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Abstrakt

Development and improvement of modern manufacture, improvement of
technological level as well as the quality of produced goods are directly connected
to improvement of technological process control and automatic control system of
technological processes.

One of the functions of automatic control system is a control of
technological criteria of manufacturing processes and evaluation of produced
goods. How accurately, reliably and quickly is this control conducted depends on
sensors of technological processes and measuring tools.

Conductometry is one of the easiest, universal, improved and at the same
time exact electro chemical method of research in studying and analysis of such
informational parameters of substances as specific electrical conductivity. It can
measure the concentration of binary solutions, defines a constant thermodynamic
as well as that magnitude, which characterizes the composition of the solutions,
coefficient of diffusion, adsorption of ions on electrode -electrolyte border, ionic
composition of electrolytes and etc.

Conductometers and conductometric sensors side by side to laboratorial
scientific research is more and more widely used in supply, pharmaceutical,
chemical, microbiological, energetic, petrol, gas and other fields of industry. Their
use is mainly connected to definition and control of quality. Liquid technological
environment is used for controlling of kinetics and stabilization of technological
processes.

Wide spread conductometric method may be explained with its high
accuracy, wide range of measurement, simplicity the system, continuous control
of technological capability and lower cost compared to other similar technologies.

Improvement of conductometric method is directly connected to
development of manufacturing, methods and technology. There are more and

more productions, where the control of specific electrical conductivity of
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electrolytes and solutions is not only desirable but very necessary. The use of new
technologies enables us to create high-sensitivity elements and new models of cell.

Universal method for physical-chemical analysis of solutions and gas
variety is contactless conductometry characterized by simplicity and reliability.

One of the kinds of contactless conductometry are transformative
conductometers which are widely used in petrochemical, chemical,
pharmaceutical, supply and manufacturing fields, as technological parameters and
produced goods quality controlling tools.

The fact that all major utilities builder companies have a number of
transformative conductometers in their assortment speaks on demand of given
equipments.

Development and improvement of conductometric method is actively in
progress in number of countries and are connected to such well-known
manufacturers name as Nappa (Germany), WI'W (Sweden), scientific-production
association “Alphabases” and others. In Georgia scientific-manufacturing
associations “Isari” and “Analizkhelsatsko” successfully worked in this field in
recent years, but these companies are currently working on this issue because of
the existing situation.

Many books, articles and theses have been written during the existence of
conductometry but there are a lot of actual questions. These are: increase the
measurement range, improvement of reliability and increase of the duration of the
operation without inspection, decrease of dimensions of sensors, improvement of
metrological parameters and etc.

The first chapter of the thesis deals with the results of analysis of literary
sources. There are reviewed methods of measurement of contactless
conductometers there. The thesis gives both positive and negative sides of
contactless and contact conductometers. Special attention is focused on major

elements of conductometers — cell and its types. There are discussed contact



conductometric two-three and four-electrode cells and contactless and inductive
cells with equivalent schemes and peculiarities.

The same chapter deals with major measuring schemes used in
conductometry: Z-metric, Q-metric, F-metric, comparative, compensative, direct
measurement.

The second chapter of the thesis deals with research and processing of
contactless transformative conductometers. There are designed static features of
existing schemes of transformative conductometers, mathematical models of major
measuring schemes of transformative conductometers using direct and
compensative methods of measurement. There is conducted their comparative
analysis there, which have found that some existing mathematical models do not
include inductive, mutual inductive, liquid roll capacity and other parameters,
without which it is impossible to fulfill complete parametric optimization. In
addition, we cannot use mathematical schemes designed for double roll for
multiroll transformative schemes, because tolls designed for this model have
significant errors. All, for relatively common transformative conductometer
schemes.

The same chapter presents schedules of both, voltage and active and
reactive components of the electricity depending on electrical conductivity.

The third chapter of the thesis is dedicated to the issues of comparative
analysis of transformative conductometers.

Based on mathematical models of static features there is found out
quantitative and qualitative indicators of conductometric structures, such as:
sensitivity, average square errors.

There is determined sensitivity of mathematical models of static features of
transformative conductometers measuring schemes and models of errors of those
schemes, at time of voltage and informational parameters of electricity, in case of

two, three and four-roll transformers.



The fourth chapter of the thesis presents the issues of determining optimal
electric and magnetic parameters of primary transformers (cells) of liquid roll
conductometers.

Based on the theory of linear electric circuits there has been designed a
mathematical model of liquid roll conductometer, according to which we have
received the image of the output signal.

The analytical image of the output signal shows that sensitivity of
measuring transformer represents the function of eight independent parameters of
the value of the spread voltage, power supply frequency, and number of rolls of
input and output transformers, magnetic conductivity of input and output
transformers, impedance of input transformers and investigated liquid resistance.

There is defined the dependence of size of the output signal for each such
parameter.

