blra2ylf ¢SOKYAOIf | YADBSNEAIU
{OK22f 2F [/ KSYAOIFIf 9y3aAySSN
CKSNY2ReylrYAO04a YR ¢NF¥yaLR2N

5SSt 2 PWIDR zL) / 2 \Wjideh O AWK 23/ F
1KS a2RSttAy3 2F t S

t KO50 GKSaAa

DS2ANEY 4 A 24

{ dzZLISNIZA &a2NXY 9 L) YAY2YRI &
|l 6KSya HnHp







58PSt 2LIYSYd 2F | DNRdzZL) / 2YONROdzZiA2Y 9l
t SONRE Sdzy Cf dzA Ra

| RAA&ASNIIFa2Yy
DS2NBA2a [/ KNRBalylK2a ¢l aArza
02
¢CKS {OK22f 2F /KSYAOIf 9y3aAYSSNRAY

Ly LI NbFE FdzZ Uf £ YSYyd 2F GKS NBIjdzA NBYS)

52002NJ 2F t KAf2az2LXKe

Ly
/| KSYAOIf 9y3IAYSSNAyY3

Supervisor: Epaminondas C. Voutsas, Professor
Supervising Committee: Konstantinos Magoulas, Professor

Magdalini Krokida, Professor






¢CKS FLINZ2@GIf 2F GKAA tK5 RA&A&aASNIlIa2y o0& GUKS

¢CSOKYAOIf ! yAOGSNERAGE 2F ! iKSya R2Sa y24G AYLX
p o MjpkH | Ribd S

o S T e e L T 1L -
[ T<_ _sL.A” T 4 BA UK ASIT AT hT T h “vp*H QWEd® “pon ok
H NOHD






Abstract

CKAA 62N] F20dzaSa 2y GKSi( RSKENN22LBRSHGY A20F W2 RS
LISGNRf SdzY bdzA R&asX SYLXKIF&ATAY3I 2y yIddz2NI £ 3l &
¢ KS 2 LBBEdEY2 A (1 AN R LINRIOBHEIR NKE S 9¢2Y bdzA Ra NBIj dz
dzy RSNA G YRRYNY 2ZREVIKBAO O0SKIF@A2NI 2F Il aSasx KeR
6SdaAd g GSND ¢KYERA i K- SyWRIOBRISRNEARBS 64 2y GKSNI)2R
Y2RSta tA1S /dzoAQ0Tl) dAZKFEI 22 Ay asdsyooow)s {2
6 { WIY20NJTLI2Z F NJ YA E G dzNB & I W RO Eif @&y Rldipas NBdzZaBaLan O ¢
I Qo @Arilie 02SYOASYy(d Y2RSt &3 oI & 2RSt MASINI H FdRdzNI
L2t F N bdZARa Ky R f2¢ LINBaadz2NBa

| 2 SSOSANGA GOKAY I Y2RSta RSLISYRAYANR FEANINB/ZREIdZNS
GKS 2Ll YdzY ¢ KSLINEING RE Iy HOSRF Yad&Ak I aNdH&aBams al
' YAGSNAI f 0damigaOwizs BHABK (G Q2 YOI PEIRR N288Y20A Sy i
0SSy I YIF22NJ aGSL) (26 NRa ONBRsFBHSNER NB o ddy A U
Y2RSta Oliyy®lit STAAKSENY 2 Rey | YA O Kl NK ySR/NPRSES YR S N
02y RAYZOK | a (K2058S AlyISOEERAOS B2 K BE dzBKDdbli LIS (i N2
bdzA R SEGNY Oa2y | yR ¥ dzNIak$2881 HAJKSENES [SY) QIAINPA B N 2
Fy2Ylf2dza LINRPLISNbS&a> SEGNBYSte 24 K2RER2 O Nb
20KSNJ) LINPofSyas Olyy20°9BRTFfdzdbf & dzy NI St SR 0@

G GKS &alyYS oaYSI y20KSNJ aFlIYAtUedsaadDliKENX2RA
GKS2NA{SIACE tA{{ Bl oda Ot | 842 @HBIADY I f @LadzAl R 4@2FOS 2 M
I O02dzyay3d SELI AOAGEE& FT2NJ KERNRIASYdzORYyRAKIES K
a4dz00S a4 a T avi2fadl I2ZRRNIKSaA I T 2 NBEYKydaRKy SSRi SAXel A SEZS yiKSSE
NBlj dzZA NB y 6 § ) 0B 2 ¥NA I NS aaSSIRE Na Yy SEKIASONG Sy dyt2ti RS
F2N) GRROBNYI I AdRBYSy (i aod

