
A AEe Zo] HYREE FA AL},
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oI. 249 22 2 4349y

1. EIT 3 =&

AA 3z EZdolo] 1P Fig. 3.13 Zon AHRFANE Aoj, A%
AR, F3F, ARY2 4E £ U

A%+ YAd YEE B =(Digital Control Board)7} @235, oj7]of Al
54 BAY software7t FIlEc. NFZWAPRE Aol AEY
(Voltage-Controlled Current Source;VCCS)9} %A 7] (Oscillator) & TFA =g
A% E MUX(Multiplexer), &% % Z7|(Differential Amplifier), %z7)
(Demodulator), W (Filter)2 FAH 3, A3 E AL} = ofdz /M=
® W#7)(A/D Converter)? AFEH U} vz ALY,

Sine
wave ]

MUX [~ Jﬁlter — Converter
Channel 0

Channel 31

Diff tial
l er‘en “ Demodulator Instrumentatiory
Amoplifier Data
Phantom G Yolct:age
— s Control PC
: Sine Wave
Sine wave ;
\4
Current . o
VCCS (,qhalnnel Digital
Select
Channel 0 | Voltage- Control Control Data
Channel 31 Controlled Board
Current
sources

Fig. 3.1. Block Diagram of EIT System
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Ao %ol %3 Digital Control Board: 3271 Ad % 4 & HdAse A
# ©ol5(Current Gain)g& A3, Bxr|of Add Ade A o5
(Voltage Gain)& A3}, Digital Control BoardodA A5 )5 (Current
Gain)S& ZA3}WU VCCSY Oscillatorol A Aolg Feo AFE TAANA
g

Voltage-Controlled Current Source(VCCS)32+ &4 dg4E2d 43
2 7HA = A3 AF A5 E B8 dzEN F3e 327t 32719 A
dg o]Fi gl PM76458 Al83d AF o] 5(Current gain)g dAd A
T2 A 5 UA A F A A9 A5 AEXE Ao A-A
7 Ug 3zz dYAez HF AHF ASE /HANAGY. VCCS3I=E
PM76459 OP-amp U2, U72.2(§ 5 B-5) o|Folx JPds+= dxd dolg
ol Wk Vo] wstaie] P9 wetx £o] Qoo IS ZAA A
AHAG. VCCS 3l2€ 3270 Aol dis) 2zt 3 3j271 2o|m 21 Hdof
Aol 9g3e AA A2 exe] FoF 8%lo] Hug 7t A TAA g
A& HAAE F2390

Oscillator 3|2 HA A|2"9 713 F83F A5 Yo zA AD532JHS 2
AN A, OP-AmpT o2 T4L U2 AF5S AT Zo)7] 98 A
Ad Ads 22132 E AR, A Fa5FE H=1/22CRE 2499 9
Slzofd AFE 3749 500 stANGoz uM ERHAA Ho] Yo ZAN
T F3F 540 $2 1 nF9 EEZ2UA ZANE AS AT, 23 50k
QAL 8719 AF AE Y BEN FHE F IA s

MUX(multiplexer):= A AAAN ] AYS S5z Jdae FHYZA 32
AdE 3 A3 A A3 E A% FEZ7|(Differential Amplifier)ol 94 A
AFE Aoy, o] F2oA = DG506 S AHSad, o Hol 32449 &
3 ANZE 293 s=d AHEEY. o] MUX 329 A& olH AF o5
ojuf Mgt ol50°] AAYY A FAL ¥de F AYWE gAY NE2 uy
of FozM ME AL FEH ¥ F UG
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Differential Amplifier(}% %%7]) B2+ MUXZYY g9 F Az e
TEIANAG. FHEEE 1+2R0/Rie 2 AASFARL(FES B-7) Yol X Ry
¢ 2A% FRES 0 E 5 A ARAAG. A5 FE/E 2 99 AN
A28 7HA5 2F AddA A= A3l s 333 A2 2AseE o
YA A2 A AFS A48 5 Qo] E A2 A5
HZ7](Demodulator)ol = AD630& Al43a] ZAHE N3E AFY Az

)