The same chapter provides the results of the research of the dependence of
sensitivity of liquid roll conductometer on magnetic material.

There has been processed the block-scheme for determining maximal
sensitivity of transformative measuring tools according to the voltage by using the
computer which is presented in the same chapter. It enables us to process the

program by any computer language.
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dagbgeolomgols odmbsbygamos bob.32.0-by.

JOORAOSbLBMOISE 0560 30609 JBmagd®ols da@dbmdos®mdols

do0gdo@039®o dmwgeo gbols MgoJBoeo doagbgerolomgols
aodmoliobgds dgdgyboo®ag:

2wyM3 L, A2
SO0 = Zoaz 2 212 2 272 (35)
Qw>M{,Lax*~Liw*L5x*—L1A%)
da@dbmdos®mbols ©05dm ooy gdols 3®5%030 30
90 9B M 5IBoMgdammbdoby Fo®dma gboanos bob.3.2.0-by
S () S0
4,25
/ 0,01
4.2 / 0,008
A5 / 0,006
/
41
> / 0,004
4,05 /7/ 0,002
0 2 4 6 8 10 X108/ 0 2 4 6 8 10 x bad/d
S) 3)

65532, gOMEA6LRMAOI>G@H0560 3Mboy]G™IgB@Molomgol: > ©gbol sJGoydo
> &  gbol  @gs5jBoamo  dagbgergdol  IaMdbmdos@mdol  gsbm3gols
©0535bMbbg ©5IMJoEgdnmgdol y@msxgogo 0,1- 10 50d/3 ©os535b@bTo.

Omym@3 bob32.0-sb hobl, ™I Y 0bxm@IsE0gmo 3oM5dgE Mo
0960,d530b I@dbmdos@mdols Jobgogom bgarlsFyml m3GodobsiEoobamgols
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Lobyg@ggenos 25dmgoygbmo LEs@ogydo dosbosbosmgdaol ©gbol s@oy®o
dagbgerols  domgds@ogg®o Jmwgeno.
0OAOSBLBMOIsGm@osbo  Jmboy]dmdg@eol  dgdmbgggedo, oy
068m®I>3090 350539H®0s ©gbo, do>dob ©gbols >JBog®o
da9bgeoliomgols dg@dbmdos®mds godmolobgds Go@Iyaom:
S(r) =

UiM1,M3 4

3.6
AL;L, (36)

bosi Up— d0dg0s  30@39e00  BH6Lg3m@ds@maols 300398050

a®o3boando.  ©@gbols  GgsdBoygeo dagbgeoliomgol  da@dbmdos®mds
aodmobobgds gm@Igmom:

_ 2UiMy M3 4Ly5
S =——; Ll 3.7)
0% 06gm@I>09e0 350539H®0s ©gbo, dodob
OEAOSBLBMOIsGM@ 0560 306wy ]Bmdgd®ols da@dbemdos®mdols

I JBOMASIBoOMASDY oM ooy gdols y@oxg0z0 ©gbol sJBoydo @
@950y dygbgamolomgols yodmbsbyamos bob3.3.-by.

S0 S5Go

0,011 0,1

0,01 0,08
0,009 0,06
0,008 0,04

0,007 0,02

0 20 40 60 80 100 Xb0d/3 0 20 40 60 80 100 %> bod/3
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65633.. WOFODBLRMOISGOA0560 Wboy]MIgHHobsmgol: o> ©gbol SJGoydo
> &  gbol  @gsBogmo  dpagbgmgdol  Faddbmdos@mdol  asbmdgols
©0535bmbby ©sImoegdamgdol g@sgogo 0,1- 10 Lod/3d os3sbebTo.

0OGOSBLBMOIsGm@osbo  Jmbey]dmdgdeol  dgdmbgggedo, oy
068mOI>3090 3oM5dgB M0 dodgs,  dodob dodgols S>JBog®o
da9bgeoliomgols Ig@dbemdos®mds godmolsbgds Bo@Iyaom:

2U1(1)2M1’2M3‘4_LXZ
S0 = 2L, X (38)
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da@dbmdos®mbols 05dM 0oy gdols 30513030, >JBogdo
doagbgeols  dodgol  dobgegom,  ggm@  gaogdB©OmasdBo®gdammdsby,
aodmlbabyaos bob.3.7
bogm @goddoygmo dwpygbgeobomgol godmobobgds  gm@dyaon:
UMy 2M3,3

S(y) = A—L1 (39)
OTRTEN 068m@I>30y90 35M539H®0S dodgo, dodob
0OGObLBM>BM@0560 3060y JBmdgd®ols da@dbmdos@mbols

9 JBOMYIBoOMISDY ©odm3oEgd e gdol @030 dodgol oJBoydo ©o
@95dBoge dygbgamoblomgols yodmbobyamos bob34.-by

S0 SG)
0.1 0,005
0,08 0,004
0,06 // 0,003
0,04 d 0,002
/ d
0,02 7 0,001
0 20 40 60 80 100 % 43/ 0 20 40 60 80 100 % yo9/a
S) %)

65b34.. ©OFHOBLRMAISGMA0560 Mbaldm3g@dobsmngol: o dsdgol SGoydo
©> & dsogol  @g5J@oamo  dpagbgmgdol  Ba@dbmdos@mdol  asbmIgol
©0535bmbbg ©sIMoEgdymgdol 3@sgago 0,1- 100 Lod/d os3>bebo.

