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ANNOTATION

Leleka S. V. Sciertic basis for the development of resourreergyefficient
processes and equipment for cadgoaphite electrode production.The manuscript.

Dissertation for Doctor of Science Degree in Specialty 05.17.B8ocesses
and equipment of chemical technologyNational Technical University of Ukraine
"Igor Sikorsky Kyiv Polytechnic Institute”, MES of Ukraine, Kyiv, 2020.

The dissertation is devoted to the creation of scientific bases of theoretical anc
experimental researches of hitgmperature equipment oairbongraphite electrode
production for development of innovative constructigehnological technical
decisions of reception of competitive on the world market carbon and graphite
electrode production.

The use of the results will reduce material costd dasign time of new
equipment and modernization of existing through a rational combination of
mathematical modeling methods with separate experimental studies of industria
equipment needed to verify numerical models of physical fields and verify the
devdoped innovative design and technological solutions. The conclusions, methods
technical solutions and recommendations provided by the results of the work will
allow to increase the competitiveness of domestic developments of furnace
equipment and manufaosers of carbomgraphite and graphite electrode products, to
replace imported electrographite products with domestic analogues.

Production of electrode products is characterized by significant costs of energy
resources (1016500 kWAh/ t) and primary r a
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technological redistributions, which in turn determines the need to improve this
technology through the introduction of ene®fjicient design and technological
solutions.

The main technologit¢aredistributions of the production of electrographite
products include the following: calcination of carbonaceous filler in
electrocalcinators and rotary kilns; mixing the filler with the binder pitch and
pressing the "green" blanks of electrographitedpots; firing and graphitization of
carbongraphite blanks.

The analytical review of the current state and directions of development of
theoretical and experimental studies of electrode production showed the absence of
comprehensive system approach te study of the problem of multidisciplinary
technology of electrode products. There are developments for individual divisions of
production, which sometimes do not take into account the relationship with other
divisions. It is revealed that there is no goehensive assessment of the impact on
the quality of the final product of carbamaphite production of heatchnological
and energy indicators, taking into account the relevant determining factors in eaclt
redistribution.

The general unsolved problemtarms of theoretical research of processes and
equipment in electrode production is the lack of a generalized mathematical model o
physical processes and equipment of the technological cycle of egdoimte
production, on the basis of which it is pddsito formulate and refine mathematical
models of individual production divisions; calcination, pressing, firing and
graphitization, as well as a mathematical model for theoretical studies of the effective
thermophysical properties (TPhP) of bulk carb@wars materials the raw material
base of electrographite production.

The research base of the work includes tools for theoretical research in the
form of mathematical models and experimentalin the form of laboratory
installations and measuring equiprharstalled on existing industrial equipment.

The basic mathematical model for theoretical research is the generalizec

mathematical model of physical fields of technological redistributions of production
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of electrographite products developed in the diasieri. The development of this
model is based on the fact that the working environments of technological
redistributions of production of electrographite (carbon graphite) products include
both solids, liquids and gases, and bulk media.

On the basis of thedeveloped generalized statement the complex of
mathematical models of the main redistributions of production of caglkagrhite
products is formulated: calcination of carbonaceous materials in electrocalcinators
gasification of carbonaceous materials the equipment of rotating calcination
furnaces; pressing of blanks of carbon graphite products; firing of caraphite
blanks; graphitization of carbon graphite products; as well as a mathematical mode
for theoretical studies of effective TPhP bulkbraraceous materials.

The study of the physical properties of raw materials of carbon production was
performed with the participation of the author in the laboratory facilities developed in
the research center "Resousaving technologies" (NDC "RT") KPIgor Sikorsky.
Using a set of developed installations, the study of temperature dependences of tf
following properties was carried out: thermal conductivity coefficients and electrical
resistivity of bulk carbonaceous materials, anthracite and petroleak®s; ¢he
coefficient of dynamic viscosity and shear stress of carbon mass; dynamics of ga
evolution and coefficient of temperature linear expansion of "green" carbon
containing blanks; specific contact resistance graphite with copper and thermally
expandd graphite. Numerical studies of TPhP of bulk carbonaceous materials were
also performed on the basis of discretatinuous representations of bulk medium.
The obtained data on the physical properties of materials are needed to crea
adequate and realistnumerical models of technological redistribution of electrode
production.

Theoretical and experimental studies of the redistribution of heat treatment of
bulk carbon materials in electrocalcinators included: development of a numerical
model of calcinabn of carbonaceous material in an electrocalcinator, based on the
developed generalized mathematical model; experimental studies of anthracite

calcination campaigns; research of influence of a design of a throttle washer or
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technological indicators of workf an electrocalcinator; research of regularities of
influence of geometrical and technological parameters on indicators of work of
electrocalcinators; modernization of regulations for stprtand operation of an
electrocalciner with a throttle washerpdernization of electrocalcinator design for
graphitization of petroleum coke. As a result of verification of the developed
numerical model according to the fgitale experiment it is established that the
average error of the calculated values of tempezain the absence of local
overheating does not exceed 17%.

As a result of industrial implementation of the developed reseeneegy
efficient technical solutions for modernization of technology of Heghperature
processing of fillers of electrode practs the following efficiency indicators are
reached: for electrocalcinators on anthracite calcination the service life increase
from 1 month up to 6 months, and specific electricity consumption decreased by (50
100) kWAh/t.

According to the developed netmatical model of the gasification process of
the dust fraction of carbonaceous filler in the cooling drum of the rotary kiln, which
is also based on the generalized mathematical model, a series of calculations w:
performed to study the effect of oxidahtcarbon ratio (O2/C), isothermal zone
length the presence of a layer of refractories, etc. Using numerical simulation, the
possibility of gasification of the carbonaceous filler in the cooling drum of the rotary
kiln was evaluated. According to the aalations, the capacity of the cooling drum
for gas synthesis was determined, which under normal conditions is about 1500 m3/
with a calorific value of 6.1 MJ/m3, which saves natural gas consumption of about
273 m3/h.

Theoretical and experimental studiddlee redistribution of pressing of carbon
graphite blanks included: development of a numerical model of thestationary
thermodynamic state of the press tool, based on a generalized mathematical mode
energythermal audit of the press tool; numeristldies of the extrusion process of
carbon electrode blanks; research of influence of change of technological parametel

on indicators of a mode of pressing. As a result of verification of the developed
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numerical model according to the fgitale experimdndata, it was found that the
difference between the calculated and experimental data is in the rang2066.4
Based on the conducted numerical studies of different modes of pressing blanks,
rational temperature regulation has been developed, whicksaloreduce the yield

of defective products by-8%.

Theoretical and experimental studies of the redistribution of firing of "green"
carbongraphite billets in multchamber Ridgamer furnaces included: development
of a numerical model of the nonstationattyermehydrodynamic state of the
Ridgamer furnace, which is also based on a generalized mathematical model
experimental studies of the process of burning "green" blanks; scientific and technica
developments for forecasting the technological paramefefisirgy electrographite
products; development of regulations for firing "green” blanks taking into account the
dynamics of gas evolution of the binder. The results of verification of the developed
numerical model according to fidcale experiments showethat the error of
numerical solutions does not exceeel5. On the basis of theoretical and
experimental studies developed scientifically sound (taking into account the
dynamics of gas evolution of the binder) technological regulations for firing carbon
graphite products in muithamber furnaces, which provide resource and energy
efficiency, reducing the yield of defective products b{0P6 and environment.

Theoretical and experimental studies of redistribution of graphitization of
electrode blanks in Géner directflow graphitization furnaces included: development
of a numerical model of the nastationary thermoelectric and mechanical state of the
Castner furnace, which is also based on a generalized mathematical mode
experimental studies of Castrgerindustrial furnaces; numerical studies of
thermoelectric and mechanical parameters of the process of graphitization o
electrode blanks; study of the influence of thermoelectric characteristics of
compensation inserts on the temperature difference irertkdeblanks; research of
influence of the form, the sizes and physical properties of materials of electrocontac
linings on distribution of temperatures in electrode preparations. According to the

results of verification of the numerical model of the theelectric state of the
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Castner furnace, it was found that the relative deviation between the values o
average temperatures of electrode blanks obtained by numerical analysis and ful
scale experiment is not more than 4% in the temperature range up té 16@D. Ba:
on the research, the following was developed: a new insert design for forming
electrode columns in a Castner furnace, which makes it possible to reduce th
temperature field unevenness of the end blanks in the columns and by 20% specifi
electicity consumption for the graphitization campaign; express method for
determining the average mass temperature of electrode blanks in Castne
graphitization furnaces, which is required for the development of rational regulations
for graphitization of new roducts.

The developed technical solutions are protected by patents of Ukraine for
utility models related to: methods of calcination of carbonaceous filler and its
grinding; theoretical determination of effective TPhP of bulk carbonaceous materials;
pressng of "green" blanks and their cooling; Castner graphitization furnaces.

Scientific and technical results of the dissertation are implemented at PJSC
"Ukrgrafit" in the form of structures, methods and regulations for operation of
equipment that ensure itsng-term operation and the required quality of the final
product. The results of the dissertation are also introduced into the educationa
process of the Department of Chemical, Polymer and Silicate Mechanical
Engineering KPI Igor Sikorsky.

Key words: catbon graphite products, calcination, pressing, burning,

graphitization, furnace equipment, modeling.
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CELEEYHO' Is! fqw fMdfigsp Oselco dzv dzd 2 @zB: 18 ) g H
YOfmls d dzCldi, itsadgj flglstc &1 wgi 0 j Sststc Ckzlstso ts’ h o
bio S ®mtse 5’  fiFgidedj, ¢ BEEEE ;" dz 5° fMddzd, i hts
Udtej L CtdalsOSjls iy wOfe fHdzu®dmisd dzt o, N tsi; oL
MiT il BOtelsdils, "t §ted S dzOH j dzd &iis b ag® ity dzdz)
YOoMmisd dzS &,)Tf 8 fgS dzs s dz0 15 sy P ig© @itz& R, DTs; ;

i ¢ dz € Mmis Isj § dzts lsudj,tcg & dzls ASjlkad] HB" s @O@DIs
SHdddys wWEhMESBIB, y' " dis IsjfdzsfjtedHOY
Csdals OC Is @ ony Isd, Figen T § SISz dz' Mis! Ctsdzo j Clsdo d
Isjf dzstsB d3 dzz o3 y yYyoOmlsd dz€ Odzd * tgf fHREB &)
fsobvWwLOdes L o jtondzsj 8 ddzd ~[248 ydzd &3d to
o' wiLtsC iy HdMCtjlsdddz (2. 13) sO ¢
By 4, dzOf ted € dzOH , ofMlsOdetso dz¢ 9 Olsdmw L O HI
sltcd d@zOdesets L toisL 0 6@ O HIME L] s@B s L O H
wWoOLd (Discrete Phase Models (DPM)) [ 26
[ dzw L Od3d & O dzdzw mMdmilsjd3 HJW([ B, tz3) O df
LOfdMOIsd o  Hftseo  HdzZ YOS tsea' 2 ctoOdzdn
M totsh j dzdzy dygfd o fdzOHipdstdzifH © dzOR yY! sSEts tetsL H ' dzk



121

2121 dzj SstesC Ozt yd dzOIs s tg H dzw 5j B3
Jdzj SstesHdzed - o dtetsB ' 9

[fdm Stodhbtelzey"' CWHSo SEt jdzj ClstetsC
sj rdesdztse " ydesets ftosyj Mz oy Ote® 9 Odaedz?  dz
Wieds tesLEdVHO' st v ROl j BBOIsdydz® RBsHj dzt
] sBzHSo O O j B3OIsdydes’ BsHjdz d3j - Odz
jzj CtetsC Oz yd dzOte®@ ~“tekdzlskz' Is! v 2@ kL O¢C
2, . 2.1.1) ° o€ dzeizyetizy sfgg ls | &d Y lse gats
Hickke] W' (RdzMlc&dzw W' Ldqydze to' odgwdedzw (2. 10)
[dzv M tetsh j dedz?y RO | BOsdudes® ff tsfyls Odzts o
sjifzsjdzj Clstedudzsets MlsOdgz j dzj SlstetsS Oz yd ¢
LH" 2Mmdzj etsH " dz d20 HjC dz2 €O B ' dzz W ftesfilsd
[171, 239, 266]. 1jtwhO L dedn oCdzs yo' H
dzOB dzd ¥ § dedz’  BESHJ dZ H d ) STtdfj jlstalgts=c" 1 jodzjHd3] eiztf
Codzlsd dzz O dz! dzts’ f sistOHzazy C'do du ¢ tsfRlg o) Ofdadzy &
BOIlsj o' Odzz W ¢ Mmikzy' dz Hassdsw G ded Hisp tHdzt®©] dzj Ck
wWC' 2 otORBoalz s MW HJdOK CO MdfStes Mmjt

fsn' Hdzts' o to' odgwdedz jodzjtecd’  [266] :

é dv, K
Mg ~mPraf;

=1

2.14

%d&_f (&.14)
"Ii__a(Tij-l-Mu):
fat =

a Wspaceij (ri ’rj )Wdensij (Vcell,i 1Vgran,j )Vj

v‘i& K i dt, i=LN (2.15)
fo a Wspaceu (r| ’ j)Wdensu (Vcell i1 Ygran, j)

Foy(Th ()T 0 drv) = 8+5(1)oU "+, t0
iDA=0, t>0 (2.16)