LAYAWSShE2 1ttt OKIftSy3aSasz oiKREE g@MNd K &/YAl iNDNR {SIHE «
dzo f N KSR IAKdz@O0SaaTdZ T2NIHW | ERIADKVRANESE aw
 9BAGK GKS ! bLC!/ 3INRdzL) O2y (NN oRBREOI {On AAG@2

Vi



Abstract

KERNRIASY O02YRAY It Wy SN O ez SR ! awldKntt! € SIF
Y2RSt ® ¢Kdzaz | / B{NMRdzLB S@RSyt (2 NASoRdzeNZSiRedaAGI /R0 A KB v &
AYUSNY Oa2y LI N} YSGHISNAEO®

CANEG FTYR o0ST2NB (GKAA dzyAUOlF a2y > yamkdR &l MNI2 NJ
O2YLRdzyRAX YIAyt e KeRNROFINDb2Yyas Ay {25NFEINWIt(2
Y2RAUOlFIe2ya 2F &RKSHNE NI D» VSR i8I NRPFyAGRKY I 02
GNF YyAafLyadANBRK $® S5 6 F2fNI RS NA O AFYWNR YLINBSIOSNKRS &I T S
RSNRA Ol o S AL SREARBAAFANINR I OK 2y (KS!' YEEAAS2 T2 B2
| St YK2f GT SySNHe& Tdzy0da2y dISARE MRBASE 2y Rl R { 2
SuSO0 2F 020K DERRAKEINRHAKD & &lGdzReAy3d @ NA2d
LI N YSGSNJ al GKAF& [/ 2LISYFY FfLKF FdzyOe2y 02Y0)
@2t dzyS (N} yatloez2y 20SNBE GKS YvY2ad | OOdzN} GS NEB:

CKA& Y2RAUOIFo2y 27F (KS otN® IFRENI oAlaa §i KSR S2ELTaSYAR
y2mwd2 €t I NJ O2YLJl2dzyRa (2 RS&ONR O SO IGUIINRZIAMNE 3 Jdo¥Es S0 2
Y21 N @2f dzvySs KSIiG OlIIK@xvazgy DSIRMEPIHAdry RS
ALISOAUO LI NIFYSGSNAR FYR 3INRdzL) O2yiNROGdzezy 3AS
A3SySNItAT SR Y2RSt A& | 0 SNGOENRE! @BEBEISHBMNI 6 A | K
NB & d22WN& B dzNBE OBt CBaemig/ai2 yiaINE O S Al 2 ILIsINIAASONER oA 253 ~
AGK O2LIBPS YO LAANRIBHEENBO GKS ISYSNIftAT a2y
LI N} YSGSNE | NB eKBRNR Db NBAKES id vy RITEEK § It Azt S &
bo92 YARSTF2NWHA & SEBRER AKIAIKRAGH SljdzAf A0 NAdzY |y
LINE LISNb Sa adzOK Fa KSIFGO O B OVRIAIIEWRHAHRS ¢ K2 Y
Ke RNBOI ND 2 YISHYAIKSE ¥ a @ LING AM@ESEA §idgdd I y R f Alj dzA R
2F ad8y(iKSaO I R I NB IBtEAME (HOMFER Sy@aa2i Sal o a Tl Ol 2 NJ
LINSBRAOGA 020K GKS RSg LRAylGa | ORY HiAaEEk B 4 B DR £J2
Y2RSt A& |faz2z RSOSt2LISR FT2NJ RSy LRAY(d LINBRA
Fff 2% R)BBNO2 Yy RAKDBBIRA O 2y ad

¢2 SHEKSBFRSt (2 | 44200092 yHa bdzh RAFRNMAEEIKT o w !
[t 92{® {2YS AYRAZAGNAI & AYLRZNIS JAIPIISNE2 OA |

vii



Abstract
YSOKISU2EMN K titdw 0& O2NNBfFay3a @I LI2N) LINBA&adzNB a

KSIG OF LI OAaSad ¢KS ySg Y2RSt @AStRa | OOdzNY G
LINSRAOo2ya F2N 20 0O2NUKR SND LAMNE 1IORRILIENE RHE | VR

¢tKS S@lfdzaz2y 2F adzOK 'y I RGFIYyOSR Y2RSt OFyQ
RIGIF MBIl f OBEMR AYy(iSNBasy3ad SEIFYLXS 6KSNB Ylye
GKSNXY2Rey!l YASOr SOMHSt 6§ K IREKP RNY a2y ¢ RESGKet Sy S
dzy ACKESD G G SAF O2F i SYNRORNE 2 BHiza A { MBESAA (AS/NI ¢RI &l
2yt e AXKKXINE NP AIS ND S Y @dziB RA D (0 att )FOONBE 2B 2 | a w
/t! UNBEGSYRSR (2 (KSasS &deaidsdSvya IyR LINRLISNI @
Ya 6AGK ©S OF ¥ aoMBIREH aal o aRFA D2 NEB K oNBZH dif |