Amamai bob33 s bob34-bg [o@dmwygbogo a®ox3039d0056
hobl, OEOSbLGMOIsGm@osbo  Jmboy]dmdgdegdolbsmgol  gdxmdglos
2obmdzgdo  hogododmm  gbol  sJBoydo  dagbgemols s dodgols
@godBogeo  Jpagbgerols  dobgogom, @sEasbsi  dy@dbmdos®mbs o3
da gbgen gdolamgols d9d0gos > FOg0g00 3MboJBmdgB@ols
2obmdggdol dmgen ©0535bmbby.

0OGOSBLBMOIoGm@osbo  moba@sgbogosbo  3mboydmdgB@ols
dgdmbgggsdo, o9y 0bgm@dsxoygmo  3oMsdgB®os  ©gbo, d5Tob  ©gbols
S>JBo®o ©d G95JBogeo doa gbgengdolomgols dp®dbmbdos®Mbs
JONb0M0s s godmoliobgds gm@Iymmom:

Ui M;,2M3,4

S(y) = ———= (3.10)

AL{Ly
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‘dglododolo g@sgogzo Fomdmwagboenos bob3.5.5o-by.
066M@I>30YEo  35ModgBMos dodgs, d5dob dodgol  ofBoydo o
@goJpoyeo  Ipygbgergdolomgols Fy@dbmdos@mds sbiggg gOmbso®os ©s

aodmoliobgds gm@dyamoon:
U1 My,2M3,4

S(y) = T (3.11)

‘dgbodsdolo a@oxogz0 Fo®@dmagbognos bob.3.5.6-by.

5 () 500

0,1 ' 0,005

0,008 0,004

0,006 0,003

0,004 0,002

0,002 0,001

0 20 40 60 80 100 x bed/d 0 20 40 60 80 100z

d) 3)

65535, @OE@S6LGMAT>GMA0560 MmMbaGsabogasbo jmbe7JB®Ig@Oabsm-

gol: & gbols > 3-d50g0L  oJ@ondo s  @gedGogmo  Bpygbgegdols
d426d6@3050@d0l  obmIgol ©0535DMbDY SIMFoEgdymgdol g@sgogzo 0,1-100
b03d/3 E0535bMbTo.

amam®3  bsb35by  [oddmwygbogno  g@sg0g9d0056  hobl,
0OFObLBM@sBM@ 0560 monby@sabognosbo 30603 JBMmIgB®gdols
dgdmbgggedo  Om@Es  0bgm@dsgogmo  3oMsdgB®os  ©gbo,  do'dob
da@dbmdostmds  gu@em  dspognos, godg  0d  dgdmbgggsdo, @@
06gm@Isogmo  3sMedgBdos  dodgs. ofgeb  dgodemgds  gogz9mwgl
olggbs, @md  dowogmo  dg@dbmbos®mdbols  dolbow{ggoe  Laby®ggeros
20dmg0496mm b5b.2.33-bg (omdmwygboao L Jgdgdo.

OGHOSbLBMsBMG 0560 Lodg@opbogrosbo 3060y JBmdgd®ols
‘dgdmbgggodo, oy 06x8Mm@dozogmo  3oModgBMos  ©gbo, dodob  ©gbols
o>JBogdo s  @godBoygmo g gbgengdolomgols  Fy@dbmdos@mds  slggg
9ONb0M0s s godmobobgds Ge@Iyamom

UiMq M3 4

S(x) = AL (3.12)

‘dglbodsdolbo g@oxogo Fo@dmeagbognos bob.3.6.0-by.
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06gM@I>30YEo  3oModgBMos dodgs, d5dob dodgol  ofBoygdo o
MgoJBoyeo  dwpygbgegdolomgols Fy@dbmdos@mds sliggg gOmbso®os ©s
aodmoliobgds gm@dyamoon:

UiM;,2M3,4

S(y) = (3.13)
AL4
‘dgbodsdolo a@oxgogz0 Fo®dmagboanos b5b.3.6.0-by.