ToA 4 AXE =AY + AEE PM76459 Single operation2 A}gFr}.
57349 AE Vp(peak voltage)7t 6V ol ¥old AFHE 357t ZHHAE o
Al 22 PM7645% ol §3te] RE S zA@}. 10nF ZAAE BE 245
S AU A A7&A 22 DC AEolY Low-frequency noiseE A7 &

e

Filter2+= 29 &% AR (Step response time)o] 19 B Four-pole
Bessel Filter& A3ttt ¥ Al 2" A8 3 Bessel filterd] 26 $9A|zH
< 4004S Axolt. 714 ME &9 AL AF  f.(Corner Frequency):
100 KHzo] x| % ] Z(Ripple)o] 100 KHzol| 22 B x7)9 3 zojrs =g @
2 8 RS dAsY ol AFHY vy Bae B dg 2258
A A S A&7 AF RAeld. Bz 2t FEE} ‘I'o] Y5 E AA
Hqov szd H719 Ay AN ge @ 5 gdowd Fs AxA 7
% . 9 32 oldza 329 HF Zd oumz oy
A 24 A A2 oo 2 P A 5 Q.

old®a N5 & xd3 ai= A/D Converter? =3 & 12 bits o] A2 =
H HolEHst #3& 23 ooz A4 dolHE 11 bits To] AT A/D
Converter 3] 2 & Bipolar operation®. 2 %3 A4 dAHo. o]= VCCS
3] 271 Bipolar operation2.& $&§ o2 5= DC AQ A5/} TP 2
7l @Eolth. A/D Converter2 A48 AD574A% 35 pSo Ho W§ ARS
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%= 12-Bit A/D Converter24 tAd AMo] A5 o8 4A Bipolar £&
Unipolar operation©] 71533 g5 ofdza A5 HYAE 10Ve} 5V
TAM A9 5 A @ ot 5= dAY dojH g FHL HAn
2 AFEHE dYd diojJH: Wy o] Rajol 39 Table 3.1 otz Al
39 Q¥ g dAd dolg 282 BT

549 dolHE ARt AFHod: FEE ¥ =(Digital Control Board)S
A4y A3 WE Aestolx Ft=s) AFEHA Wgso Yn 2FFAA o
@ RE Aojg deolH U/2HE AHHA A =g Filo o]FojAL},

€ Ay A18d AZEL 1 Wisconsin gt 528 Fzsle 3
28 4A AR,

4d dol8HE 337 9% AxEolo FAHL WA F9 AF9
amplitudeE A3 A% current patterne FAF KL I current
patternol %A AFE FAFT Y AT 53 ASHe 24w Ay, o
q FA9E A4S d9d9 A3FL groundZ Fol 2L 4. o] 2HE A
%t datag o] &3 A inverse problemd Ei AuA s Yie <dmdr g
S T3 A,

Fig. 32 A{8 443
332 2T EH9

rir

K

A3
B

543t
°olg.

¥

i

o] dZ@#AA|3 Fig.

ok
N, o

= =
v k&

L

Table 3.1. The Digital output according to Analog input

Analog Input(Vp=+ 10V) SE Digital Output TSB
10 V 000000000000
4.88 mV 0111 11111111
0 100000000000
+4.88 mV 100000000001
+9.995 v 111111111111
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PC

(i
c

Fig. 3.2. Current Generation and Voltage Measurement

:

Set Amplitude -+

L

Set Input current pattern

L

Input Current
1

Measure Voltage Values

Measurement
Again?

Fig. 3.3. Flow-chart for Data Acquisition
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2. Phantomz} A3 314

FEEY dngFe] 54& Hotda 45 S AT HdANE dId
4] phantom$ A3 Bast . & AFANE 5P| d @ phantomS
ZHIAR 54 2 A%E #9352, phantom Eol¥ 330mmelx, W7 o]
80mme] AUy Yoz AAL ofadZ o] Ut}. phantome § HEL
&2 ol WA AZAE ¥¢ + UA AFsAd. 2123 phantom ol AZE
Ac EExFolE AYstd A AXNE AYA & + UA A
A& phantomd 44le] Ho| 2lo] phantom We| Aa| A HFo] Hoj
e A Aol 200mmol 2 YHl= 6mmoltt. ¥ HYPAA Algd A
¢ A& Stainless Steel2 11.25° BF o2 FU{A EEXAAY.

oo Al A4 AYo] 29 phantom#F A Fo|g},

EITA AH8HE A5 #5334 AZ387] dFd H% impedanceE HA 3
871 913 phantom WH2Z &% HA FEF AF9 Aro A AY YR
Hol F& oA A0 4F& HAsstn, BU @ BB 45 Fo =&
HA ¥x5 AAYUG. A3 ZHS vlnPA s SYEs A vYyHc
F 3. old Aoz AF9 FHAE H2 g 3.