@q:'l eff (T)DT’ j:'ceif (T)DU’

I’
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Him T &30MO  yOfMmistdidafdfy,i Sfgden j ¢ yYOMmisd dzs o,

esL Gz HO  Ist fyw  fyd figls p ZOIslco dzv dg! 2 @B, 14 » g H
YOfls d dzQiif itsdg) dgls* ¢ akjwgiw'j Slstste Cklstsoats’ bh odr
o jClBfgtso 5’ fifidzd C bis/sSdzE M dzr 57 Mddzd,iyjtejm"
CdzZsOCIs L j,yQiglsdedz§y &€ YyOMmisd dz€ d, h tsi; liL O (
C'dz € fls! YOfMlsddztsS, OCIs' f1j tc ;Db Otz dzs "zdz'
Ctokzlsdzd 2 |BsdBj dzls, o' WL Odzd 2 Lils Qts dzidiip®;ls dzte
Bsd3j dzls Y stz & SOy jdegs H dzf dzjd3; § sdzd Mo dHC M
o' Hdz' COET § el dyy;y 5¢ YOk "efgfjHtE iz agdldif; so d 2
sfg toj H dajdeddr.r) iMftesMiststeso © 2 Octso O W kzdag y* v
i OH' EMO 9 jCltstelz Iyl ¢ j & gty @z Kedzetzts Cs, C
fjtojBlzo O Ist; Woi tSESEON 2 dz€ 59 O j tsriaiRO i Isd3ts HH o
ZOdzj y dls! His KOG te Odzy\i sctis’L 6iE fgldzf P Oo ‘s dZO%:
dssH j dz' , hts dzOdzj ¥ d Is H 5 Wind Od 189151 0 GrEdEplsQ
WEdzCy' v, LO Hoibd®setsr Wit otcORtse ' Is! M
LOdzjydls: o' H (Kgd' BEC'cOdgrzzs 5! v o ¢

¢ WS d; vjzéaejtom-rj\tog/u ihodHC fMis! yOMmlsddass
mdMmisj & o Hd Ck, o w¢' 2 oswOnBolk' MRMHY

C'dz §' fls!  yOMmlsddasC, AN (€] e £k an®Ge Is ' to s
Cods' S, hts klotstey sils! Mw W cgjiLjlidd Sssgso
jdzj Chtesftese ' HdZ flse ds/idfitjCds s dfQuisidR " @fiteids, |
GBHso O ' LisBOtdO Is@Y dzis 'cdgdylsiflsZO,T 1 ©x fh EXlze s d
S o5 j OetE@s j W' y' ‘ dels jW jSlsdedas’ Isjf dzsy
16/6)dg i 0 j Skt ckmisdded Isj f;dets ootgjcSs it lsaegh

;dz;clsteqqdzts@ts%m%z%g%% s j Ot | O o

X(xy,2)i W, i HjC Oltse' ¢ SsinH kOB didz0 ;¢ 2 Mis d d
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IsJ f dztslsd o ' H A O3 ydzd n tej OCy' 2 oL O d3tsH
Isj &3 j o OB[R6B], 1 Is/ o3

virr fdflzmC O G MOMisddst @ s’ dRW J sty Mtz C
Cdzls OF Isdzts’ oL O" d3sH "’ 3" N dzd B3 By kIS
102B ' dz hj LOMtsmtseviz ‘nlgl v REEH A4dz!, Her twz
Yyomlsddz¢d fted CtsdzZisOCIs' todizag O W stekizdz® Is s ) zlz
X, Flsotstet ¥ yd fdzwdsk CodzlsOCIskz. o zd30tc dzO f
tesL € dZOH O' Is' MW dzO detste BOdz' Bz FJs O ols Qqdfcty adzaH
odL dzOyoOs s Mw L O dedls toH dicCtBEdE) O ~dzQ 91j7H2) dzd

c¢ fyOlsCtse’ Edzdsoed wHdzw (2. 14) BJ ozl
hodHC' Mis "~ yYyOMmlsddzs¢ MdMmilsj &3d, t>0 G te
sfdmizels! oL O dBsH' 8 YOMmisddes¢ W, ¢ tis@dzdsyiydf
dzj oz - s d3d BAGI fipsss Tz tO©j3dd dgl7l.sB dzO My ls

StetsGC ' dzls G oz DO tat PO EAlzdzy Md Mis | d
Pdssed (2.17) [178]

Dt¢R*8r—*'3 (2.17)
E,

HiRiftedeo jHjdd?2 w©WOHE % uDEdadasE , GEx zdz'

t 2R yomkddse E ttsLtcOhkzdltss ' 2 B d&OMI
MddzOdkd, s odCddsOsls! yj?2 tkn, yYjwjlL
s sz, HWAshOslz dz' Yyomtse o Otc’ Oy"' ° hodHC
o Oy dzdo d?2 dzdh j LOGOdz dzd?2 EfMlsOdzj dzd?2 o
oSt Mistsozo Olsd B©MjtejHds dzaj GHtsdzj hoduCt
fnd 6d HEWTH " O

LzMlsddz0 o dazlste’ hdz sdfs BB tef wBOO v Is O et
e OCy" " wddd Gctste’ dzgdzv dzjlste ydms GOL" & SO ¢
Blzlsd ftcj HMls QGoddzj2dzQ Woj Shifdtetss’ 2 Wisteds' E o da

- qchem(T) mchem
qvchem vV Dt )

chem—"*chem

(2.18)
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H JOgen | Mz BOtedzd 2 Isj f dztso b3 OF W Qls o B¢ dgj yezd & O
My d BOMO tj ytseodds, N5 fied2 BOE s Vgi®BB! &L
Ltsdzd, HJ HteSntSHWED o sdsdeddd isOC F' "' Yk
[171]
[ 2O RS dzj dedz? MdMisi B3 " adgvder (2.16) L
COdd ydz bkditsed.
1 syolksS¢seo® bkd3sod [171]:
T, =T(x y.2). (2.19)
LU Hdw to' oadew dzgdzw Isj f dztsf tasO[l7HdztsmIs® (L
I 20 cteOdzd y'G) Csdzld@o s dzff " dz' 3 Mt HBo (F
FPagsseod www GESHLE
nQ 1 (T)PT), =au (T-u,) (2.20)
Hini o jCltste Lodz hdp 5°  dztstcBOdA, iHit jiE tsafjote?
CjW' y' ‘dals sjfetseo HHOY okjHEBd) 8 dzh s
tOH' Oy' 2dz MS ZOH @) vls j bdzigst § dG3Odzlz 1 O 1 HZOp «
ffd i HsO dMN O, 5
i 20 ' MddiBjlste’ " L OHOBIs! Mw OH' OB Olsdz
n®T|g =0 (2.21)
LU Hdv te' o dgv dzdey  j dzj § s e g ts o tSls j dzy”
10 o9ojterndz iz Itstey" o jlrndy Sets Jjdzj Sk
d&z2O0ff tlzc O

Ul =U(t) (2.22)
b odfOHSE L B didgscts SHoGEY OL dses Mt
U(t)=U,(t)cog (2.23)

HJ,TH s Y] LdOyj deeiay 1 sz @BEREH, 1OMsSE OSIsc
Mz BOdz 2 jdzj S Istefti7ifdz 2 sy desfyls”

10 ddydz sd3dz Iststey’ dzed Y dz' sets jdzj CIstetsH
fslsd dzy’ Odz
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Ug. =0, (2.24)
© &0 tjhls' fojtotsd bdssed &' figEkshis”
n®U|q =0 (2.25)
10 ctOddy"s CosdsOClkk Isjfdsftess’ Hdd
Codflste Sy~ fju  GBELEE"HOs ! v  bkdse d
jdzj Chtedudzsets (2.27) SCtdsOSl' o, o' HfGo'
T}=0;
o 2.26
i{na@}=o, (220
gu}=0;
Sy 2.27
Hnd}=o0 =20

Hi{T=T-T; {n@f=n"@" +n* @ ;{U}=U"-U"; {PQ}=n" G +n" G ;
Hdzw dzj J dzj CSlstetsf tetse " Hdzdm | dzj d3j dzls ' g171fhd Mmls §

[ JbsHdSO yYydmdzse seéts teisL(0D.Wi LO)dztry [dalf)id s
2O uydmzsetsdidz ' dzlsj ¢ tclz 9 O dzdz’ tc' o dgW dzdz¥  tof
LOCOdz desdzg o df OHSCE R HdA LO Yyomsds k
' Lddy', * bOCdd3 uyddetsds BJjLY jtedteoded?
Ctes8Dt. J dStstedmstsoalzs yd fsyOlbStses' CtBteHd
{80 HdzZ LO yomsd (L Odzj ytdes BBy HzO O tees s & DE
9 jdzd ydded a+Didisdijtelzls ff solststftcas@dzdelz tody,’ ' st
stcO’ Chtste’ W tolzRalz BOIsjte® Odzt des’ IssysSd. )
BOIsjte' Odz! dets’ IstsySd deO@2B' dz2 b HBsYy' dz' dad o3
Verlet [174].

[jbsHdS O ydmdzseotsets totsL 9 6 W L Odaflz? Is tirdf 5 dzt
fls Odzlzi((22 .2184)) BOL ‘' 5! fqw dz®@ Rj Issr181.MS " dzy |

fidlstsH Jwgdidskz' s v dz0 ' dzlsj cteOdzt dz' 2

1 OdzOdzms o My " 99" Hdzsh j dzdav W'Lduydedn 9 J
Coddstosdr dese s t5BO' BreS(ddsL c®@@ Ltz so tf 54 § 5
tcsL tORzdzC 59 O tsB dzOMls! . gdMmlsj B3O HIWjtoj

HgMStjlsdL i 5! Mw 8O keOdhistdz s v o
(&] 0[182]
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) " Hfkdso ks yd HdMCkjlsdL 5o Odz 49 w@lsdri
W' eRBHWI! bk t' odgvdgdgv, dzOftedC dzOH, j dz
' odgvdy (2.16), wmteddkz' s uwfo6f. s' &
Bzj o' HEBIE HBE odéls! C' o Cfls' Codstse
1 sH' B dg e Nisls ‘i3 tcsL o 6w L zo Olsd mw tc' L dzts O3
©O28' &z h sdStsttdmlssoke Oddn ‘', ®DPPEJ IOk
[202i 204].

[ v EfMbkdzj dedg tesLB' ydesflsj2 & ¥ BSHj d
odG¢dzd ¢ Oded &3d daj dz' dg' 2 dz'j ) ls o W "zrydf vk dech Az ¢ ez QIfg
totsL tetsB dzj dzty|ddgjidiste HsdEGslz tetsL © 6 W L Odgdz? dzj dz' dz' 2
L OH O’ jdzj Slsted ydztfl71]. 4§ slsky dzsfls® fdfls j &3d

V @ Mdzse 5° BjlksHdSd ¢ dzOHjds s
ftslskzy dz Mls! MmMdsels® HEMWOdIsL oW L Odzdze’ MmdMmls

) rd" He®REEs sO Isj &f jtcObtdses { tdv,
o OMisdotsMmisj2 fdfljdd toLsdwWLk' ! fiqw 1
flsjdy’ Oz odcdzW H Iz

Bdc(T)pU|=0, (2.28)
LO COdpyde®n 2BEE ' (2.24), Hdv o]t
U‘GE =U,,. (2.29)

HU ifsMmis 2dz0 jWjiSIlsde dz@ dzOf ezc ©, I .

2) 1 dL dzOyOsIs! Mw H' 8 Y0 jdzjSlhtedydz® §tslsk

P*:@cﬁmaufdv’ (2.30)

H)VicBOSER tcOR dzS ¥ts’ B dzOMIs' , 3

5O CtjW ' y' ' disk,f SBisy d2EEOC s tedL 2 MY
Slsted BOdzd 5 SO L OHOdzd 3 L dzOyj dzdzw a3 j dzj S Ists
Ro
P
HJP L OHOdz] L dzOyJ didss iz digsSldsts d wdzthyd Mis § d3°
3) sttjcekz' s Mw ftsdzj tBO' Bt ¢kMlsd da

Ko =

(2.31)
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dve = kec(T)PU[" (2.32)
4) fsLoadwLE Is! Mmw dzj Mls Oy "' tsdzOtc dzj tc' 9
YyofMseotsets SCtesClkz L otcOnRp[Ordidzy d3 S Stcj G 59 Ode

colTr (1)} +DEV)=0 (TPT]+ 6e + e 2:39)

[ BLOd" dgklsO BjsSHIS O dBsyj Bbklsd odC i
Csdzd L3 dz®@ W' Ldyudedr o d&zOfMmlsdotsimisj?2 L O tH
Ldzj flskzo Olsd. 1td y' sdkz L Oy dde'ts  B®s 8 at
fjtejtcOREdSE [181].