S0 SGo
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0,008 0,004
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0 20 40 60 80 100 ¥ kad/d 0 20 40 60 80 100 x 4od/d
S) %)

6553.6. WOEOS6LRMAsGMA0560 Lsdadsgbogosbo 3mbey]@mg@@dobsmgals: o
©gbols s 3-dsdg0L SJGoydo s GgsdBogmo Brygbgegdol 3x@dbmdos@mdols
30bmdgzol ©0s35bdmbbY SImowgdgmgdols g@dsgogo 0,1- 100 bod/d osS35b@bTo

Amamai  b5b3.6.%g  [o@dmpygbogro  a@sgozgdosb  hobls,
OGS LBM@sBM@05b0 bodg@opbogrosbo 306wy BmIgB®gdols
‘dgdmbgggodo CIOTES 06x5m@IS> 30990 3565390 ©gbo, d>dob
dp@dbmdoos®mdbds Y@M  domosgnos, go@g  0d  dgdmbgggedo, @M@z
06gm@Isogmo  35MedgBMos  dodgs. oJgoeb  dgodemgds o390yl
sliggbs, @mI  Jowogro  Fa@Ibmdos@mdols  dobowTggee  Laliyg@ggenos
3odmg049bmm bob.23.00-bg [omdmwygbogro L Jqgdgdo.
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32. 3&H56LRmAISHMOYEo 30beJ@™3gdHgool Lodsbe
198900l (3emIoangdgdols Imwgengdo

JONEAOSbLBM@IsGM@ 0560 306wy BmIgB@gdo 390 479396
306396963005 MmAOF@SbLRMOIsAM@0sb gdgol, LEs@ogydo dsbsbosmgo-
G ©o (3380500 d2@dbemdos®mdgdols aodem.
JOORAOSbLBMAOISE 0560 3060y JBmdgd®gdols 3emdoggdgdols
aodemmgas  dmygobogno 0gm  3oMgga mogdo, dgmeg mogdo o g@oenos
MOAOSBLBMMIsGM@05b0 30boyJBmIgB®gdol rmdoggdgdols Imwgagbdo
dodgol dobgogom sJBoygdo dwygbgangdolbomgols.

—A

3obglobgdOmm  dgdmnbgggomo powsb®s W Logbsaools — AW, W
bedobogry@osb, d5dob 2.5 gm@dygmowsb dogowgdm:

_ 2(1)U11\’11,21\43,414;0:)(2A " w2M1,2M3,4LX>:X2 + CUZU1M3,4L;(2X2

AM
L,A? @ L,A? 1 L,A? 12
+
0)2U1M1,2LX>:)(2 w2U1M1,2M3,4)(2 C02U11\/11,21\/13,414;02)(2 AL
L A2 34+ L,A? xx 12 A2 e
202U, My ;M3 4L 52
-— 11,12 e X 7y (3.14)

(26) QA mols  godmygbgdom,  aobglobwgdmm LB GO
dobobosmgderols domgds@ogyg®o dmgenols sdbmeny@y®o GEmdoggds:

AW x X X X X
AX = ——=ZAw+ =AU, + =———AM; , + ———AM; , + ——AL
SO0 " w @ ap M Tam, e Ty, MM T e
X X
— AL, ——ZMA 3.15
2L+ 24 (3.15)

AX5dbo@adgeo  gomdogmgdosh X bo®dodgdbyambg  go@slgmolsl,
2>bmdgols o3 (Xmin < X < Xinax) ©0535bmbby, oyg5bogo oX
aemdogngdolmgols dogowgdm:
8X = 0,5x(26w + 86Uy + M, 5 + 6Ms 4 — 6Ly — 5Ly — 264) (3.16)
MOEAOS6LBOIsGM@0560 30609 JBm3gBA@ol  Lodygogmggo@s-
Ao gemdoggds, dsdgol dobggom sBoy®o g gbgeols, Fmaos:

o= \/0,25)(2 (403 + of, + o, , + Oz, — 0L 5 — 0L, — 40%) (3.17)
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dbaogbo  dgomom  godmgmgommm  (3mdoagdgdols  dmegangdo,
AOSbLFM@IsGm@ Yo 3mboeJ@™mIgd@mgdol wo®bhgboeno Ljgdgdolsmgol.

OEAOSBLBMIsGM@0sb0 30b©yBmdg@®ols MgoJHoyeo
dagbgeoliomgols,  dodgol  dobgogom  0bgm@dsgogmo  3s@sdg@BGom,
‘dgdmnbggzomo aosb@s AW Fmenos:

XM, ,M; 5 XU M; 5 XUiM, ,
AW = ———AU, +———AM —=AM
L, A Lt L,A 12t LA 23
XU M1, M; 5 XU M1, M; 5
— 2 AL, ————=AA. 3.18
1A ! L,A? (3.18)

LEsG0ggmo dobobosmgdenols domgdsBog9®o doganols

Sdlmay@@o 3emdogngds Ameos:
X X X X X

AX = —A —AM ——AM, 3 ——AL, —=AA 19
U, Uy + M, 12t M, 237 ATy (3.19)
2obmdzol woygsbogro wmIoangds Fmeros:
8X = x(8Uy + 8My 5 + 6My 3 — 8L, — 5A) (320
0OFObLBM@sBM@ 0560 30609 JBmdgd@ols Lodgogom