Fig. 3444 2 &% phantom? HAZL fringe field?] JF L& HA3 A7)
A3t ARd AFold.
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Fig. 3.4. Phantoms and Electrodes

3. AERA

oA 4458 YS $¥ EIT(Electrical Impedance Tomography) &4 A]
293 Fig. 359 3ol #4834
Phantom W= AFHA E4A &A3E2Z AAA Yd. o] 2389 59
&%, AFE, conductivity= ORION Al3¥< Conductivity Meter MODEL
1158 ol 83t S3F A3} 57 o] AU
Aa¥9 FE :0.15%
- M)A AFE : 333 Qcm
- Conductivity : 0.003 (2cm)™’

« A A 2% :214 T

Conductivityt= 259 48589 5o ARdez o Agvig 259 A
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AR $5F FASY AT LABHAA 4YS FIGAH.

AgtxA7](Power Supply)E °l-§3to 3o Sojrle AYS 15VE A
NAR N3 Aol & o] 434 Phantom¥ 329 7|AS A48Ad.

ZA3tE 9t Digital Control Boards 4371 43 W& AN~ =5
Airdod WAso] A FAA dF ZE Aojs) dojy -2 w2 £ ¢l
A st =3 Z Add dao AAA o T AHFo]5(Current Gain)& 23
g 5 dA dAsAR AFdYA AA4EY AoES EYsid d4
(Shielding) 3tdt}.

AGA = Aol 3cm, 2cm, leml 228 & o] &5t on o] AFAS
o] AZ|AEE&LE Fddd 7z

Fig. 35. The EIT system



4. 234

Phantom W2 Soj7t= 9 AFE Uy BF YY) wdgo) 744 o4
¥ Aoz deld adaptive modeS 9391, phantom el X471 e o
179l AFAE FoAL A, F A AYAESE FAoj¥Ye o, A
AXNE vtFAS o, 222 AYA] 277 WeE of 5 Zzte] Yy A3
sto] AAAAN) AR ZAHAY.

41 AF{ 34

Adaptive modet FAlA 32719 AZL F3o ) Aol AFE FYs
H Aoz AFO M7 R¥E A4 Bz wsg g A3E& ground=
Fol 4 AFAN 713 A3 AQxE as W o2 optimal current
method? 3 #2715 @t Gisser(Webster. 1990)7F #<tgh o] wye z} A
SAN o] A5y dojH +3 5o Tol B Ay AR}

Fig. 36& A5 F3 29 ded Ao, 7|1 232 oWez @z 7
A= d3to sine waves} cosine wavez 2zt AT %3 phantom W}z
THdAG.

24
\y}ui vy 4@
) e
163 [—
2;\)‘ AL

A~
A L\
TFFFRR
8
Fig. 3.6. Adaptive Method
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948 F4L B AYAA 2129 F9 current patterno] o},

cos k4,, 1<i<L, lsksTL 4-1)
sin(k—%)ﬁ,, 1<i<L, %<ksL—1 (4-2)

AWM ki F7, L AF &, ¢ 2 AF Wsolm, 9,=21x/32 2 FojAY}.

A# ol 5(Current gain)€ 20000.2 a0 phantom W% 2 Zojsl7] A
A+ pattern©| sine waveZ 49 =72 HE v e (HP3458A)2 24 3lo 89l
3.

Table 3.2% Fig. 3.7& FUAF7t sino, A of A Yyuz 97t A
9 &% AL SAHY FGolth. YA ML o2l golx, H(e) HA
T FAskolg.