I S stedMmlsOdzdzy o dz@ojHjdz 2 BjlstsSHdY'
Jdzj Clstetsf j Y' HO' L BBG Iz BJLYtSMJtej Hdz 5
eLicORkzdzCtse' HOdZ , O OCtYy L tesB dVIsd

213[ B jlstso @ dzyf ' ] e sBtetsB & dzOff tso dz¥
o dJtetsB ' 9

[fdim Ctdhsttz¢y" ' Bjtttsats’ Hjy O
ZOf sodztk 9o Oyo® jdzj SlstesHdzd=r o dtetsB ' o, H dzw
YyomlsC tso ts° cOLdW"' COy" Mdf ¢ cets IsdiQdaffttds BC
BOtOBOWzsEHY o Oy' , @ dzO9 jHjdzt © twBLH" dz 1

[ dzw L d34 dzh j dzdzv 9 dlstcOIsd fJtodtetsH dats@ ts
okedzj yj oz mMdetsects dzOf so dz¥ 9 OYoO ot sdzkz’ Is+
WCsets odSBtedMmistsolzo Olsd @Hadg tc dz' etErBAkEQ =o'
fju ,» fddzsek WttOCy'¥ IsjtodtssBtotsB dzj dats@ s
HdRBsMsMO, O kOSKY Isjf dslskz dGAs7j7d’ .0 dikzts ds C
BsHjtodz L Oy mh ts@OHSPBO@APO ff tsdzv ¢ O° ) st @
okeU o 57 fddtse s’ WteOC y" ’ cOL s L 9otsHW
Hgd@soddidd cOLOB] o' Istew, hts dzZOHR tSHJIS!
stc' &3 btsets, odzOMdz' HiSC B Bts @dzdzy &z alfdils'j tolz k
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His' BdzO WtOCy' v BOERssedkiss &y &8¢ s 0C 5y B
COL ¥ ROy

) SBEHEBSo O &3OIsj OIS d-u zts to s HogfBQi otz | dzbs § 16 dztss
MlsOdzz t5B dzOH dzgOdzdz? BB j tolstso s’ fjyu' ~ tekzdask
(Hdo. tBLH' & 2, . Z2adv: 1)ndhlsp&Hs €O dz
Ujlbojteltsets to' odaw dzdgw IS1O( 2. j1ted)j, 2% ' Is tefjulsts’
(2.10) 2 (2.12).

[ Ol BOISdydzsj % Stedlzdzs @ Odzgdz L OHOY' ¢ OL
ZO BOL' DPM Hd&v fMkdk' "' to] @clkzdjdds s

Isj u' Isjf dzsotsets odff totsd3’ dzt 9 Odzdz? SO 9L
9 Cdzg YO Md M ReyRlds aweragetzNawStokes equations (RANS)) v € O
& Misdls @ to' odzvdzdey LBty dzdy RBOMd, L
CoRl Sdzj dglsUezd 00 "6 OCY' 2, LB jtejyjdedz j dz
Sktee bzdzj dzgls dztsfyls' Hdzw Isktes bzdzj dzls dzts’ € ° dzj Is d
th+E)C6rv)
%Y'F(TVGD)V:' P+DQAy +7g+S,,;

LY"+E)C6{’V\7I<):D W, k=1 N;

“Lth +DC6r’vh) W, +DC‘p+DC%DT+ m g Dh8+

rr— (2.34)

2
& Sk* 0
Me) , o) = (o M2, ~ e po). €
bdrve)=b + ——@Pey+C., — bv)- Cr—;
) ?Seﬂag elk(If ) ezk
R.._
p=r—T,
P wW
HJ, T L dOyo" , hts o jdzdyddO tMmjtej HdjrddO L (

Ckflsd oL yOdypdi 5 j Ol ste | O ide jlSusds@s hdg d
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&3/ f];]'ilsq’fng,ﬂﬁi:(ﬁifm)gDV+VD ‘(B¢ )’é’g Kilsjdal tste jWjcC

2
dOdlz ) j dzt v T1CAs W oy ¢ dals Hc[dzOd3('ﬁ]urqzl5r"ka—ea"‘0WL G

CBjW' y' * des Isktes kz@ykisiuss 7 dzjodsls @ mds"" dzj 18 dOy ¢
einodHC' Mis! HdUAfaBY" € o ts e ) i sjHAEjdm(cy dzd
sj dzL Stc Htobgsitd g € Ists@dzdf e M C 5t j dzdzv? Yp i O figkissoc @
uG)fnlst’G) Cd3f sdzj dzlsd SN Sydas € tsOC S & BY sd

T t
ng)YﬁDTk—laJQLstste HQWEL ' 2dsets sk

k- C Bl tsdzj@RIDY, T SEYW dy* ¢ dals BB s oW B Hsdi

»o&pglm

i d 2 frﬁqiy—% i udmdts SDhoBSgy: y' * dzls sktskd

t

B MO0 S W oy des s jK-dzts § &Y mapddals d Wiz g’ h

ON ~
My jtoj dos des® WOBlREH 5°  "ké d HOCisRag, epdg ¢
gk:]_ -

C ¢ Pdf)dB = frudT @ o dz0@ B3OMEe R- | GisERkistz Wlsq, |

Tref,k

OB Msdzs s dz0 s j Tzl § @Ofg &WOOISs j szt j tc O ls krjgiCz O] ts1odD
o N ) . o
L5BOE®O s dis) Weds ST M B8 0 Szl e
LO t©ORbkdasS 3¢istes CospW,” yl) sty Isj f dz®t)thksd ' H e
S5 jOlste §sHe 2dset SHNSCRitHE§ B d B 2 s

fsedvwL Ode L@EPMNs? B Bt H&i] s Ody 1 O0fis d(c
IsSo j toH t5° WOoLdS,, oyt zrdas? ydzj dz f 590!
o dttg dzt o Odzddw G,= 144s Cg51,92; C.=0,09; s,=1,0; s,=1,3 i

Csj W' «-edmsj d2 sk to[B6’, @izl dats fls
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g dMmlsj d3O0 tc' dsditsdz? WHOA ifS ta jOf Mz Is! Mw o
(235 9 Cdzs yoO Ho O tc' o dgv dzdzv : L BJ o] J dedz
tckalz ko jteHdr YOMsddesS odL dzOyOs Is! mw * dzgk
tc' o dzWw dzgdzv B OdzOdzmEz Mmd dz, h s d3H ‘LEslg ‘te | Wiz dzdgp'O
Ise j toH d R Yyomlsd dzts & sfdmkz* s+ mw Ctsdzo § S Isd ¢
Yyomlsddz¢ Oz IsO ' HEdd3 MjtejHBSadhn j d3, Is §
o dHOdzj dgdz? dzj IsSdr ' [28Hdff Otctso zo Odzdz" o tsdzts@
%=FD(U- u )+—g(rrp- r)+F;

- P (2.35)
;mc-——-hAfr T)+f nkhwfﬂ%ﬁﬁhR Tﬂ

Hjui 8 jSIkste hoadHCtsMIs® ¢ OL U5 oitsec st Isfipjiete j "HatschH
so jteH R YORMddgsithd dBg fisf Stelz, o' Hdzj Mj%zO

_181C, Re
D~ 2 ’
rpdp24

y ——=> (D:

7 Ty d dzO 3" Wy dgO  frplsd GOL tso 56 C, MJ 64

BjLESL G teded? SjW' Y ‘rdzbc B8 G@O dzis b fzts & t
Ce¥rfcbmisddz® ¢ OL 5o tsasd, M fpj t§ Mm@k @; O Is

uOfr]lsq’dm&fd—p‘urﬁg_;—u‘Tuc{fndzis t J Fdztg@mesnO; Md dzO, )

BOMmd uOMmkiddsP,mods/sfy j teH s 'hi QBHps B do d2; ¢
s § eztBtsdelz , 28 ) A& /T(fRBESh O § 5o tor di T, U QifELoORE ddz
OBMsd sdz0 Isj &Y j cOkzO Tg DOBMEsds Is @Y © Y 5
so jteHts’ YOyl Slsstj f tizo jtondzj o 5° toj OC
so jteHtss yOMBE L tzsls O f 5o | ton dzjsoitdhyls OO0 Sy ‘¢
Bol t zmani));, elilsfkkf "  dz ystedzs lgd QO MO dzQ
5 B j eOEEO, 5.

1oO0wWLBSE d3 3y Ctdalsd dzgz Odz! detss W OL 58 ( Mk
(o jtoHtss YOMmlsdd ts8) oMmlsOdatsodzs ‘ s v L O
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B kd s SO jdajtee' ‘5 [264]. 1" HfBO' HC
(2.34)

Jd&zO0 hoduC' fMls! oo jtendgjodn tj OCY' 2

BSH | dzdzs  dgdatsy g dzdzd B e jendzjodn tej OCy' 2

HOWkL ds® ° €' dzjlsdyudes’ heodHOBM' o' & yc
fSEWHCE o0 BpEHE” Mo L ZOYO' ! MW L O |
<= RaRy .
Ri,d+R,k’ (2.36)
0.75
T L A S N REE P S Ty

p
Csi W' y' ' ded Hod WERMARSA OV { Otey' Odz! dzgd 2 s f
toj OG j-teslisj OC R, T Vo d®; ¢ daj sd UuedzO te"jesOkrys " iyl
Arrhenius L otO~n thp) @dedtvjds jlsi ¢ f§ My )s,dzd Czt)/ Odg
(Misj tedydedi?’ WeQCOLEMRAE O, EGi/j(daftec’ v OCIsdo Oy
Rizdz 9 JtemOdz! dzO cOLts9 0O MlsOdzO, 7/ (¢ @Bsdz'
c o dzO €' dajdiHCdE@ste OCy' ° odL dzOyoO' Is! mw |

R = ATbexpae %5_ (2.37)

HPMif S OL dzd € fntswc;dzw.’

zodHC ' Mis! |- o Rlea@yldafdzj tegs@C v' =~ dzOs ' s5wQfplsc
odLdZOYO ' MW L O Wstktdzdss [ 264]

R=ANYR (2.38)

HQY, T BOfMSe O YOMSCO {§ 5o jjtzh dai @hyiic RS BY Sj
jWjicChkdo dztsls

L MdMmisj i3'(2.35¢ BdBsdef tetsyJ M’ 18O Md @udaf » "OLABRY
Bsy dz20 oatcOrtsolzoOlsd odf Otctso zo Odzdzg? o tsdztsc
woLd [264].
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rdv sfdfk oL O dsH' ' &y €' daj lsqC s
flssC' o odCttdfistal’ Is! Mw dssHjd S dayj e

Odzj 3 dz Mlss [ 264]

R=min[Ry, Ry (k,& Xz, Xp)] (2.39)
HiR, ThodHC Mis! 5' & yds' t©jORy'i'hof®@ L BE
Skies k2 dzj dals das ¢ &5 KT Jotiz fods g atdBsctia € * edz) I of v &O

HdMdf Oy ° IsktcBXgdziztzlsatzts dz0j Eistday)'j dals tc O, W e
idBsdw e dz® S tdzyj delsteOy' v ftesHizSCE ) Oy .
v sfdimk fesyjfmez cOLdW Oy yYyoOflsdre

BOIjtc' Oz odSttedMmistsolz: Is! ifw yYskdted ¢ jls.
| dztsB Odz! dz' Gjlsjtetsc j dadz (fso0 jtondsj " ) e
ZOf " 9 CsCMk, O LOKOY . ERENJY. £4DNY' [ 2&€&D, 27
CBsEj dadz  ( SBOS YA D e LOEWY ' § OI(R!52) [268@B5). H j

Cs>+0.50- CO (2.40)

Css>+ CO- 2CO (2.41)

Ces>+ H,O- CO+H (2.42)

Ces>+ 2H,- CHy (2.43)

Vol+1.706Q- CO,+N,+1.543H0 (2.44)

CO +0.5Q- CO; (2.45)

CO+HO- CO+H; (2.46)

CO;+ H- CO+HO (2.47)

H,+ 0.5Q- H,O (2.48)

H,O- H,+ 0.5QG (2.49)

CH;+1.5G- CO +2HO (2.50)

CH;+ H,O- CO + 3H (2.51)

CO +3H- CH;+ H,0O (2.52)
ssj W' y' ‘dalsd cjlsjtetsej dedadn ¢ sidgHa)j dad:

o' LdgwIsy mMw &3y MmMtsB s HWC totsdz@R jteddelzfids,t , Is O Q
odCtstedMisOdzdzy o f tc 26K ydzde totsL 6On 2dzS OR
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214f Ols j BOIsd YdzO BsHj dzr Hdv Isjsejlsdyds
sjf sy Lduydedr o dkOMlsdosmisj?2 MdifSdE oskdc

A Ldudzdd3 e dzOMmisdesMmiswds O § ¢ MY dzted d3j
okecdzj yjodi3 Mmded n BOIj o' Odz' o, LsCtej BO 2
Isj mndetsdzse ' ydedr ftesyj MOr odttsBdzdylso © | dz
tesLH  dz 1, . 1. 3.

{ Hd&OS , f slskzy dets® Odz' Isj tedzOIsd o t5¢ H S
Hsfpdz' HY jdzdzy Isj fezsW)lsy @ ydedsA | p dzO O tod & dzO+
Bsy s Bkzlsd Isj stej Isdydz d&3d stsHJ, hts BOL
9 HYte Hdedrm W' Lduydedms J S Jjtod dsj dzls’ 9.