33°0M5F Y00 Mo gds G95J@ogeo doa gbgemoliomgols dodgols
dobgogomn Gmeos:

o= J x*(af, + 01\2,,1‘2 + 0'1\2,,2,3 —of, — a}) (321)

0OFObLBM@>BMG 0560 3060y JBmdgd@ols >JBoyeo
doagbgemolomgol, ©gbols  dobgogom  0bxgm@IsEogmo  3oModgEGom,
‘dgdmbgggomo gopob@ds AW Gemanoo:

XM12M34. XU1M34' XUIMIZ
AW =222 LA MM+ =AM
Liled Ot Ll SR L S
U;M; ;M UM, ;M UM, ;M
X 121,2 34 AL XUy 1,22 34 AL, — X0 M12734 4 (3.22)
I2L,A L 12A LiL4A?

LEoB0g9M0 dobobosmgodgnols do09doBH 0390 dogeols

SOLm@ YA g@o (3mdoagds Gmenos:

X X X X X X
AX = —AU —AM —AM,, ——AL; ——AL, —=AA 3.23
U, + My, 12 T M, e A e ( )

3obmdgol oygsboano (3mdogngds Feaos:
8X = x(8Uy + 6My 5 + 6M3 4 — 8Ly — 5L, — 5A) (324)
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0OGOSbLBMsBM@0560 3060y JBmdgd®ol Lo'dgo@m

33o0Ms@ o 3emdoggds oSJGogmo dwygbgemobsmgol ©gbols dobggom
BMeos:

o= \/ x*(of, + 01\241,2 + GAZ,,M — ol — ol — 0}) (325)

MOGObLBM@sBM@ 0560 3060y JBmIgd@ols 095JBoygeo
doagbgemolomgol, gbols  dobgogom  0bxgm@IsEogmo  3oMsdg@Gom,
‘dgdmbggzomo aosb®s AW Fmenos:

M ;M3 4L s x? U M3 L sx? UMy ,L. 5 x?
AW = 1,2M3 4Lys X L+ 1M34Lys X L+ 1My 2Lys X AM, , +
L,L,A? L,L,A? ’ L,L,A? ’
U11VI1,21VI3,4)(2 _ U1M1,2M3,4LX2X2 L — U1M1,2M3,4sz)(2 AL
L,L,A2 Xz [2L,A? ! L 12A2 *
2U M, 2M34LX>:)(2
- — AA 3.26
L,L,A3 ( )

LEo@G0gmo dobobosmgdgnols domgds@og9®o doganols
SOLm@ YA Y@o (3mdogngds Goenos:

X X X X X X
AX =—AU, + —AM — AM — AL, ——AL, ——AL
20, * + 2M,, + 2M5, >t + 2Ly ¥ 2L, ¢ 2L, *
X
= AA. 3.27
+2 (3.27)
3obmdgols woygobogno 3mdoggds FAmaos:
6X = 0,5x(8Uy + My, + 8Ms 4 + 6Lz — 6Ly — 8Ly — 254) (3.28)
0OFObLBM@>BM@ 0560 30609 JBmdgd®ols Lodgogm

33°0M5F Y00 Mmoo gds @95J@ogeo dagbgerolomgols gbols
dobgogomn Gmeos:

o= \/ 0,25x2(0g, + o4, , + Oi,, — 0L,y — 0L, — Of, — 40%) (329)

mnba®ogbognosbo B®bLgm@dsBmagano 3069 dBmdgB@ols

5JBHoydo s @goBogmo pagbgegdol, 0bgm®IsEogeo  35G5IgRA oM
dodgols dobgogom, bodgo@M 3goEMSGH @0 (3mdoa gdols
Eadmgogdgamdol  a@ogogo  3god  gagdHHmyedEsOgdmmsby,
aodmlbabyaos bob.3.7.5-bg.

0dgbos  M53pgbos3, Mmba®sgboamosbo  BASbLBM@IsEM@Ymo
30b09JdmdgB@ol  Lgdol  LEs@ogyg®o  dobosbosmgdgemo, sj@oycdo s
Mgodpogmo  dygbgergdols  0bgm@dszoygmo  3oMsdg@Gom  dsdgols
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dobgogom, gOMbso@os, dodob  mdoangdgdol  dmwgagdoi  sbgag
9Omboo®o 0]bgods.