w»
%(

R SEONA LI 2y 2F KERNBOINb2Yy &2 {qdzotAKE SAYUSe (YKAAYZ
Y2RSt A& AyGSaANY (SR AyH @A MGIKOMSOARKNER0 I B £& & RdzNIR(

2 AAYdzZ I G0S | NBIFIf AYRdAZAGNAIE ¢9D RSK&RNI a2
RSAAIYSR T2 N adxQRYRIORE A QI ©®3 y&AST Al #Kil!a AES Sy
I NBtAFOES GKSNY2REYHOVEOaTFARSEL @ KX A SRy F2 NJ NX

viii



< v

-~ h =~ h .{'h_"j" 5‘_'hy|:s‘ ‘_'/\ h A h ~ ‘v' B A
/\_B<"“’"" 1 "B <h ¢ _ A ’5“ - AN > B w > h !
Jw<_“_' B ¢ >8 h<<|5“'z B - B yveE ~ 1 h >’ h ¢ h > 8
CT ¢h h A" 0 S s> L A > o o>
R S L.t >h oy oA s >T R T T, U 0
Y>> ' . h /\"’h‘ ‘Csh_" 5,<‘h"' [ ) h =~ >~ . j h Ty B ~ h N . A"
S, T p b sw g ot h SR O MPVEFY{ BETES 61 n o
RE¥Y6AK I 16 {hwY'S ~ " <" ¢h >s’1 >h _h ¢h* ' cw "
U > T Y BN h CShY AR wlchh A A8 <8 2 Anf ész/\yrsni’h b we [_ h .
Lv)!poz ™" "h “how .Y A he g h=>Y <w®>>h h
W‘B‘ICD
Tz K Ah<<hai " > hv — >YA_ w<, A hah<¥ah
<‘<."_'_h 1 B A h“’_|5<5’ _' jw<_“_' I A R |
h>'v' &l £mz My OSNEIFf aABEAY I wdASah v6"! am O
/\_W<h _‘_‘A/\_BB/\(BB"J'_'_hIZ LA VANt ">h/\_‘<." "
A_ng{&k_@’q "< h h‘_hz _h >Y A _ wcgh h‘_h B vh¢
> LT 0T A R o BT > Ah > Cw -
V {5‘>V,| ‘{"BV'J"'/_\ﬂ“Z '_".‘I A‘B_"'/}Z PN
‘C"<_/\ C P O B "< h _h ‘_h{'h _'. B vha , 2"
. _-N® pw>SHh T2 h T Y <<ch T <A R

th"u_‘Ch 1h>'<WI§‘,1‘/\h‘<"_"!{t1lf:¢:'{)ﬁi"/\ﬁh\'
Tih<">h by A > A A8 T92L K'DOOA T <" T . R
’h<<'<hz w o, B " Lo Y sy oy v g e B"W’. >’ h h < <
U >wAL A Tt 0 h 1 CceS{lrgasORt AhE
dzA R SCKS®RINEG/ dzo A O t T dza «HAROAT pBy 0T _Hh  ~ '
T AT o [ h > A wgh h _h ha_ "> .77y 7" A >
“h = h A, -V e g d m’ Yy h - h-* v A 1 h ¢



3}

‘_"‘/\ h - B ' 7~ h >h * ¢ h 1 817 >wAhY Qh_' -y
“>|5l >|5_’"‘|5‘qu

ST oA _ b o' AN hA > T B ) U
9R{ID” Lt AD! ST U SwAh T LT s oY Yy
Y 9P EREDA _WakwwlL S YT AL hystws' A ¢
ADEEI/A_ s <6 A sAs s b mh A 0>
CATawEw o AL hy e /htT L se AT R aW NN Wi T

o s _h [ n # ‘h"" "7 Shw AT SR P MY TS BAY AT A

w "’".{’hh<‘<"l<|5h/\h * ‘_'>hq)

h = h " YA BEAY Yy SB <8 - A _h" .
. ‘{'VJV/\h/\"hC,/\Z _‘_B AN _B“”/\ _h LY
"B . _ - | quh\‘_—vl/\ Chg' € _" R -1 /\_ls'lI
O pANE b aARKSEASY A T <Ta >ty
ot LA “h " hou Lgf,y(Kz_f'[]lfi’ZJBh/\‘w”hJ K& hhaegve h
T T T A
¥ * . Ah 7 "| ‘ésf +m2’5f‘/\ wg 1t ’hvvl' B " _ YA . < R
h"l o e BB ) s h Y h - B ¢
h=>" _ a Wi Fﬁ?\ﬂ"LﬂSW'“y_’ WA B “hhs>w v
Cogom B >YC h thCh svh'  _>8A" Lo