]l sBzHBSO O dBOIsj BBOIsd ydzs’ BtsH j dz' 34 ~ O dat
BOIsj tc' Odzke =~ tolz dzls 22 Isdg@jy'j dg&bls dzu dP c20 dzis gy jdzlz’

o Cdzg YO sO¢" tc' o dagv dzdzv : mMdmilsj &gz H d-
Codzalsd dzz Odz' dzy t6' o dgv dzdzv MmdMmilsy &3 to° o dav dz

[ issHdSC O o i giOg alatlaf = U A | Mg OC = Is ' dfpu
wWihizseo sd3z tetsL 9 0W L Odedz’ ff jodets’ d3j mOdztsilsj tec
sBO' A3 HAdOMRY B gt EsC d2 M syOlsSkz L Of so dzs * |
BOIsjtc' Oz Hts MlsOdzz d3j -m Odz' yYdets’ 6’ 9 datso O
sj B J 6Olskzted t dgd>iaiz'dzH ©d) i IYdSdacH O Us;! P, IS JOBL
o Jjtod @A) T Thot (ThotTeo) (tedn. ROA, o HBERZOO' Is! Mmw
Ftc' o detso Oy j dada” Isj B3 j cOlskzted 5 odmtsls’
tc' o dzatso Oy dgz ToJ BREUINOUsE ¢ 3 B j tOlskztcO o Mmis
21B).1 tcd yY!' sz 99 Oy O' s Mw hts yoOfmilsd dz€ d
Wstedzz, O ~fdz W' Lduydz o dzOfEY aMB|Mis’ §tcd 2
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— —3

© B
Of 20  s5YOls$ i ktfcts B ESipkOy j dzd 2 fls O dz
t dMEzdz8 € R 3 BPY dzstsB B dzz B Y & tc Odzlz d&zO«
Mdf S scts REPS2V8E " O dzlz

10 fitehskk jlOf' toL©LORLdS" o dsHj dzs
yddz' dzH tod ydats ¢ ste MO 22y @fRlgd dzC Odsd M S s ts
COdb dsdgj ke ydzgsdts MS OHE &z his Ml Otz ¢t
' odzso O d. 1 OLdOYJ dz20 fesyjHEZtO od¢ tsdalz’
HdMSCtjIlsdzedrm ' 9dgvdz? BIIssHE [r[ odedzwHE

e .

Im—'zmefa Fu

e, (2.53)
'I\Ii?_a(-rij Mu)

HIm T BOM-O yYOfmis JuEC Yo m,iC¢iehdzn § € yOMmisd dzt d,
tetwdzw H O s v  MEEFY g0 Cds otelzvddy dz' 2 dzs”  h o d H
YOfmls d dzSidi, Bsddgjfifzls € aljipiyd | SIsste Cklstsots’ ho
biojC is®tse 5’  figidedj, ¢ pEEEdE ;" dz' s5° fMddzd, i M ts
YdtedL (caoOdSdagisdsj ¢ yomisddsd, Msi; oL
kiC' d €' sy YOMmsddesS, hts j teijflo©y de"h dz
Ctokzlsdzd 2 Bsdzj dzls, o' WL Oded2 L i BQdzlsPE R
Mji B3] dzgls f stclkz [208syj dedzs , 1 L &3

I SLEOREdSd LO MmdfMlsj kss  t' adwdz (2.
o' HodBd A L dzOyj dz@ Bj mOdz ydedn o dz@Efmisedhy s fls j
r [242].

O odStsdzzs Is! M tesL eORzdSd Isj{f dzsts
MdySdd ROl o’ @asidz, * s d dededhdtsfds L dzOyJ dzdz”
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o ZOMIsd o sisg 2, rctcPdlpic sdzj to' o dgv dzdz” s j
MjttjHsoadh O, hs MCAEOHO 5! MW L S©j ks

me,—= A4, (2.54)

P dt contactsi- j
HMT BOMO YOMmls ,de g tf ‘dz3dz; fls' y OIS T idEedh s dgsyld d
s B3Y j ©OzwO & Ofs DRSS ' dg';C " Mls!  Isjf dslsd,

Cte' L) CisdzsOC s ifls @i’ mom@fqm@@gié&"—jg/@&mj i

i-’Hj
CdW’ y" " dals Isjfdzsy jted HEYS dzlad® Ols K © figlgsy dg®) O &
Sjf sy tetsd” H gl 'd d i Agwd 5 /1 (Jdszs" © ¢ 5dzls O |
YOfls d i @ d3d3

aad._,
J;dzqu%ﬁﬁé@iu ¥/ & Hdojtcjdy' ‘'8 ¢Lkifglsdd

YOfmls d dzevdi, tsBHOjI- a3 fipds@f dzSd, utslgklz Hdzw o d L dzOy
sjf dsosets §olsSk YOmsddsS mMdfSiscs &GOk

yqdqadaz' dzgntic© (tedm. 2. 1) sy dz0O MSE REJAP Ols d Mw

N=aZ ad g (2.55)

k=1Ccontactsi- | ‘:k,
HKIC  dz €' fls! vy Odydslsjdus SOdga.f § 56 s
[dzv  tesL teOREdS " o & W 560§ dsdd s its d@ y f dzfy v
tesLoOVWLESEC dagi MOy sdzOtcdzscts to° o dgW dzdzv Isd
f zOfmsddzd L O ctOdedydedr Lkdise §jtehtsets fo
f zOMmisd dod o &ls dazdeidEBR itz
{ Hdztso d d3" tcdai te' o dzv dzdzv dzj Mis Oy"' tsdzO te dzt
mMijtcjHtsodh OR2BP* odc dzwH
uT _ T

E = aE (2.56)

HJT T OBMtsdzs Isdz@ Is§ dgu‘f;ug@&‘r’gs,lam% P SBJWw y
p
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Isj B j e Ols ztots el pi* HisgsMiflsy *,* dals s j f dz@t) tg,§e * H
BZOMtso © ' L sBOtedz0® W) dzts'zdgdz' gDz ;| =y (df & &
CssteH d &zO0Is O, 3.
1 syoOlkCtse ' (2BGRso d H dzv
T(2),-, :TO’ (2.57)
HTo=Thotl | SsYOlSCtso0 0O Isj B JtcOskzte®, 5.
| Odzd ydz' v(25BI>0:d H dz
ar
dz|,-.4 ’
Mo =Te. (2.59)
HJcilsy a3 j eOIskzte® Mis' dz¢ d ( OByYs, s o dzts o Oy dzO
¢ dzO0dz' Isd ydad 2 tc 5([2.569 (2.29)sK€ dzW A Zdcd L dzO y j dzdzv
Isj B j tOIsktcd27930° o d ¢ dzv H

=0 (2.58)

T(zt)=T,+(T,- T.)a ( 1)””%%%%8%)(@':0) (2.60)

n=1 ¢ -

H m:(Zn—l)g; dif sdztse d &zO o q’fnlsPB)ef%iquﬂdzfr]dZEsteﬁ)lztedz,: |

z dzv 7 sl j He jodBuded®60) disy dz® lsted BOIsd L {§
s5j &3 j eOkted k& dzOf' o dzOMmlsd dz

% =(T,- T, )él(- 1)" gsin%,sn] ggexp(rrﬁFo) (2.61)
19" ' HSd tBLYBH & cbfisddd lsjfdssset 1t
q(zt)=-1 % (2.62)

[ BLEW dzzsO gj s5HIC O odL dzOyj dzdzy | % j §
My Cdn @B @620aE o jt6jHBOYUO o0 ko Odzdew
Is© o ddif* teotChglEAE?. i3

o dze Sttofsla g O W L Odzdz MY Stedszdz 59 Odzls’ L OH O

1)t 5LoOWL Ocdzdg"  F2SB)E | s H i o5 dpOdatzy B 5 Od
LOf so dzgj dadz" yddz' dzgHtcd ydesets h Otclz (Hdo. tc
' L dz5E s G toOdplz dzts dgj KpdsoDwizlats ¢ dgj DRGSRz Qs H G
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SHA&OSCEBo s’ IsjdfjwOkted. 1 dL dzOyj dzdz? dzOM(
" 1S tc d3iz[B2®B, 254, 267, 278]

M
ar NV
_ 3 m (2.63)

F bulk =
20A
Himl " Misd dzdzO® ¢ kfls & 4200 dzttd OQlziztsih) dzt€ocd 2dki) o dzipzls to
yddz' dziMd @, dafz,¢ " Mils! oL &3 o' 9 YOMmlsddesS k& ¢

BOIs j N, ® izl ! § fnlsimcm(bftgalﬂscim&%zprrﬁ i g 6" d5 YOk

mceéts oL BOH" B MmOl tckz, .

2) Y tecd Mo t5° dedzV af jdab -~ dg Az’ fian det@ (11 JJBY TnigeQfldrz
O dzd JdEo?  BLOOWL Odzdz? dzj MisOY' sdz@EBHPR L
BSHj dzs o Odzgdz® OH' OB Oldzgsets fesyj Mk k' o dzt
hO' MdfCcets &Okj' Odkk ' {sikkysoWont
(HdMCtejlsdetsets MjtejHsadh O) z 'L OdgPiplztst<tes® * H
I dL dzOyj dedz? Y slsky desils' Isjf desotsets f sksCh
gy dz 2 yOmlsddzOrR yddz' deHted ydzse s NTES)E dzf d o
Bis di3j dzls txtesfd4R 25, 267, 278]

3) 1 O tsHY jdadaw jWjiCSlkdodesegts L dzgOyyj dedzv €
aS Bdalsd dzz Odz! dgsets MjtejHBsoadh O L O HSHPEHEBECG
COWzZG O ( Of esS Mg s Y’  ¥2LBERS yd d § & & ON ¥ Gdzdk

N
a (re-
maxR’. v RIlsl- 1% - T OB Wyt dels N IS el Cdaa

[0;+d] .

Yomisddes S di@+d]; TRl jstgedffdp'teOlszted yOfMmisddets¢
‘dals j t0et@)dz' o d L dzOyj dz' LO totsLo 6w RSB SHJMCS
CBdzls d dzlz O dz! dzJ i tsdzj Is | df+dl]tc O islisted| dXEER) * gaB

_ N
TD:%_éil'l'iDTfr]Jthdez‘ Ot 2425358, A6LEHE] s
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l dL deOyyj dedz? G teOH ‘gradﬂ%l?@_ s | wdtdf tg(@shirtizéte d

est

4) 1 d L dzO 9y jaizdzdztsuit) itids[ 242, 254, 267, 278]
i ckfmisdded Isjf sotsets Sk LO ¥tk dt
cmﬂ=%9 (2.64)
HIND T f sy dz Mls) kjfdsetets §slsssl yOmlsd
fekso ddz ydd dHedudsses h Otk (Hdo .(25dH.
| sA=pRif dztsh @ shdzse § ydd' deH@, &
i jWiClkdodmset St W' Y'(26HEsO Isjf dzsf tetse

__9q(ot)
=" gadTheo (2.65)

t<tegt -
]

P dWiSClsdodesets L dzOyd dedz? ' L sB Otedzts’ d3OMmt
|
Cpeﬁ:ﬁ
LOojHjdd? @EF@EESH oL dzO | dzdfd dzdjnt j U lszO:
Isd f dztsW * L d ydzd ~ o zOMmMlsdo smisj 2 mdy ¢ dn d3 (
odCtstedmilsOdedzy &3 [ 1 [ .
rdzv o dL dzOyjdzdey jWJiClsdoadzedma L d&zOyj dz l
RO jtc' Oz & odCttedMmissolk s Mv o' dz' dets o' H
hts fs@ldgBo dzO0 dBjIssH [rr. Ytd y! sd3z Hdzw
MsOlsdSd ' HJ&O®B €d MdfStsets MjtejHsodh
MW j ted ydzts’ Wstedsd L o HYSe' Hdddkd jSCo°
CteOdzz dzts B Is te d AHELTE] M S ZOH 5 d3

(2.66)

215} ] ko Odzdz" oL@l lEoO¥C ko R o diess '

1 " H Yyofm toL-de'smtEEH d ldzPfizizty dats BBtsH j dz'
CLjdzjdzedreé LOGBItsatsS L OddA®R'5] Lk odylslojdus® lsiz
Mots' ¥ fodiesHs® S jSitsea® M "  dzj
o ZOMisdB smMzds 1 ° dzG O d30.
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t " HddzO 1 " dec OO °  dzff dzOfls tf ugtlzis ) WIOG], d 26
f'H YoM Ijy ~  vCto' &&0nLhCadsist s igOdy X ¢ 6
f zOfmisdydzes’' ' Hdded S OOCIjtodsss ©MtsB dzdo
Cedlsdudsets odizlste' th dejBd s Mdz® Y to S ddstay j toH j
fjtojodhjdedgv odzzlste’ hdzt sets dzOf tolkzy J dzdz2v H
tczr Olsdmw w¢ Loady02dzO to' HddzO. 1 4 dzQ e 1y c
o' HJdZ20 BO' fJoshMisstesolkz Y sStmisClkz o davisCtal d d
odzizlstc’ hdz" d3 dzOf tclzy jdzdzv d3 d3jdzh s L O Cte
2O telzy § dedz? L o jls' MW dyls O Bfpestizd dizO A tg bogdgdz
BOIs j | [DB8kE
[BHjd 1 %EOKO ~OLOCkjtedLi' Is! MW IsOC
2O ez j dgdev L MEzek [ 191]:
t=t,+nmg Hd{>t,
g=0 HdiCt,
Hjg=bv+vD T NodHC" ' Mis! HJ WSt dtOfyj e Qlstsic/ M Od3
viejCltte Nodht§ GBidO] oz dadzr IsjCEzysmls'
54 € kytsfimts f )zO mis @y dz® alofy.L € Mis:
sz’ H o' HABB Isdisd, wehis dzOftelzy j dadzy L Ml
sjSkysmls', ks ' HddO ‘° ko jteHdd Is' dztsdc.
1 Of OdzOMIsOM' &5 L O totsf sdzzo O o @iyt o  dz
GO jtt' Odz 8, o wWCtsdz § OttOkj b Hdzajsdey SO ¢