2E ASvid U5 82 ddol: 250 nSZ 80uS ojlFAE RE AF
A FAA AFFUo] olFNAA sdojg THHA 53¢ dolgg 7}
AR AFEEY 228 AN B Ax 02% AEE 1 g Yol A9 A

4

st & JA: AYL S 2111=0%I-.’—i_=— ¥Aqd + AU
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Table 3.2. Current value on each electrodes

(29 : mA)
AFWHS| 0 1 2 3 4 5 6 7
AH 0 0.95 1.88 2.71 3.46 4.06 4.52 4.80
AIWMs| 8 9 10 11 12 13 14 15
AF 489 | 481 452 4.08 3.46 2.71 1.86 0.95
AFHS| 16 17 18 19 20 21 22 23
AF 002 | -096 | -187 | -2.71 | -3.46 | -4.07 | -451 | -4.80
ASWME| 24 25 26 27 28 29 30 31
A+ | -489| -4.80 | -452 | -4.07 | -3.47 | 272 | -1.87 -0.96

BH MK (ma)

''''''''''

--------------

i i 1 1 1 1 1 1 i I 1 1

S N S S B T
12§156?§$1b1

1
112 13 14 15 16\17 18 19 0 21 2 23 24 25 26 # & kO |

Fig. 3.7. Injected Current pattern to inner phantom

My

_23_




4.2 3¢ &%

AFE FU32 A4S F487] Slate Wxe T2 a3L AP
b sin(2x Xi/32)2 A9 Wi Sojzd of Hg AFE= 8 Ao
A7kA H3 ol == Atkol Azt 9. gy oW A2 g
=1 €07k Aol Atold 10029 AL AAHY Gaing ZAHsHn
EU E (HP 3458A)8 °| 83t o] %ddo] et AGL wEste ZHaio
2% TG o] U2 AL /120 479 AdAM 2FHE Gain
@42 44 Ajigtoz MUY,

AR YA A o] AfA 249 0.15% AL A2 Aon AY
g F93A4.

g =
2
u
N

|
3

AASAL dgH 2L Aoz £ysu).
O AZA7 Qe o HYEH.
@ 543€ A4a# forward probleme E s} v .
QO AFA(HA 3cm, Feh29 B)E AY YR FYo] ¥ AY =27,
@ AFA(AZ 3cm, E2Y B)E 2 A3 ¥u A =4,
® AFA 2718 DN @,@0HHL My,
©® AFA(AA 2cm, T2 $)7t 5 A AL of AY 24
@ AFA(AA 1cm, Eet2Y )8 AY F93 2 A3 3 A9 3.

4 AtE 2R AGASL U o AYRY WHHE AL B
AAS AN 2718 stotd w20 248 doHE AT 4R
A Fa2AFE E2 AYA AANE FAs%] B A 2do] o|HFER SN %
oA S8 sisstts A A ur
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IV. 4343 2 #4

L AZA7E Q1S o o] 233 =gt

A" Ui AFgAZ Qn AAA 22 YA UL o AYRLe =5
83 forward problem& o] 1 3|9} Hlwato] 3o AAYH ARAHQA A
29 T4 £& 712 a9

Fig. 3.8% Fig. 398 B9 sine }¥ 7} cosine #3o] 9ITo] @ ANY
AR, ol= dAHoz2 Z AFoA ZAHE %S0l YA sine FPAA 9
Hdigto] old 4 Q7] dFof BAAG,

gt Axgke]l 3AHE AFL gL go] AAN & 4 o

sinko @ 2% Adigho] 23 A
sink0 2 A4 Hagtel 2AHE A

4714 L& ASWE, k€ F7], n& Ad4$, & 4n-3<4k

A (4-3)7 (4-2)°f st k=32 A$ HAdgo] ZAHYE AWz 32/124,
(32x5)/129, (32x9)/12Wo]51 HAzgte (32x3)/12¥, (32x7)/124, (32x11)/12
22 2 gol A2 HolAA Gt AEo A oHG o= A H@
sine %Yo} cosine}Po] oA A ).
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54 delge AANA 248 T3] sl B&H go] RMSE(root

mean square error)& A ]3¢},

RMSE = \/LU“ A-Ly-v- (4-5)

4711 Uz FEM$ ol §3te] 7@ o|&%Q glola, V= A4 23§ oo},

#332 AFA7t A UPol UL o RMSEE o] 83 o2zt A4 =
A& A& Yed Aol

°l 2AUNE A FUAFE cosine pattern®. 2 39 Zt ATQA =44
e dA AL mEZsdd AAYA 237 02% oluolx, FARES
sine patternZ 3t AAMHA HAd 2247} 065%C) UYL FAHHYG. o2
A7b BE A B9 065%cl NN AAAHL Sd=do] FAH 2o oo
AAEE AT 7 AUoH AAHQA Al2do] ehgHoln YR oty
H52 S2A 1 28 dvd R UEY wg ox WYolg. agm B
A"l 4372 A8 9 AEYNF Y PCE A= dolHES Astx 2YH
B sed e NBE 032U W d Yo 948 pcs Al-&3td
1 E£57t O =g gzhec,