' _ Y T w6 e ’_/\'B i h ¢ w T B ! _ h B B . . B ’
‘_"""5’_h‘ 1 ' h > ! "’<‘<.‘wl B/\_‘B‘IZ _‘_E
. A c’)_h" h_>_/\z >""h<."l 'JC"I ‘J"" , h
SW2 KR YAZYKO®_ """ A_ht Y EvE s >
B_"" Y ¢ h JB/\'QBI‘B“ > B j h > _' “
" AB _ h D | W"IT‘Yé/\yWngzhd'iE’Z?“‘t hy™ A _h , ’ . AT < O
<W‘>h_hcp>"n],‘lh >‘I5"VJ<S|"H_"/\ “B_‘Q"’I > B -
> - Tt ht ' < v T T T r > w A we ooyt 0 :
B . A h vt Y~ Yt g’ _ h ¢ ' ~ h A 1 B A J\h"h”_‘s"’\"/\' 1



~ -

LT T ARt T h G 0D o Lo MawEt h>RA TS haAhA R KR
avbgzo[qj > A W< h‘_' A L L 1t h YA
h ~ha _ 1 . A LY " LA L ‘s'm“mﬂ(‘gyacghy*'_-_sl
h | o " h " Ll’f_‘h ‘hxsns {‘”“"J‘_V"/\>h AT S L AD 11 " h” B o w
A R S >80 A 4"">“‘¢ﬁ\_h‘>h\‘_3’_"?‘_J/("‘T,h' -7 ho
B " 1 >h LA . ey ) h s > Y . ¢ h ¢ _} lavbcth“ " Yhijw<d W T, BAS A .
Cha>- Yt ©Ch o *hs " °h' >ig‘’hh ‘47"'<‘W"H O fwytsht . 0
T
woott LI : A ‘/hN‘y\v@iglwtq)‘:q)IJ ST haln: th* > “h
_h_l‘_'ql >V/\_W<V 1" h _'A -7l o< _V‘ s
. A ) h s ° 7 "vy‘ 5“5I Z‘ . B' _<'W_I' woT Y A h. YA h = B . A" S
NR O2t @
* h _'/\ B'WC_h ' _" >"/\_w<" B ’ts“_h -y *
aw9z2s AT " T s [ht"ITESE>Sh Uy T A hl A :¢a*vt_th!‘(D_ h = o
’__h SB < B _/\_hr YOt Y S WA B ">h/\_‘<.‘vylaw5/\_‘5‘l
£ osw _,V\h,>VJ,,I _h\l. h  >_AS ‘J'_A -
I AN ¢ R (A AW > A w<T Thtw, ot f
"’J<w,5‘l 1 ' h h <« <8 -~ h h.I_JV" ‘4"_'_|5I _'
hv: "<t B AT o ST L. T sw AT > A W<
A B < T T n T " h >h O A 1847 >SWA, AOD N AN -
h h 1 8 ' 1 >h "“‘ 5>)h/\’y"/\_h‘ 'V<<W' h = ' _‘
TGt B> Ah S €Y h hEe " hA> ' > > AfCOOE O ©  h
R 2 L T . - R ] h s ° ’h“"+ >h s ¢ An
L7710 T AhAeONC e DO T A . T T . h A b
B"CWI h = _l. '.["_'_Bl .{'B’Jh"hl ‘“‘ B 7
. /\B’-:,ath t_!s"‘ 5?_ B /\B_h‘ - - h B h . _h _ h * . * _
h_h<<'<¢9E)Zh/\lf"'/\_h¢h“‘_">h_h _"‘I > B “‘_h_‘
¥ AW Y >"/\_W<" h =¥ 41 1 8" 'Ch/\“‘“"_‘ch h“’_ls
LK > 1 " h " __"'{I‘Bh<<h“ “‘__IV_\h. . 1 "Y1 Y Ah A" T RS, A N _'