RO oy j dzdzr © wC' BBy dzO o dCdMmlsOlsd Ho
RO tely j s sy’  BsHdE COy'w 1 0fC
fitojlotes IS/ [P HEB sdCdvHE

t=t,[1- expl- mg)|+ng (2.67)

H Jmi dsdzfsdzd € J ¢ MY Sdzj dals d .


http://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%B0%D0%B4%D0%B8%D0%B5%D0%BD%D1%82
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t " o daWAgdrH O BdzdL ! € tej L Edz sOIsd Hdzw
L dzO ymaa00 LOBJ LY jykz’ CteOh 2z dzOB dzd ¥ J €z' M
f dzOMmisd ydzd » nmB@W[JRR] Odz' & L

sO0Cdd3 yddzsdz f tsH Ipdzts & G Gi@AcYAROH d dzO0 i3’ Y dz
fJsisimMsets’ dBOMd ™ EzazsingOR! MV o] Bz © O Ged
BsHjdz' (Hde. twSLH &z 2, . 2.1.1) " 98¢
et odaWdzr (2.1) " T@1I0L.dyds to' edgvdzdzy (2. 8)

{34 E § Witk MdMhilsj B3O HIW ]t dy' O
MdiHBoadh O HdY YfdmMOdzdzy (wtsyj Mz Gto Mize
YydtedL dBzdhhlskz¢ o¢dz yoO! CoOL "  MlsOyY' sdzOtc
C'dz s’ kel L bhasPdpdnas@siaieé?) l@zsp dgj Bd 'n’
269]:

b =0

euv _ :
8ut +(v GD)VH p+bd] (2.68)

r g% +D c‘évh)g: pdl ; (T)IOT]+T:bY,

HPits] Ot | ©dl ag ks, M agf HiCeEAfES d, &ad/ 1§ ¢

—) =) =) ———> = (D:

t 7 yom,p ifsdms, 0= %@+ shear[1 exp(- Mg)]o#u sjdzl St dzOf to!
Lfkek L O dssHPdedra n aBsi tnagdidmuvd 1 Op d HC ' fl
H;wsmm\Qf\/’%(%)ﬁHmch: " dz8, Ot O Hiflsts IS iy dzi L
RO ey j dzdzn (Ol dudsj wWgOY ¥y § tzdpy dzd Tz & bs
Hd dzO 3" ydzts’ aawzfpp(rﬁ@lf][swadwoéﬁmsao j BsSOdz

OB Msdz¢ sdz0 s dsfi FOB)sE OO, LgsB Ot dzO Is j If,0zs * dsc
iWiChkdodzd?2 CwjiW' y' ‘' das Epy izgdzidzy ' A dzsils
HdMddf Oy  i3j n Ok (hidztf j tePdef sebd " 2 dzbs s B3MS Odz
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] syOlSsaddd bkddso Odsd MdMmisy di3d tc° o dzgv dz

9 jSClstek hoadHSBMls' , IsdMSk ' Isj & jtcOskicd
€Vo = v(xy,z);
1 Po = p(x .2); (2.69)
[To=T(xy.2)

HJ(X,y,Z)iWTHJQOthstsa' CWistopdz@H so @, sB dZOMIs!
JteOdzdydze Edisced H@EB5:(2.68) oCdz® yos Is!

i HdZY 90 Hdzse s 1 jitcsidedRiRal diizdzH hole(HE O fiyls
EN QY =V, (1)

[T =T (),

HiniTojSlstste Ltsads hdz 57 destcd3Odz HE fizdey j to

v T . iheoduC flk! (& M) kO OsfMtdksdd Isjd

inlet? ‘inlet

(2.70)

' Hf 59 ' H dats;
i 2@ 9 ' Ha ' Hdsdzdz'ftgdas’j IsdteOH " ' dzlsd IsdMmE
en®p=0;
%nG'DT:O;
I dzO0 B ' Yded » Mls " TdzSAdAERY j cddoizizn "L ldniAz9e QiZ2d - Iz di®df do L
tctsH ' 9

(2.71)

eU=U,;
Q-1 o (MPT) =a(T - T.); (2.72)
) Hon@1,men=q,
HiUg TIsd dzL ste L izo dad 7 dzOf oz y J dz-ls ode@ Hg te AsdzdfL
alSCtsjW' y' * dzs Isj detyoi OBHNASULY Is dAQL Ie( iR sts @ Lz ¢
fMjtejHBsoghdAstedsQdz dzO S ZOHBSo O o jSlststel? ¢ Izf
L teOL ' totsL © O0W L Odadzy 1(fiRf.t62y)j dats® d3lkz d2 hOls 2
Fdssod Hdzv BzdHhIsECO L OHOE Is! v  dAB5]2 SG S
10 MYsttdRRzdz s Odess o dh j dOIj BBOIsd ydzts®
BOL' o' dz dzs 9 HCtdlksets CtsHEZ OpenFOAM |
G' HiesSHd 2O Yydetse s MlsOdzz 6 Msea s@ts ' dzMmliste
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[ dzv yYydmdzsetsets OdzOdz' L &z W' L dydsd =d yifiAs dz
Fdi3dscod Bldzd fted2dwis' JjCMyjteddij dzelsOdz? dz2@ H

v sy m' odCBdzOdzdzy yYydhdzso sets dISH J
ftesyd Mk GtojMmMkzoOdzdzd L O dzsoadms L Oo Odzls Oy .
[ BH j dzt 9 Odzdz? C sy dets'0o O&zOfRY Odz' " H 9LOH ' j2 IO d :
L Oo Odzls Oy j dgdzg" dBBOIsjte" Oz o dBOMded?2 yddz' o

BOMdes iz yd dz' dzH te* " BhaBdztsH Y J dzdgv d3 d3lz dzH |
o Cdzs yj ded i3d Mo " y<s odzd) .

10 fjtehsdkz jkoOof', wCd2 HPOEOLASYAJdBR!
JWiClsdodzsegts L dzOyj dzdz? hodHSECSMIS', hts 90O

stcOdzit tStels z o O dzdz™ Cslstso t5E 1S odtetsBlz) - f
G' HiesHd dZ2Od3' ydzO0 L OHOYyoO fJtetsyjfmkz fHtoj Mo Oc
f azOfmis d ydalz dzeFOB)H ¢ = .

10 Htokzetsdiizz JIsOf " azO0O BOL ' tcj L zdz IsO
BzdzH " Iskzy "', hs lsted &3O dz fts L Oojtoh j dadz®
EsLOOWLE IS' MW  dgj MsOY' SdOedz® Isjf dzseo O
9" Hitso " HO® ftetsy @z tol @adixdzlsTO ) p dzded dztslp dzj dz
CiyddBz Hts YOSk it ko Odada .

216] df Oczs o Odzdz? ok cdzj COY ' ksoadhi L OEIS

[fdf CodfstekSy'® BOCOLBEO®R] wds' ¢ d
(Hde. ®HM14)l.BO® Ikjodsdse ydscs 2 W'
s EsctcOl ssodr LOCBsoasS, Hdv WO

BtsH j dz¥ 9 OdzdzY, dzOo jH jdgs © tetsLH'  dz¢ 1, .

l1 sBkHBBo O B3OS| d3OIs fay ' datsts 5 HAEEOjdRE" Y dzis § 15 dztd
t " HGORBj O " H yYyoOfm odf Odzt 9 Odzdz?y j dzj CIstot
FOcOdz dzgj dz2' 2 BOIj BZBOIsdydz 2 dBsHjdz' (HJ9.
mMdMmisj Bz to" odevdz' (2.1) tCte' &3 Yyjlso jolstscts
(2.12).
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1 OH Odz' Hdzw fBlkzHBod O BOIsd ydats'’ d3
CORJ O, dz'WvHCED dftsfiff esr BHdIs! EfM' MISOHTS ' 1B d1
&ZOcte' ok o " HR " Hdddi3d HdBsSOoddd cOL OB HIB
otscgdzj k¢ [ 182] .

AN Lduydzgz diisH j &z ftetsyd Mk o df Odzt o Odadew
[ d di3gs 9 cOLd fJj U HddsdmMdd aldf | cOsztcO W ¢
1300 & BOE Is o zOMIsd o tsMmis* f 856 dzd dzOdz! dztsG 5
tdddds tekrlkz cOL" 9 E CO0dO®ZO-A fJy' ‘ Is Iz to
4w ° MS dzOn-GUad dgo jie®Osid Odgd B dds1 8 Pr LB @IS Gk
fJUd HBERZOO 'MW L O tOrbkdtsC Isjff dzsff tcts9 " H
otsedzj odr COdOEZOR 2 ' H MCdzj ' dedev a3 4 W'
GOL Iz, wCi 99030 ' Is:mw {fodzddzs L klsetstcj d

s' dgiOs &' 3" ydets’ tcj OCy" ’ HQWEL 2dtsets sk
L OC tsdz' dbtcjdz MO [ 194] ‘ odrtetse 5’ Hd
' HBEZOO' Is! Mw L O tOrRkdtse " d3 ydes'™ tj OCy

1 G Hdzts Wistcdisz dz! tso Odats’ J BBOIsd yde®’ a3

dzj Mls Oy sdzOtcdesets ftesyjmkz odfOdzz iy j B
fj2desd HinBd tob b te? GG B hz@afkd >y fadz ks & d,
otcORlzo Odadzy 3 ftetsyjm' o ctste’ dadav , s 'ddndizdg deds
Bj csLtedodetsfls' , LBjtejyjdedzr €' 2 Ssfls' &
ted OCy' ° Gtste’ dadzgv, Jjdagijtec' o jdzZisOdz ' 2 dzts
hoduCsfls' ' Hdmdfoy' ° [182]
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é M L)

; _+E)C%V)—O

1

i prV (rVGD)\/ p+bdl, +rg;

|

; %YMDC&VYK)-D «t W, K=LN;

1

1 llrh+£) Vh +D DT+mDh+

T 4 V)=, C% g (2.73)
1

; + T, PV-DGeA J hko+E( )
| (;. k=1 -

|

A rk

i Ll +E)C&Vk) D(@H;}(?kﬂ‘*Gk"‘Gb e- Yy,

|

1

|

DC&Ve) Dc@w—geeuﬂCSe e, k+\/_+cle ©C.Gy,
HJr i Glzfr]lsc[dzO Bfr]c; toj Hdzj dz@ t i @O Dz’ te1 st
L0 d2VsimdgdA;lstste hodHCshls , s (Bsmi) ddg f

'E \’—1

p'l'lsq’fr]Q,’ﬁeﬁi(mfm)%)\~/+({3\7y Z(DO/) gr_lllscj doL ste j WS

.3

H
2

dzOf oz ) j datfn IstethC lOdattA» 1 d dz@3” Y dz0 5'3'3]@”‘1":Lr_‘:n;%ﬂI'SJ ,

skt kdzj dzls dzO @y ;oki L IS & sk dzj dzks @O €' dzj Is d Y dzC
ei hodHC fls! HdMdfOy' ' |kwsbkdj Gsdes’ ¢
sHdded ydzd 2 Isj dzL g oHj i€ bsastise o tote{@pkastts j dzdzvZ o '

=m./m k=LN i B30ftses @ YOMmlsSC O di3'Svsdly s dzjedzlOF y ‘A
m 7 BOfKO ¢ sy t5dzindels@ O ee tste s N ifdz'dslzih € °, fy

C s Bl tsdzj dzls tGJOﬁM:‘-?ngJe‘gr%%ﬁkdzdzwaJletsts Hd Wb
g -
Sktes kdzj dzls dathd tsd§yifesj iRl ) DSEE © 45y ¢ dMs Mo
¢ ts &3 sdzf/dzisseﬁ,:%d;r udhdzts zZ BT KEQY y' ‘ das skt
t

HgWEZ & i, iHogd toj dzts L O tOREdesS Gpjks'j K de'd3y ‘s ddj
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\}_V =00,

&“”
- OO

- T
Cd) G fFp,dT 1 j dels Odzk-'f * vE s a3 sdzj dals

k=1 Tref,k

O

o N

Tilsj B j OBLtEG | &Y j t6OIs 2 ts G -5 h{EL, Mg, 5 BSG, * 3tz
k=1

HY jtej dzs  Is jOfndztstigsce  Le@s Bt dedgws j W 15/ dBdzls  Is j o dzt

1 /60)B()T s jtcObtte foHo 2dsets MO tcdksae

E(T)=K&Z / (s)dW- 4n’sT*§i 58 6 * B5Z® G kfisd @O ©OH' OY'

CW=4p
¢ esetse MjkdjdbsadCd,j V' y' ' ds e 'dd @26 &
L Odzts dzdzj dzdz™ , Wisls ' Hdifj thrpdzdHlsizisl s 1) Js @) wz0- 1 uslsly @ik
1 Is P45 1(s)=1(s,)expl fkdsg+ n’s fK expel pkdsigisi 1 dals j dzfyd o o
C so - s0 C si -
odftotsds dzt @) Oy ) ( kils &z®tf B Y k§ fg dbE; Bl oC Bl ‘5o ' +
CtoOded5Y=mS® 1 HY Jtoj dzts IskzteB kzdzj dals dats” ¢ daj Isc
MjtejHdry Gaas OC B OWH ¢ SAILS:S T tBlshH tidz! Isj dzoL 56O

hodHCsMIs 3%1&113@@v)”], i sjdzl ste fjtej Hdz s
HiWstegoy' H'%Q@b(:‘:!’sgs‘r_—%?Dprdz;GJZtQJ ds sbkies kzdzj dals.
t

jdzj 6@ dzsICO c:tc;@zalzf‘;Lstq%;r kB Bdzj dzls dzj ud fyd
Y, =2r B1Z2iydzj dz, wCd2 otORoak' jWjiClk Mmis¥Mms

=vk/a’i skt z dzj dzls dzj axddRW@W i[PAH®;C " fises/ fiy;o L
gi fsCOLddS ROHE@RB®DSdMOdz! dz0O ¢ OL 540 WHitsfls

B &2V ts dzO d30anCc;max%)4ai'—eo/m;§§zC e'% AskUﬂ;

ua

U'=JS:S+q:q, LMilsjdat 5te MjtejHde 5° hodHC sl
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i, A =v6eos ; f =[eodVBW ], D 3 %=0efS) Tk 2 deo

~ vV
S; S=JS:S, 4 @Seztan?-{v—”

[197]; Vi, Vi T S &zOH o' hodiCsh

f Ot Odzj dz' 20 *  f jtoff j dzH S b cz¥ toc da®i CH txlzj e3P B b5 1
o 0w L C¥figse 1.0, 9= 1.2, A=4.04,C=1.44,C,= 1.97 § ts dzfy lslO-dals d
BsHjd [196, 197].