Table 33& AFA7t Qe A 2 39| Addel we} 239 AYH oSzt
o] & Yed Ho], Fig. 3.83% Fig. 39 59 A§F patterno o} 2}
A=eAN 49 A<t} o282 A splinedte] Yeld 12 Lo}, °] 1
HoAM @2 oA goli, x& A ZAHY YolHE UYEd oo},

AP ZAN FHE Aol cosine HHY AL NRHYo ckL s
71E Aol 0ol £§ 0 AL groundz FSt7] WEol =3 Aol 0
ol b2 Aol o] 0 A3 7 A9 Yoyl AYge Yl ol
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Table 3.3. The error of voltage values according to injection current

pattern(without resistant)

Current pattern 2. 2H(%) Current pattern 2 2H(%)
cos 0 0.0718 sin 6 0.0856
cos 20 0.0063 sin 26 0.0207
cos 36 0.0128 sin 36 0.1170
cos 40 0.0401 sin 46 0.0623
cos 56 0.0497 sin 560 0.1093
cos 66 0.0728 sin 66 0.1971
cos 780 0.0916 sin 760 0.3013
cos 86 0.0953 sin 846 0.1393
cos 946 0.1218 sin 96 0.3943
cos 106 0.1082 sin 106 0.3160
cos 116 0.1447 sin 1160 0.6041
cos 126 0.1491 sin 1260 0.2753
cos 136 0.1643 sin 136 0.5817
cos 1440 0.1578 sin 146 0.5114
cos 156 0.1900 sin 156 0.6306
cos 166 0.1706
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L),

o0
o
an
008
Y
12

» 014
€ o1
18

Bada (e

cos 340

LA B X}

cos 660

LN B X1} 8 3en (s

Fig. 3.8(a). Measured and theoretical values (cos @ ~cos 860)
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LR B ¥

cos 1386 cos 14¢
RN PR €Y (P N
L. NN ST
cos 1580 cos 166
¢ ¢
..7*‘ ‘-.4“.
LR X-B 3T LEX-B ST}

Fig. 3.8(b). Measured and theoretical values (cos 90 ~cos 160)
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KNy

AudtYy)

L] )

LR B 3T}

sin 36

.02

004

.08
LN ST

Fig. 3.9(a). Measured and theoretical values (sin 0 ~sin 80)
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2. A gAY o A arns ¥ 3} &) 7] A A A9t =23

i

H70] 3em?d AYAE AY FY3} AT F9f ¥ Z A3 AF
sink6 ;% coskd 2 FUso] HANA AL S35, o] H¥Ye Eaq
AZdA ] A g} Agto] o) YA WS g8 Bgto}.
°telel 2 aALE AYA 92 YA Roju 1 AA A ge =
¥ Ae 2A=ZZ Ygugdg. adxse vE 259 A3t Yy 5
22 QA7 3o a2 AP AW FYAR T717 66 AR §
N G& F71d gatds 222 Fuss] vag,

Fig. 3.1000 49} o] g7t F%o) YL Ao 2359 5}Yo] o
el W37t Ae AAY voly AAZ AP} Ao qug FAAN &34
€ @l 1.3% 71% FJ1¢ Ro] Yy,

22 3 Fig. 3.1144 4 Fig. 3.1274A7 a#g =g pw AGAZL A F9d 9
S U AYAZ Ado 2 AT FYof AT FA o Yetd S & 5 Ao

Fig. 3.134A Fig. 3.147 A& AGA7 e Ao} 5832 a717h wE o
2 AAAN 239 Aggo) oJRA WL A7 At 945 A
Held. o] 2AZEL S3te] YA 27]of oo} AN ZHH= AgHo)
SeUA JEde 39 + AY. AFYAS Qe Ao AAAN "=
Astel 7H3 A YA 242 299 AYzhol A4S ¥A & 4 g,
THAA Qo) stsaKo] AR} oW o4z FASHE Aol Ay
A7t A& A A9 A Axsm Qee o & At

Fig. 3.15@)% ()= AFA7L = AL g9 Ay47 9o FAARE
2t cos 30% sin 302 HUS A AANN =59 A4S JeA agxol
o

e X
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Fig. 3.10(a). Resistant(3cm diameter) located at the center

[ P
'

H3d o (#)

ion current)

Inject

ine

3.10(b). Measured data (cos

ig.