‘dgdmbggzomo aosb@s AW Fmenos:

XMy, M; xUi M5, XU M,
AW =—AU, + —AM,; , + ——=AM,, —
LA 1 LA 12 LA 34
XUiM; ;M3 4 XUiM; ;M3 4
— AL, ——————AA 3.30
1A ! L, A2 (3.30)
o (1) ‘ W
5 5
. 4
3 3
2 2
. \ ///
/_
0 20 40 60 80 100 ¥ 4ea/3 0 20 40 60 80 100 x4ed/d
S) 3)

bob.  37.  gobpylddmdgdeol  LdIgsme  33v@s@amo  remdoggdols
©3dm30Egdmgdols  2M58040:  S-MAEASLLRMAsGMA@0560  3Mbpy]Gm3g@®ols
390600  gagiBOmysdeodmdols  ©gbol  @goddonme  Bwppagbgeby;  o-
535 @53b0@0560 JMbeyd™dgGEol Jymco gmgdGOMysIGsAMdobs dsdgol
2JH0aB > GgJHogm Breagbymydy.

LEoB0g9M0 dobobosmgdgnols do0gdoog9®0 doegeols
SOLm@ A g@o 3mdoangds Goenos:

_ X X X _Xpp X
AX = =AUy + 5= AMy  + 7 AMy = 2= ALy — SAA. (3.31)

3obmdgols woygobogno (3mdoggds Beaos:
8X = x(8Uy + 6My 5 + 6Ms3,4 — 5L, — 5A) (332)
monba®syboanosbo B®obLgm®dsFme o 306wy BmdgB®ols
bodgommggoedopgmo  grodomads,  oJHogdo @ Ogod@ogmo
03969 g30bomgols dsdgols dobgogom G@mEos:

o= J x*(a§, + oy, +oi,, — 0f, — 04) (3.33)

‘dgdmbgggomo gopob®ds AW Gemanoo:

XMl 2M34 XU1M34- XUlMlZ
AW = ———=AU; + ———AM,, + ——-AM
L{L,A 1 LiL,A 2 LiL,A i
UMy ;M UMy ;M UM, ;M
X 12 1,2MM3,4 AL, XY 1,22 3,4 AL, — MAA (3.34)
IZL,A LL2A L1L4A?
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LEoB0g9M0 dobobosmgodgmols do0gdo@og9®o dogeols

SOLm@ YA g@o (3mdoa gds Gmenos:
X X X X X

AX =—AU; + —AM;, + —AM3, — —AL, — —AL
U, ot Ty, e Ty, S T B T A
X
— =AA. :
2 (3.35)
2obmdzol woygsbogro wmIoangds Fmenos:
8X = x(8Uy + 8My 5 + 6Ms3 4 — 8Ly — 8Ly — 8A) (3.36)

monba®oyboanosbo B®bLgm@dsBma a0 3060 JBmIgB®ols

Lodgogmmjgoeds@ygemo  gemdogmgds,  SJ@oygdo  ©s  @gsod@oyero
da9bgergdols wgbol dobgogom @Gmanos:

o= \/ x*(of, + 012\,,1'2 + 012\,,3'4 — ol —of —a}) (3.37)

55653, Lodg@spbogrosbo B®bLRM@sFA MG Yo
30609 JB™gp®ol LEsGogg®o dosbsbosmgdgemo sJ@oydo s @gsd@oyeno
da9bgegdolomgol, 0bgm@dsgoygeo  3o@sdgd@om  dodgol  dobgwgom
9OMboo®os,  odo@md  Grmdoggdgbol  dmwgmgdoi  Sbggg  gOMbso®o
0J6gds.

‘dgdmbgggomo gopabds AW Gemanos:

XMy, M, XU M3, XU M, ,
AW =——=" AU, + ———AM —AM,, —
LA Lt LA 12+ LA 24
XUiM; ;M 4 XUiM; ;M 4
_AT1TT1272A Bt e e Y 3.38
1A ! L,A2 (3.38)
LESB0gYM0 dobobosmgdgmols domgdo@ogg®o dopgeols
SOLm@ YA g@o 3mdoagds Geoenos:
X X X X X
AX = —AU;, + —AM —AM, , — =AL;, — =AA. 3.39
U, 1+ M, 1,2 T My, 2,4 L, 177 ( )

3obmdgols woygsboano 3mdoggds Fmaos:
8X = x(8Uy + 8My 5 + 6My 4 — 8L, — 5A) (340)
Lodg@spbognosbo AOSbLBM@dsGm@ Yo 30bo]BmdgB@ols
bodgommggoedopgmo  grodomads,  oJHogdo @ Ogod@ogeo
902,969 950Lo0mg0ls dodgols dobgwgoo GmEs:

o= \/ x?(af, + oy, , + 0, , — 0, — 04) (341)
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Oo5b5(3, Lodg@spbogrosbo B®bLgm@dsBm@ g0
30609 JB™gp®ol LHsGogg®o dsbosbosmgdgemo sJ@oydo s @gsd@oyeno
da9bgegdolomgol, 0bxgm@dszoygmo  3s@sdgB®om  ©gbols  dobgwgom
9JONb0M0s, 5d0@MI rmdoggdoms Mg gdoi  gOHMbsodo 0dbgds.