[y o jtHdn CodhbtkzSy 2 §jv mdhls]
' oW et s a5 W datsffls’ o dc v HE
”Lth =D BT)+ e (2.74)
Hil, TjWjCldodzd?2 SHBjW  y' ‘ dals Isjy @Beifpto H
Hy jtejdzts Isjfcdztslsd, ® WStz ostOTok’ Isi fw
1 Is%. o

0 ZOdE ' dalzy ) lsOdz o fjU T telddsk' kst f
ftototsH dzts G 15, GofPL IzG Hisdzts [t6* o dzv dadzw
CHs+20,= uH 2. (2.75)

tdOGy'"w (2.75) odLdOYyO' s mw MmMlsjn’ 5
Is§ ted3stsH d dzOd3” ydzd d3d ff Otc Ojdgjls te O'd3df , " @ d w & “ Wikl
Ld3 hzo Odedzy t6j OGJ dzls’ & WOCIsste s dz, h s fs1
A3 YydzO e L O d3sH' W ' H YoOfm ctte' dedzv f tod fe
BsHJ dz 21T @3y jledr'© tsB d3d Y 4 dAL Yy "Moo dde& tdrfiigdets gtk jn Q
HicZicd®sH j dz odrtctse 5° H duin dtd JOLyk dz! Is(O\ka g naudsSs
Bideh j L Blted d3O0ded = L dz194, 485,198 "o dH C sfls’

]l syolki¢ s bkdsod HdAdwW (2. 73) :

?T(X):To
| -
V(X)=0 B
iYk(X)=Y0k, k=1N; (2.76)
}k(x):k0
fe(X)=¢
H jX(xy,z)l WinjCOtlstse ' d,¢ Bistinm ]Iz dzC 59 O 5B dzOT
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JeOded yde' Edised Hdzvw (2. 74):
- dz20 oA fsH' f toditt2H. dZs/d)s ‘¢ OB d Mdzsk 9 OYO |

COdjitgR). 78) * O odRBY' "L COBRjted §ju’
e G= Glnlet CH4
IYCH4 =YC|"4-in|et’
T T=T ;
i inlet- CHy4 (277)

k= kinlet- CH4;
€= einlet- CHy4 ;
e, =1
eG= GinIet- air
Yoz = YOz mlet.

T= Tlnlet alr’
=k (2.78)
e=

inlet- alr
e

e, =1
:O;

——) — —

inlet- aJr

[ L e e R T

P

outlet
Y, =Y, :
02 Oz outlet’
T= Toutlet
k=k

e=e

(2.79)

outlet’

outlet?

——) =) =) ——) —) —)

€ = Ciining »
HiG T i3OMse O sq'lse{leﬁsg]@JZU"Q(dZJ/ Ut e dafsls d M I8 o' datg!
Yytstedeslsd Wkilsjt' o¢d;

- 20 cteOddyv e SCtsdsOCIskz jdzj 3 dzls’ 9 )iC tsdz
(2.80), cOLBEOPXOEBEERE Y)Y ' BcEBtetsH Y j dada?
fd e HsBEE2Y o3

ﬁ} 120 (2.80)
ev =0,
Hr}=o
1{ o .} =0 (2.81)
[ €& =6

lining *



148
nd 1BT)=a, (T)T- T,.,) (2.82)

HATI=T"-T; {n@}=n"@ -n @ ;q=-1DTi9jClstste ¢ kMmlsddsd
fslstsC 2 n ilosj/Cstste deste 3Oz HEsQ (59§ BBEH BT
GOH' Oy 2dzscts Isj f2dasoits &y Costls HA2, Cisls Mgy "
I s PG YW, ,ilsj BYf jeOktc® tltsykflagset MjttjHiBs d

[ijbBHdCO yYdhdsetset teisL 00w L Odida2.82)n% s
BOLE ' v dz©0 [wf [180, 182D4]. vdz olzjtdcdfCh

BjilsSHICO Ydhdse G| dufs L RANS de@d2dizinf Rtclskz o
Codlf sdzj dzls’ ® 1§ A" > , ¢ tbti'tedzdznzj dzls dzts® j dzj te
o dzOB dzkyg digeal iz o tcOn o Odzdzy o3 s d i@k tevin Is *

[ 207] ~ tclz Gilsslas tdsf Isfigly’  dBO-Irivpiicit Meth(dS@ Rressurkinked
EquationsT dzOff ' o dzgj Wodzd?2 d3jIstsH Lo OWLSCEZ o' ¢
off jJtoh j LOf tesf sdzkz o Odzd L . S. BEmaleditmg )

oS BtedMlsOdzdzy d3 dzj MistelzC Is Iz to 5 e @cdadfiets * Is P tzic @l |
1 028" dz' 1 BdzdL! Sdd&3 L O MmMets' & tcj Odz' L Oy
i tc ©YwWG Chai, H. S. Lee, S. V. Patankar [2210] O3y bz yJ 32
LOMssMso Odzed?2 HdAdzW odL dzOyj dedzg? ©OH' W OyY' 2 dzt

HO' dziftey fls - odSCtsdzlzo Olsd tesL tcOn zdzC t
odftctsdz’ dzt 9 Odz! degsdzgz IsO 56 dzd @ ds 8 dzts Bl Is diny
Istso h  datss  ° ftcd yY!' sddz otORtolzoa Olsd tetsL M

Bflsduded~ o dzOMs[Egshisy 2 MdMmisj i3d

217, 6OW "' Isko Odztre tP] Giso 7 o dsB ' o

) SBZHEBD O BOlj B3O ydets’ BSH§ dz'  Isj f dzts
fjy sOMmlsdsgtc® ' H YO fesyjmkz cwoOl ke
bLOCOd dzj dz' 2 RO j B3OIsdyds 2 &sHjd (HJo.
bodcedvH' (2.4), bwjls' 2 yjkojtlj t' od
(2.5), (2.10) 2 (2.11).
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[ Olsj 30Isd ydz©@ d3tsH j dz W'Lrduyudedr f§dz &
LOctsltsoatse, Odzj o §jyor o¢yjfmtsdzO O dij Ist
Oftslictsds 2 COdZHdHOIM! €2 HdMJjtlsOy' 2dz 2 o
[212, 213].

1d3yd dz09 jHjdes BMtsBdzdo sMmils' diZOIsj B3OIs
ftesyj Mz ctOW' Iskzo Odzadgw J dzj SlstesHdzdr L OGBS
CodemlstczC y' " todif.ts” 1.(2HMdo . sO MmtsB dzd o tsfyls j 2
CtcOW ' IskoOdzdz" dzOo jHjdats & tsLH' & 1, .

Il " Hl3 deded 3 td MOz MW stz dz' s G 3] BO
9tOnlzo Odadzy o fJ Y’ sOMmisdzj t©® MmMtse dzd o Ml
9 BHW dzts’ t JOdBdg™ pjdfHdzsiisd L O tcORkzdas€ ' d
okedzj yj oscets BOIsj to* Odzlz; tej OCy" ’ ¢ sdzo J
sjfdzs' L sz y' 2desdBz [ARe dzj yj o sz BOIsj o' Odz

vOCdd3 yqddesdz, KOs BOISHyYdzO d3sH§ dzr 4 U
md Mmis j d3° ~dzj dz'ddz’'j ededlzy ' Odz' dzd-F dzj € lstcdzy dzts o * Isij
' odzso Ocd &Bj o Ods ydesets tekzok o  dzf e B dzls
BsHjdz TERE jwO® HAv Mdfkzytsks, 268 269H s dn O

WH
Teum =Dl o (TIPT(X)]+c(p,TPUX) +ay chem * v devapor

{D Ge(p.TIPU(X)]=0; (2.83)
}D @+ =0,
i

HIHT f 5o dzO 5B O ' d3dz0 % § tas @D fd)f" ), c Qo tals | O d3" o
s iCBiW y' “das jWjCldodas  Isj{f dztfitdstsfor]CH datd f
TiOBMtsds kdz0 Isj k. yBOEELPS OElstseo O MdMlsj &3O
Ciejd' y' * das j dzj C Rhsitgjfdmjtols toiodatipls? df fuish; dzy
Ckfmlsd &zO o dzkz oty 'drOdz IsjctztsHsyf, MY ted yd dzj dz@ =7
1 5% Ol gompr | G ZMISTd20 o cdzzlste’ hdz SG5 HY e &

5jf dZsRBOMSY jtoj dsfisds o sHW dzts & P& Is@ 'L O
' H Isjdzl Stc@CczOEBMHzg pdztizy 0 j Clststelz 5B O Rz



150
l Sodz®@ 5BO' BdEO® j daElsOdz ' W, hts oteOnts
CtsdzgH j dzmOY' 8 otdksecd, OBt Ikjfdaskkz fEzed
odL d&Z2OYO‘ Is! Mw L O Wstedgdzdztse [ 258, 259]
T
H= e (T)r(T)aT

Tref

Hich(T) T jWJjSisde dzO @omsao’*Lssommo s j f dzts®
oHd IO bjfdtslskz °~° odfOtctsolzeo Odzdz?" o O]
RO j o] BiPR&slsk Mz d KOY' = CcCtO¥ SB)LO o«
¢ zfls d dzO ,d3Csgj/tecy O dzlz

c, o(T), T<Tyy;

|

Tc (T )+c (T ) L
—~ “p-0\'eqL p+0\ eqR f .
—% > + D'In?’ TeqL ¢T ¢TeqR,
T
i

Cp+O(T)’ T >TeqR'

Hd T =Teq- DT/2;  Topr

=T, +DI/2; T, 1 t' o datso Oy dzO Is 4

odf Otso o Odzdz?, OBt Mks ds HOY' Bj GIQeDIsE t
" dzlsjteo Oz L G ZOH R b Grips e @21 B8EE O de® s f dzfs

LtcOR o Odzdzy o3 o B Mlsk o sz G g @ )e;
L =8k Yteald § Otedsdblsal® - popc 00 ) fdsko L0 ¥

i(1- a,)L- ¥ tohgz B dzd aBO@Y
fithcet toakEonNss Oc  OMsC O o sh @dllgpit et
BOMBSo O kjfdssO WOLsSosets §jtjatsHE ' H
CLOW sk, o' Hiffko ' Hdas, [/ S¢@

It d20 J dzlsOdzt f * v, o WwWC'2 otcORtsolz’ s f
GO jte' Oz B@ BPfAEssOLEOEZ] yjo i s KOs
sOfisdzj 6O L bLt©OR ko Odede” BCH(E)N | ozPp FzO i sl i
[215, 216, 258, 259]
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P o . *fo(TeqL)+2 A 0
0
T>Tear (2.84)
*ly+ FprolTr o(T)dT,
TeqR

HdChof o Coofiol 0 @MIsdosMmis’ &Oljt' Odz & 5 B
WOLtso tsGts fJtojrtSHE (L FtcOnlzo Odzdz” d3 9 O3
L :‘I'éaaraLfa— f tead § O todsdm' bsala®,
YL a,)r - f teidz B dzd aRO@Y
fjthtsets @yl ckghldiEo lots ctcOW ' k35 o' HY 5o
[WiClkdoded?2 Ctj¥ ' y' ‘das bjfdsftess Hd
oz s i3 flsk odL dzOYO' s Mw L O V¥ istoik dztse

sBO' BRZO lsjf dslsO WO

e o(pT) T<Tq:
|
i | o(pTar)- 1 o(p.T,
| (p.T)=11 P T )+ olp e‘“R)DT olp eqL)T, T €T € Togrs (2.85)
|
’I“ +O(p’T)1 T >TeqR’

Hilg "l i CBJW  y' * dals Isjf dztsdels s SH dEsigsH o Ods!
Isj B j tcOlskzted W OLBotsEB fBj)tejatSHEZ, 9 Hftss'
Leflsddz0 odzzlste’ hdz' BEts HYjj O Isj{f dk

ej OCyY' vdsd cOLd¥  CSOY' > okcedj yjo sc[E1BOIs
Qr.g“l/apor
Qhem =5
e Vgasiiictgasiﬁc (2-86)

HIQ, T sjfdzsoad2 JWjSl o' H o' &3 ydadp I KPOY
9 BHWdzts”’ f Oted, WCO ofmbikzy ddRy & SE) OKY L
coLdw' €Oy’ o lzG dzj yj D db,fndits dste d o0@@ls jfijds + O dzk
cOLdW ME Oy"

10 EZdise d, hts tshdseo detss t6j OCy" '8 ftotsy
GOLEeOJ C+R11] ,Q,0(ddzdeQq@&Ols! MW L Omf,21180)

(2.89.
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Q.o =(- 7165100 71825T +0,1167°2 +0,00007903°)

. (2.87)
e T8
Myapor = 15min ge ranasiftgasiﬁc & (288)
@’GBGMI.vapor 9
HiTi OBMd sdz0 MjtejHdz SROMBSe O Isj &Y j Ok
m.i BOMO okacdzj ys¥, hts eoMmlskzqf do ) tcj OC Yy

ki §dteinj Sy sdzj dgy’' Otz Bzl 3 dzidieats™dzd O € Is dije Oy
Rikd 9 jtemOdz dzO cOL 89 G s GRG0 Pk/cdaistsd
COL AW " COYL, BOMO, ®Hf@cd, "t fes2h O yj
¢a.