F

(ANRERE

Fig. 3.10(c). Measured data (sine Injection current)



Fig. 3.11(a). The resistant(3cm) is situated on electrode 4.

]
1
|
{
|

A2 Lo

ion current)

Fig. 3.11(b). Measured data (cosine Inject

* o o

(N RrRRrE

0.4

HIw (s

Fig. 3.11(c). Measured data (sine Injection current)
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Fig. 3.12(a). The resistant(3cm) is situated on electrode 20
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Fig. 3.12(b). Measured data (cosine Injection current)
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Fig. 3.12(c). Measured data (sine Injection current)
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Magot U@ m
— HEH7H1cmol H

— XN g7t 2cml H

MHEH7t3emel 42

3 (#)

nr
K

S size

, Position : 4 electrode)

-. cosine

Fig. 3.14(a). Measured Voltage according to resistant’
(Injection current

— XAl o
—Ngd7temol A
— X g7t 2cmel

[=]
<
[=]
?

MNgAM7t3em2l F§

y--

--q-

S Size

, Position : 4 electrode)

¥ 5 (#)
ine

-37-

q

(Injection current

Fig. 3.14(a). Measured Voltage according to resistant’



YV (v)

KY¥Y(v)

Fig. 3.15(b).

I
bl LR R R T EET Y

Measured Voltage with and without resistant

(Injection current : cos34)

- LI
AARNG U A YN UG D

Fig. 3.15(c). Measured Voltage with and without resistant

(Injection current : sin34)
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3. 9454

Fig. 3.16904 Fig. 3207 4= 44 dolgs 7111 AHEAL 3 ARs
Z UEd Aolg. ¥ A7= sxgol 3% £TEQo] Yoz Yo 493
Slom ol JYRY 1YSL AxEgol Yo ERE Wl A dolgE s}
A3 438Y & RS0y, gy u = ARl AFA F9A4N AFo
HE2A FAH AGAs Qe W uyg o S3%E TZo Hau glee o
T A% 285 AFA) 9NE PAHA Yey =0 dom 1 37x% g
¥ T YA B0l 93 AL e F # 4 9y

\Viddy
V%
&

Y 4
3 i
— —~
A A~
A N

/\
i)

Fig. 3.16. When the Resistant(3cm) is situated between number
4 electrode and center

Fig. 3.17. When the Resistant(3cm) is situated number 4 electrode
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V. 48&

2 ATAE JFHE NS g WA YA AN 2394 A
& A3 287 A ¢4 )45 JyEge g EIT 332249
S AA-A%Rn AL W AFA7 QS o FEMS °| &3 oA olgx s}
A AAAN 239 A4S LS ste] 3z o A4} AAAA N2Y
4 45 8498 By agm AYAL Qe q4, AFA A9} a7}
NRE o Zzto] Hool il AJY N5} gaw Zt ASAA 239&
Ae AFAZ Asod fFo] 4L Fas 4 AT, £ 3449 "ol
€ °l8d YPRY duYE T Aol ojmx s} dA AgA 928
H 23t 1ot

L EIT Z3A 29 4A.-4%

Aoy, Az WPR Z2J8 Hynz °| ¥l EIT SAXN2AL HA.-42
&%t Aol Digital Control Board7l @9 3tn], of 7)o NS5 B
€ software’t ¥7l€d. AswYn = yveesst Oscillator2 T4 5n 2xyn
+ MUX, Differential Amplifier, Demodulator, Filter& TAHR, A58 g
X938 3= A/D Converters} PCe Wy Wee2 2480, 2 Lo s
o 2%2 & v ggn po.

@18 Ao~ =

- PC9} Digital Control Board 94
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B-1. Interface Card
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B-2. Digital Control Board
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. Oscillator
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- Voltage-Controlled Current Source(VCCS)
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B-6. MUX(Multiplexer)
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B-7. Differential Amplifier
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B-8. Demodulator
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B-9.

Filter
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B-10. A/D Converter
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