‘dgdmnbggzomo aosb@s AW Fmenos:

XMy M5 4 XUiM; ,
L,L,A Lt L,L,A

_XU1M1,2M2,4 _XU1M1,2M2,4 XUM; ;M 4

I2L,A * L,I%A ! L,L,A?

xXUiM, ,

AMl,Z + AMZA- - (3.4‘2)

3obmdzol sobmyGyeo mdogmgds g§odmgmm Bo@IYE0©sb:
X X X X X

AX = =AU, + —AM —AM, , ——AL, ——AL
Uy 1 ¥ M, 12 ¥ M, 24 Ly * Ly !
X
—=AA. 3.43
. (343)
3obmdgol woygsboeno 3mdogngds Feaos:
6X = X(5U1 + 6M1’2 + 6M2'4_ - 6L4_ - 6[41 - SA) (34‘4)

Lod@oabogrosbo B®bLgm@dsGmO o 3Mbo9]BmdgB@ols

Ladgommygoe@sdgmo  grmdoggds,  Sjdogho  ©s  @godHoygeo
da9bgergdolomgols @gbols dobgogom Fmeros:

o= J x*(af, + 01\2,,1’2 + 01\2,,2’4 — o}, — 0}, — 03) (345)

33. 3O56LgmAds@mdgmo 3mboy]@™dg@dgdol
390L3gJ@ogmo Jgdgdol Ygosmgdomo sSbsarobo,

LEO9YIH 9090 ©s 35653gHO Y0 M3G0dobs3E0s.

o@g  aobbogyano  gggms  dmgmosb,  @gogrobsioobsmgols
Jgomgdomn  39@L3gJoygme  agg3eobgds ol LJgdgdo,  GmIggdoc
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Fobomds hogmgoemm byganols Fmaosw, obggg ©ogydgom, GmI Wi, W2,
W3, bgogdol 3Jmbg [Hgegdl dmeaol jogdodo Ggoemobegds ages®do
bogmeo  ®  3spboddmo  bogoom.  msgesdomggmsw  gobgobommm
FoboslbfmdmdsTdo dgmezo dmps, GMES e s do @806606‘360 bogowo o
Vgbododolow, ©gho I3 bymoboojs@dm@do bymols Gomos. I wgbols ©s
Z1 §obswmdols  360dgbgarmdgdo, @mIgemms @AMy sppomo o3l
Fbslfmamdsl, s0gbodbmm  dglsdsdolow:

[0 05 Zio~ §obslifmdmdolsl g39]698s:

[oW1=[2W>2 (4.20)
bowo,  To=E/Zw. J=E/Z> (421
5dobmobogy  Zw=Zw+Zy  |Zyl|<<|Zi|Z2=Z2+Zyp |Z32|<<|Z2] (422)

©og9dgom, M3 Zi{obospmmdbds Jgoggogs dzodg AZ—  Lowowoo  ©o
aog@mmes Zi=Z+AZ. AZ  §obspmdols dgdmysebs gdgogom 6@ @m0 Egg
_ 90.0-0l, @mIgmoi |AZ|<<|Zw| 30Bmdol @AML  Aoaos Eg= -110AZ.
dogbo®ygdo  bogowo  ay@o®ddo,  Amdgeos smodgtgds  Fogeols
Fobsl{mamdols oM®gg30Lsls, dm0dgdbgods OMY@ 3 bogowo,
203073990 Egg9.8.0-0m [39].

amazs [Ogedo Inddgogdl dbmemo  gHono Eqs 9-9.d, 35906 Lggdsls
5J3b  65b4.9.3-bg dmizgdumo  Lobg @ Bogowols  poblsbeg@olsmgols
gobo@ygd@me  gmOI @ om:

=" 1ixWi  /Zaspgss  (423)

n n .
bOQOG’ Zabb{)s?): —&Zab T ZL:O Zl:O]W% Wl
Zil

Iix — o>®ol ©gbo, @MIganoi googmows [Ogool i-9@ a®ogboando  9.d.d.
bgdmJdggdom, oy Zay  yyeodol  dopbo@ydo  Fobosmmds  0dbgomws
LobOgeme oo, Jobsomdegy dgdmbgggedo, yyms®ddo  dmmoglgdye
Wi 2@02b0e0gddo o spodg@mes §.d.d. Zil— 9000090 M0bwyJ3090mdols
Fobommdss.
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Lol oxoI3x 096900 g§3m9@mdm 35dmdwobsdyg 08 ©sTg9d0056, ™I FHg0T0

dmJdgogdl  9.d.d. E(.7073 s aums®do  bogoo byaol  Gmenos  (Lawn=>).
505005 53065bmm, HG®MI  GmGs [x=13x=0, 5T0b

E I.0AZ . AZ
jo—_%8_ 1024 1 _ 4z
T Zy Z1o 105 PG E T 70
. I W. I1oW.
35906, (423) mobobdop ¢ = F— = ———F¢,
Z3y 933 Z3y 933

. W2 . w2 . w2
Lo, Z?Jg 33 = Z; +]WZ1_10 +]WZZ +]WZ3

30300 @S qS, 35906 godmgom  E3—9.8.0.  Gmdgmoi  500dg@gds
0b6©035GMO Y a@saboen'do ©o I— 0bpogo@m®do ©gbo.