JEMlsddzO o dzzlste” " dzt BEBB HY J 6 &ZO Isj f dztsIs«
Cdzgo j o’ sCMdH" @ okceodzgyese 2 otHdz® o Is
BOIsj o' Odz' (TayJ tsfpdpOL dgts Bz ¢ * H oz o @@AERM))) 5 C filpd
Mftesh jdsdse oadedzwH' sy d [REJIsd o dL dzOyJ dzO

Qr.g rr\/apor
V,

COHVGI‘SI convers

HdKyoeg T S B W y' " dzs, " ottOntobk’ odf Otctso lze

Qv ,Chem ° kevac.g (289)

MjtejHBYgLj B0 d3 L tsded ffdudee j e dzj ysS s C
sjfds' Lisdvy' 2dskz o k¥ dzjyj ostad OBORE L’ G
6jOCYy' "~ Codejthn' ' SSCMdHE skcedjys 2 otk

LEMsddz® odzzlste’ hdz SEts HY jtoj &ZO Isj{f dztsl
Hjtejodde, odLdzOUO ks MW L O Wsttdkzdsy [ 258

Qp.me
thw

HIQuibkifdsod?2 j¥jCh tj0OCYy" 2my, ' B5OGOL b Sz}
s odf Otetsoni BOMO, HE &) o dalzdzO TEH OS2 & 6
CaV, itBo' B L sded tfilsted'Ouddr flsds §esyj Mz §'
LEMlsddzO® o dzzlste’ hdp BEts HY jtoj O 5] dzsls
pBHW dzs’ § Oted J J ¢ OUDO s WS 6Bl dphgd 1y lsv

q\/chem = (290)
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_ Irn\/aporl-fakevac.p
qV ,devapor V

condtcond

H Ml BOMO otdscd, his ke, i Ciazjelo dzp fij wdgls , €
jo0CEOY « [O0B] o S SuEEoUds iy jsagdi ot o
tibtede O fls! fsyjmk Csdnj &hoy' ~, .

(2.91)

10 dz€toj Bj dZlsOdz dgsd Isjtste' v  f &zOmB'd ydz
CELEEYHOs Is: v w¢ fwsyOkStses' [222, 223]
O ezl (Bdz284) odtOY O Is! Mw LOSBdsdE | EZ2¢0

5jdzL 5O fsyokCES ek ddOte@y § tzgetdilzd m H W Sts

2Gn i
=2 | - &
&= 2GH+ o tr(8) - & | (2.92)

H j#" = 2GE" +1262n tr(@”)l +1l+2n IbFilsj dzL ste f syOlsStsodn
- 2n - 2n

@:%(D#+#D):@'-@“Tlscjdz¢tste hodHCtsMIs® tWEodEds S

hodHC M f § ) &' jdolk st 0 dEWk=@srPdi st
ftozy dzO ° dzj ftelzy dz0 yOMmlsddzed Isj dzotsmB® st s @
@Ed i sjdLtsted hedHSEMIS' f &ZOMsdydds kO
o' H 858G HElaslz Y dzd 2 (BSHEdr i SLjile lzy ' * IdgBs;l it k2 Of
SHdded yded 2 Isj dddeddz | KiSljdiS oys * wzls dz' dz' 2 dets Gt
tetsL M dtejldeday , s

) OB ° Odz dgslaEiscr oz G- tB@®c j 6O Stedlsjte’ 2 Isj
BOlsjtc' Oz oL &zOYO* 5! v kOCddz yddesdz [ 22

f=appl, +4/3J, - kDP’ (2.93)
QA = 2sinj
I 33 sinj )

i CEdilsOdads © fd{ Sl kOl ki Of

Ls;test,JZ:%ssﬁ;'Htclchz ' dzo Ots' Odzls Isj dzl S

C
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S :sij-%lldij, =137 ) dz 58 Hj o' Ol e ded, =500 f) € >

6ccoy . _ _
Kpw=—— w Ckyt ‘
° = 3(3- sinj ) 6 teOdzd Yy Is § ytsfmis d {2y sesdds
L U4 § dzj dzdz? d3° ¥ yOmlsqddzt Od3d My kzyuysets &OIsj

) odtf QpjOitsy' Olsdo dztsc s L OC sdzkz Isj €z
fslsj dzy’ Odzt dets’ ff 5o J2BE2AB] dzOBLkzo O odGedzwHLE

g:prllz\/J_Z’ (2.94)

HPp  HEH OIS s d2 f OtcOd3d Istc BOIjte' Oz [ 22 7]

s dMm¢ OBts fMMmjtej HdZ ' HietsMmis Ols d ydzj dz0
odL dz0Oyo‘ s mMw L O Wtstodlz dzts®

p
) 5YOCo' b&sed HB) fgdrs j & te' o dzv dz
ér

0
=0, (2.95)

JeOded ydz' bEddtsod Hdzv MAPEIYARZd tof o dzv dzt  (
- 0 Itsteyws Mtk HotH' & j '
(g =n @ c(p.T)PU) BU| =0 () (2.96)
Hjj, | deste 3Oz dz@ ¢ Iz fi) Ists] dAIs tg LB L isdodf Bullittste L 5o o
steZOdz HEts o jternds Moy HoSHE.

- dz0 Ltsods hdzg 7 wsojtendvn 4y , hits d3j
k1 (pT)BT)=a, (T)T-T.)
tnd®u =0 597
}#C'DI:O; (297

fu(X)=0,x1 X,,
Hijay, T JWiClkdaded2 Stsj W' yl I5/8KSIETIS | ©azthes 'd is @
5] B j cOktc® dz0o ¢ sdzd M & (EOD)ST Fhigiy@ilsHsEs ¢ O
fiuw ., o
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I 20 sMwas Mddijlste’ ° 4y
en®dT =0,
1In®@U|, ., =08V . =0, (2.98)
[n @& =0,

HdgTojSlstste clkMmisddzad j ded Wsted ydese s Mistez Blz,
i o d bjfdsjdjShtdydtets CtdsOSkkz &
gh}=ndnm;
i{n@}=0;
o 2.99
H{u)=ndy,i) (299
H{nd}=0;
Hin T SdzsOCIsdzd?2 s @A) YilgE D j 856, ¢ Eéls d dzd
s BriLisdadgOCIsdzd? Jjdzj SlStsdyded? ' 6, .
i Eseod & -Od ydtsetsi2BWdzs ORas ¢ § QRRPY " -
s’ ZC ORd, LOckItsoCORd, Md{ Eiyd2idl oRoIls jlds
tdgh i3 j dzg o3 dzls Oz S sdemistez S y' U T (F.104):° z d3t
En"# +n'# - d¢O;
e} e o

}(n*# +n'e - d)#C'm =0; (2.100)
He | ¢ - f (&) O,

e} =0;

g} =0, (2.101)

Hjd T f syOlsStsad?2 LOLBt 5 dstedkdOd #dES Gt
fsn' HdZO L O yoOmtsds o' H o CItstelz drOtiftastdy jHodd
IsOdzc j dzy' Odz! des’ MC ZzOHBo &1 CRQE Gy J daky MizE
=t - & {ED) =& O - & B

[ dzw ydmddzse s@ ts tesL 9 6 W L Odzdgw dzj dz' dz' 2 «
B - Odz’ ydesec s MILBWL 2 sk ZOH dzOdefizs tcd ME2BH. z o O 9
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10 OBtk Oltteddr bMlsOdss $0On HEhd HYL
jdzj Ctiosf tso ' HdsMmls' (fdlsdd2 jdzj Slsted yc
GOl j ' Oz’ &, OdzsteOYdlskwLE " OV s &8 telrt
okedzj ctcOW ' Istso ts’ BZ3OMmd ; HddzOd' Sz EOL oo
dz' dz' 2 dese s tetsLh e dzdev (suft) ¢LJdzjdedr e
sf"tc (lrsf) cGtOW ' Is L dd@ HHE 2 IsjtodiistetsL n

2210 M Odetso €O H &S B sdyHY deldzilz Is j § dzs f 6t

1 dzes BO EMisOdeseo € dzOo j Hj d20 dzO ted M.
Polsso dzs ttsSLH' dzdilsd dzO Isted BdzZsESCd: odd3 tebt o

Il 3" tos 9 Odz! dzgd?2 B dzsEEC W dzw mMtsB s ¢ 5 dzh
Isj f deis" y'ts . 1 Octc' 9 Odz' dzd 2 okLsdz MC HAPH O
odelstso dzj detsc s L M " tcOdz o dMsC s ts J
COteB' HCtoj didz’ * 9 B G tstc sdz@s 6 j edatfdR ¢ OC sdzy d dzls tod 1
C'dz yjod?2 LOLBt, Ek Ww¢tdkzdtssls@BEHMP Z6 dzk

1 t6OL ¢ B3O MY 99" Hdetsh jdzdzw o dMmtslsd HTS
10 Ibstoywna HsMdz' Hdzse s LtOLCO o MlsA@dese dz
s soedd3dd lso steOdi] H dzw YyJ delsteOdz desets d
oddi tor o Odzf Hzlz K€ theds) I yd dzj o' o desdy’ tcdz fMls!
odMmisls' . [ kd IssCtcd 'dzdadj O RdemiIs Y tzif IEEOB d MC Iz 8
ZOctc'la datf Btcy' 9, Mmdzlzy Olst wHdzv L dgj dgh j dzdzv Is
O bjfdts' Lsdzvy' 2dzd 2 6Mc®E OB APl T o C 58" L 656
Wisdzso sSGts dzOGsdzy dzd 3P dzh § dzdzy Isj f dzsoadnm 9 lst
[164]
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15T ftesctcOBRss Odzd 2 ¢ sdalstetsdzj te
t dizdets ¢ dzBi§2] @O EMlsOdetseo € d Hdzv o L dzO
Isj f zsf tetseo " HdzesMmils® [ 163, 164
[ sMW G dzj dzdzW dzj sSB - ' HAzSG 1S Isj &3 j e Olszted
Hetf sdise s 1RydpsEstedsd@s &tso dzd ¢ 9. t 4 6z dzs
&ZOcte' odzd G © odCtsdzkz’ Is' Mw MmMdddzseo dd3 B WS 5 d3
HdzW ) d o dzj dadza?" o ' H1f2ts 91 jHddistc PAdz®disssctisaizg € * o .
~lotsdQar d3j dzj 9 d - 9, Is jetdsdzteyf Otg daech dp fipf to Pua] digts
dZOH - BH WY IS! dZzO0 B dzs ¢ LBtstelz IsO eBtetsBSd H
fiod Ml ssOdzQdtt &Etso se s ff jlb'j sp ke B OgOtctsB €
HOdzd12 1 d d3' tc¥ o O dzdzv mistcz di3kz Is © &ZOoff elzc d |
fjtojlso sttFso@y' lo' HIsted dzgzeo Odzdzy ff sfis' 2 dats”
ZOctc' Rded@dzj L f j ykz' Is' M8 L @ cHbsdfsisidste tisds i tots
CodzlstctdSzy @Y | tcOls 2z tc dz’ tc' o dz odd3 tc¥ 9 Odz :
WEsdzso se s dzOGtc’ 9o dzd SO AlbabjiL tjceckdzwistste dzO
2z odL dzOyd dzdz? SO Oolstsd3OIsd ydzts® e ' M
stsy¢s On EmlsOdzse € d ‘ fslskzy dsmis’ Yd dzls te C
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Sy jteddsj desz Mz o d 3 tos 9 Oz ded?2 S tsdak
Wistedzlz® Is+ fiyw ZO Isjtedz dzOdz' Odd & tsa @z H s SHfdid
LOBjJ LY Jjyjdedzr | ndexTecn,,  fidata fifdsts eedy jtodztwscOs Yo
‘3. wetttw w' Ctste Cses L O EZyoOfmlkssr OoltstcO

|l ndex Tem LH" 2Mmdgs teSL tcOn Zdzts € Ctsy
L OMmissmize Odzde” d3 f te d dzy d3tf r tc CiplAztftgjdimlfrts L f gz’ o . |
CoOL" ' MlsOYy' sdzOtcdetsects toj 3 d BBz dzj sSB R " Hdzs G
Wisdeso ddsd dzOGtc’ adzgd C O3 (L d3° dgj dedzy ff jtoj ff ¢
B'dzhj 1 s/ cetsH), ftescetcOBO L H' 2fmdss L Of
2@ dzzlstc’ hdz' 2 SO Ltseadz Nhdzg 2 MbstesdzOn H B
Yd dzlstcOdz dzd 2 dzOctc' o dzd € . ¢ 2O dzts ¢ * Y dzts, f tc
Istse h d dz' h Otk dzgg B ' d22hj 1 s/ cetsH Htosets
Isj f dzsf tetse " H dztsMis” L z z)@A G dc@ dzazdg’ Y tc dsdeaxf
[169].

stsjW' y' ‘dals Isjfdzsftese’ Hdetsfls® BBOIsjtc’ Oc

_UIk In(r,/r,)
| = 2pDt (2.102)

HUTjozj Slsted UdzO O oG O & 3 M thls fady ‘fds ded digh
Yd dzlstcOdz! dzd 2 KzO€ts] & dzq|C , dzlp; Wstedsd, N5 ot
s5jf dzso 56 tsr,rf &sOHE Efd o fMisOdase dzj dadzv o dziz |
s5jtoRsy O i dg Ldzdyw Isj iy jtcOkzted L  otsC
Isd B J 6OIsztodetfe’ HfplsOde!, &5 ¢ slisj dfipd]? dzd di3d

[MC  dz € Hd&w odds ter o Ocdgdz?y S tsj W' y' * dals
Isjted3sf Otcd (HoO' odzzlste" hdzg" 2 Ho' L 5o dz" h
Oted W d3j sdydzj L dzOyjdedz?" L HobP tspEdDufs "

HzRZOtdzO o' HdesMdzO s dBSC O odd3 to® o Oda
fdtdisets jdzj Slstcdydesets s tstclz NS dzOH O dz
W=0,997.
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LMIsOdzsoa €O HAzw[ g el g Plzdzs & dzj yj o d~
w g dzw ’ M 9o jlsdSOdz dzz ¢ J OB ydzz Istelz
tesL A3 M jded?2 MY " tcXdm iby.?2 2dz@8e)tc’ oldgfELIlstc’ M dz' 2
yddz' dzntc O bklso stk ° oddz tcs 9 Odz! HiFzz oSO 2tc CdgQ
2L OsdmMeE' st mMw Lo jterlz L &qd L i | ® dz@ W3 Hs tzena
[dzj SstcsHd OB s oL i3 tc odzzlstc’ " dz' sG55 H'
Is s tcWjseOz e OHSIs P dzidatzlz L sdzv y' ¥ HdzW L d3j dzh j dzdzgv

[ SMW cvdz] ddelg 5B~ " HdzZSG 5 Isj BB J cOlskztcdzse
Isj B j tcOkztcdzgtse s ftsdzv o tBO' BB odd3 tr 9 Od
tcj Glzdzt 9 Odzdzy f tslsbkzy dzesils’ 1 NG ' & Getizls tizfs 6 gz w20
Isd f dzslsd HBMdzZ HY ko Odzse s 3OYs'j O WR'dalzts ¢ § Odze@
Mstczdiz, s ftesatsHI! yYjtejL HBMdZ HY ko Od
tcj CzdzBblgstcd o H 14D * H dzts

U B JeOlskzte® HEMdZ' HY ko Odzse s L tcOL CO
fsCOL"' 9 HoeQ2 d3 tdag dyd &8, Is jHaEN[Cites [z i ls O dzts 0 dz®
pdzizlste’ hdz' 2 M’ dzy' €jtOd3 ydets'™ Istehiads tfsthf
Is tc z[B66].
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1iff ' tOd ded 2 1de@®dnt’ a1 opdk ® O d[iX el jlstes o @[R:  j 3
4ilssteyj o O Isj fidedHl' 0 g0 ;G gzE e detste' WzC
My cOd dsctitzgPclezs lEGOROTtzed HdAY od«

8ilsj tedi3ts f iax[dzlz Oz ¢ yd 2 § @ dz® takefsWBis s 9102
fJt]jlsotste® 9 OY;
11iBdzs¢ wBtetsBCd ' to] ' IfiflgdeUs o' ts tar @ddfus  frfls]
137 JtojdYso Btg dzO ity Hecsde;tc Oldgis © Odzd 2 € s dzls to
t iz dzt8 & dzBf-3) B3O EZMlsOdzso € d Hdzv o dL dz0yJ dzd
BOIsjte" Odz" @ [ 163, 164]

1 dz0y J dzdav f OH " dzdav O ezed dO Iststeyw
Jdzj Clstcdydese s Mlstckzdgz, W CdHWiHtsUAOH Rlsizs CC te
sB totsB dzj dzdzV HOdzd -, wed? ¢ dzOH @, Is ! Ohglr® dzts
ydWtcseosets f jlb] seodetic®d OrtctsB € d 112 fod 3Mmis tc O
Mistc z Bz sO© d&Oftwkzecd LH" 2fdzs * Is M12 "U1® H
1 " Histecd 3z O@ABdZY §LsAEHz 3 dats My ls o dzgzIstc’ h dz' 26 5
LOBJ LY Jyk® s+ MwO ted B ifzHgtsdscUs df tcts 6 tc OAIEA. O dats

td MstcOy* v SBtetsB dzj dzde? tSilsted d3O dzd -
s dmOdzs odhj EMlsOdzse C s i dets & o tzO ughs Gzl
L O HSf sd3sG 58 MmMfJy Odz' L so OdztsG ts f totsG teC
L cOo dz' dzdzv f tslskzy dz' Mmlise odzzlstc’ hdzt SEt5 HY
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fetsntsHY jddzv jdzj Stedudzsets Mlsekzdklkz od¢
OolsBOdS d odd tUsOp Oy sy tejsh " w'disdgls ' L
L a3 dzdz 2 Y slsky desfls’ dzOct' o Odgdzw . | B tek
MfesosHYE Is' v s jtejrudd &8 odL dzOyj dade
j dzj € Is[olH ' o

) dlstsdgd?2 jdzj Sltedyded?2 i tc d3@isy tc° Odz' o

_DUS

r R (2.103)

HiDU 7' LdgdyY flsjdy’ Odr & O o ddg( Y p Ok
Sifdzsh 0 fsfjtej ydesets f j o] te?Likhn dedzdd3' ittsttcaz @iz

tjlbd SOBd sdd tes o Ody OV, dgdete j H azs T Ot
L Oy jd¢ fdssdsets jdjChkedyudscs Sfstk de
9" Hitse Hdzdr ' Ldzdywas fYslsjdey Odz' & dzO dzg

2230 MlsOdzgs9 C O HdzW HtsMdz' HY jdadgy o O6WL ST

[ sMdz HoyGWad@ sfis' o lkzcddzj ¢ tcOW 'dAO dztiy'ls OdigBsig
6j Odz' L' ®’ibsH wlbsiMO (fOHOs ys' SCkdr $d
[ d dz0dp Waos * Mils! o dL dzZOYO‘ ' ¥ L O W stc kil

2
m:GS'iéPDt (2.104)

Hiror; T ezmisd dz0 ¢ Iz dz Qq” ' Hsfdz' HY zo OtatpT o
ftodmC stcj dadg? o ' dF DEHE O dfj GsHe  dEdivdz® R/ {f fite 637 S H >
Ckdz € s h(hdw,- 2.

VU HtMdZ' HOr L O 9 HBERBJ~ L dZOyy dz¢ ¢ kgl
wedXxdz €O HD{OagRsdatsddis ‘h. 9 ' H Mls O dz
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1ih lsOlXY o sz’ HY ko Odzgids jQls) wdbt@izpmy W j o' 2 d
ZzOG tc' Didgf Is;0dzj 960 ki 2 Ols stc {7j wzP &30 bzl Gojzlr p O
h sOdBd @SHOIC B9 O 9 0G0
{ Ik dzE® MB Odzso C @' muzy dzdlgts o 6w L C sfyls

Vi OdSeE. 2.3) HO' L EBscEk o dodd “iasRotliEy
10 OLfy LO ' LdedR Isj &Y jtcOkts (id58. 800 Aw)

2240 MlsOdes9 C O HdzW HBsfdz' HY j dadzy dzOf tolz y
BO M d

dtnJ B3 EMEOdBo B tci o Odzdzy L Mkzo dzse 5 dzOY -
[ 255] sC0OLOdts dzO tdfm. 2. 5.
ltwddeydty odd3s tod 9 Odzdz? Isj i3 j O kztedats™ L
) Milse tstej dzdz' W' CMmtse Odels G s L zmd dzdzw , L C
IsjtcdzcMisOlstso Odz' 2 Iz Hdomzac@mls! BY 4) . di3' i
10tz O LMok odL &ZOYO' Is: Mw L O WiBttdikzc
F (

~pDI’ 2.105)
HiF T MO, WwCbk dzjtsBn ' Hdes ftedS dzOMmisd w
Lfbdzzlsd 268EBi ' GBBNNE, o ¢ GJE? oz kDS & d dzC
odd3 tor 9 Odz! dets’™ H' dzwdeSd, 3.
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Vi 7
1T RBOdes d3jilf s " Btotsti &ise3l to;) Mfdte;, " IMcw dzd 2 ydd d
51l dzts' L B8 gyl ) tlalz®c t€° of dedsI;dz’ &1 dzO© BOMC
97T sC Oy Yyg&'; dz'1DC O
it dMzdzEOMROEse CO Hdzv odd3 tos 9 Odzdg" L Mz e

1 tsadBSC O odd3 tor o Odzdzw zOf tclz ) j dzdzw L Miz
sy dzf ‘st MWilse. &3j Y OF 10

g dz' H LOkzo Oy dIsd, hts Hdzw o' Hf o' HdztsM
okedzj ctlcOW " " Issoa O dBROMO L 'O telg difitsCo tizdy Otz OHIfv to jo ) t

2250 MsOdzso €O Hd&zW HEd HYj dedg® * dzls j dafnc
ZOct' 9 O0dedz" L©OLES & cLjdzjdedrne LOCGlEo B¢

UMsOdEe Ck Hd&Y HEMd HyYj ddw * dzlsj dzf
ZOGtc' 9 0dedz? LtOLS"  ® ¢cLjdzjdedr.6. L OEBlstse ts€
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i M S §od &) dElsOdz! dz® EMlsOdetso § O H dzw
COLBOdH' dzj dzgdz? (o lstOld &OMJ) LEOLC'

1 Odzj 3 dz2' fMls! " dzlsd dznd e dztsmis CGOLBOdH"
IsSd &3 j e Olskztced BB UZ] dzgdz? oL d2ZOYO' Is! MW L O
v=Dm (2.106)
[:)t H
Mg, M

H jDm= iolstcOsO &BOMd &' ¥ HosHO §shd

M . g1
Meg MgMg,  BOMO LELOLCO YO '®g O o' hiPsds
Cebt=t , -t ¢ T LB d2O Isj B jtcOldztad, i 6PEYPLOB
LEOL SO o ds'd,dsdue yomk
1 5ndBSC O odd to® o Odzde"d ~@ls ta@dsafs Isdg@ fisd ¢ 1O,
EmlisOdztse S s sy’ dgO%ls! mw o d3j ¥ O~ 5

2260 MlsOdzso € O H dzw Hisfydz' H Y j dadaw Ctsj W
dz' dz' Q2 dzese s L h o dedzv L teOL S 9 ¢L Jj dzj dad - €

4N jdBk bMsOdsoCd HdAdY odd tof o Odedz? suf
f5COL Odgs &0 7ted
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I shdksek tLtsBdj ds’ &jssHdSd odd t
fsH Bdesls', O MO, :

-y " 99" Hdatsh jdzdz" G OBOtcdlsdzgdm toL A3 to' o
GOBOtcdlsdzdr L d3 o' 8 ftosdddmMdzsets® L OcBilsts

-9 Hdzgsh jdgdz?" hoadHCECBMIS' ZOcte" alz 1 ORI
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odL ®&OYO' s Mw L O o' HEWBsE W sted3lz dzts®
aZEE 2.107
- LDT (2.107)

Hia, isuf 1%L DldL d&3 dzO HBso >y d Hzff 5 p@is CtOg O df 59 ¥ «
BDOTiLdg dzO Isj B j eOlskzted L OL SO, s;

[Mdzso dzd d3 J dzj dzj delstsd3 EMlsOdzseo € d (ted M.
33 10HOdMd * odbbd®kC 8dEONMT OL @Od Y &Mt
tcj cdzv stsgW'. ¢ fi'Ols ‘=Y o § j u' 20 WMLIAIsLi@F J Ly
sMi2 L©GOLEO ' odd3 tct 9 Odz dzese s ff tod dzOH Iz,
ZzOcte" alz. 1 do3 to¥ 9 Odz' ded d3 ¢ tdaRdr@s@fsidiz ffdrziG Lz} |
96967 5 L Istsydz Mmlss 0,002 d3a3. [ dzw o dd
odStstcdmisso 28 IsOdgw d3] djeds'dzj dds j e Bsf Otcd, T O
od i tor 9 Odzy dz§ IhdeXTedflfodhrj Otz o Odzdzy bk MlsOdztso € d
LBOLSE L CoaOtytseatsets M dzO.

4 zdg@O MmMdMmisy B3OISdydzO fsadBSO odd3 tob ¢
EmMlsOdzsoy' © H' OfOLBsdz Isj B jtcOlskte His 60
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