. . s WaWyi . E WwWE W, | . Zyy, -
E3 — _]WW3¢ ]W 3VW1110 8; 13 — __3 — ]W 3 _1 10 S, 13 — 03 Iilog’
Zay a3s Z3 Zz W3 Zyy g3 Z3 433
_wwg
Z32>3_ Z dogbody®o  Fobowmdss, @mdganoi  0bwogs@mdol  {@gool

dog@os  dgdmygsbogno . I 5&0ls gbo W)  a@spboando  @oygobogno
Wsbgooms @oibgbyg. ofgosb, dmgodol dgy@dbmdos®mds ©gbols dobgogom
Ameos:

5o ZH& 3 .y

13 _ Zﬁg, 3 i
Y Zay + Zogi + Zogo + Zoyy

S ===
ez

&'ai3
099 0bo3oGMA0lL (M goo gomodyeos obyyZs = 00, 35Tdob 0beogo@m@yeo
3@52b0gol JmdkgMgdbg dodgs Gmaoo:

leWJWW3

. W2 . er
Zag,'i']wz—llo‘i‘]wgz—z

U3x=E3=_

da@dbmdos®mdbs dodgols dodo®m GHmero 0]bgds:

. . Z WW]
Z10YV1vVvaw
U3x IlO“’].]w“’S

€ Wz, WZE S wWE . w2’
Z86+]WZ_110+]WZ2_2 Z8;5+]WZ_110+]WZZ

09 og0mgoeolifobgdmn dgdogy wsdg9d9dl:

X di

: — 1oy

, bl {zm =Ry +ju Ly —M)  |E=hRitLigr—Ma
_8 — ) . ) . .
° " Z + 2 L=Re+julla=M) " |y oy daydh
dt dt
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hogmgommm, Gmd: Wy =W, =W Ry =R, =R;L; = WZA;L, = WAL M =
=W Wod=W?3?A; 1= uu()% = up,C.
bogo:
[=3®bLgm®ds@maols dogbo@masd@odols Log@®dgs,
A= 352603 M3 53B>OMdSS,
R—m3yc0 [obommdss,
p— 3o360f G0 g gzoemdss,
po— 4m-107736/8 — Bogb0@d @0 dnmdogss,
s— 35260390 agmsdol  gob0gg390m0L oG mmboo;
‘dgbodsdolo 2>dmmnga gdobss > 3o0©sJdbgdols g g o0
d2@dbmdos®mdsL dodgol  dobgogom, 9d69ds dgdwgao Loby:

S 2, WW3 ]y (R?*+w?W*A?%)
U™ _322R2W4w2+ J[4wR3W2A1+4wR2W2+2RW412]

(4.24)

aodmbobyangdols d@oibggano s@gbodbmo:
|A|=2E, , , WW;0(R?* + 0*W*2%) (425

boaoem dbodgbgero smgbodbemm:

|B|=/ BRRZW*w?)? + (4wR3WZ?A + 4wRZW? + 2RW*12)  (426)
Vobsowsb bgen o ym bmdogl g0 9GO o Lbogogols dmJdge

A
d60dgbgemdsls, sdo@md, dogo@mm, G@md Su % (4.27)
(4.25), (426) o (427) po3mbobyagdgdols Logydggerby  dsJlbodseny@o
da@dbmdos®mdbols Lodmgbgan s ‘dggygbogno 0gbs bob4.10-%g

Jo®dmpygboano  deom3-ligds, @mderols dobgogomsi  dgopygbogoo  0dbs
3Oma®sds.  3Oma®adol dobggom sdmggegyeo odbs dy@mdbmdos®mdbols

©5dM 30 oy gds  Lobmdo  dmpodgdol gangdd@yger  ©s  agmdgd@ogen
30M5d9BMgdbg  [40].  bobAlle-by [o@dmeagbogros  Fa@dbmdos@mdols

©5dM 0oy gds  dogbo@masd@omols  dogbo@y®d  Jgw{ggomdboby (Mp).
6ob4.11.5-bg-db@gdol  a@ogboagdols bgosms @oisbgbg (W), bobd.12.5-bg
dogbo@masd@omols bodgo@m Log@dols ©S 35603339000
ROl BoOemdsby (C), bob.4.12.6-bg a@ogboagbol Foboswmdsbyg (R)
©s bob4.13-bg - Lobdomgby (F) [41].
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