Xi



IB,)<IT'
[W<™ 5 7 >TA_wW<T EAL>h_ IABA{BAWE .S &> T oo

/1t9 htObzE' A -~ > >’ ' T hush_ o o ¢gDE > . h
ry _hoonT s DERO2E L ORESEEF T WL e
t ~ ot r vl ) - t > th L L T et ‘
1 h oW Bl B , h > JI \awztlgh Ah 1" B 'w,A‘h Chyy B _ B
> A w <Y ¢ h h «<' <Y 1 ' h - Y Y Y syt Y Bt -~ h 1 >h ¢ G

Xl



Acknowledgements

1 Oly26ft SRASYSyGa

L KFra o6SSy | f2y3 BNadNEGFIE OKTLMN @SR §2SH S Br REIK
G663 GK2dAKZ Al 61Yd (KSYRHOHNNAIRIAYLE YMYOB2P G2 Sé
OK2#2SNBYSYoSNI FNRY ff L tABSRE ¥Stid | yR SELI
K2 y28 L OFlftyRf EREGO2ENIWKRSEEeéD F2dAaAKE F2NI
LIS2LX S L FRYANBI |LIWINBOAFGS IyR t20ST FTNRBY
RSSIIONH o § KBRSNBZYSKA A LISNRYSGSND

CANEG YR FT2NBYRAE K OP2YySEFTABEEAONBTFSaa2N 2
YS GKS OKFyOS G2 06S02YS LINI 2F ¢¢t[ |FyR &+
3dzA RIRSAIIA GS 2dzNJ O2y ail yIKI &Rk S96s0 O¢ KR AyA]lF INBE’R Y
SyO02dzNI[AISOXEtf & AMKMRAZNBIOBIE L g2dzZ R t A1 S
062 YSYONREHzZLIGNIIA&GAZ2ZY O2YYAJSSSET LINRPFSaaz2NB Y:
YNR{ARIFZ F2NAXKSONSYAED Ak SERSREARE2Y |

CdzNI KSNIXY2NBZ L ¢g2dz R fA1S G2 GKIFIy]l LINRFSaaz2N
G2 GKS GFofS I INBOHT RiSH I QPKHEI WEINIIINKTSYE O ST 21N R
0KNBS 0S| dzo Fdzf Y 2yiNE & | ANy WNGREYORKYSSA YO R €2 dzNJ A Y
LISNE2Y I f &dzLJLJ2 NI YSbygdzZ R2 YdzKE A2SY6D (K Yy
UylFyOAlffte &adzZJLI2Nby3a GKA& GKSaAa®d

L O2def R2@H 1a2YS 2F GKS atlRFEglyaed L KIFER GKS
F2NJ 282dzNJ INBIF G O2yiUNROGdze2y AYy &42YS [Dl2Nza 27F
KFagS 0S02YS | LI NI 27F 2dzNJ AN SONITDIINGRLD &R20K 41S
ANBI G tddzR IS aS YIS adz2NB &2dz f SFNYy K2g (2
bAJ2e2dz NB F GNHZS FNASYR® ¢KS SyRfSaa RA&O
L2 £ A o BHjfdzZAV AW NA dzY | NB 2y & It KEYINEE LS ddif 8yF 6 K
dz& @ L2dzf Al 2 NJ &Weadzt RSE yWHHR HiK 6 2 N NP OISt i &8 dRI NJ S
YR ONAIKGSald aYSaod LF ¢S O2dzZ R YSI adaNB | f f
SELINAYSY(a dyFRIAMEOPWENEFiHLE aK2NILZ /t! A& |

Xiii



Acknowledgements

O2RS A& S@OSy ANBFGSNI®D 2S5 gAatt lftglea KISS 9RA
G§23S3GKSND

+ 38a28ZAASNB (KS UNRG 20BKKN2 INBo b fl2 SPRIOGWHIYE
K2dzNB ¢S aLISyid Ay (GKS O2NNAR2N®» { 2NNE F2NJ | f
L YGKAZ Tl 18& 6A0K a@MafiK g e2dN{BELY/NUBEAR2IME NIk £ S S LI
PNYSHBKSo SIAMIASHYIA =T L | y26 @& 2k O SarsS AEaNI K I d& Ky §
0KS AyiSyoe2ylf RCEINKARIABRIPI HSWHf ARNS | f G K2dzAK @& ;
adzLISNIZB 2& tYSD (2 RAAO2OSNI K246 YIlyeée Gol GSNRE S
F2N) 0RRIABKTSES KO OMNHZAA YV ES@2 NBOVNNAWYAC2 &I y] &2
82 &NMIO2dzNI ISYSyYy Ul Ff2y3a GA0GK @& 2003NIACNIB®RA [Afy KSSt L
g2y Qi FTEONHSIET YRIBI GKF G &2dz 320 &2 GNIYSA GEYSE LI
LA oK H @Sy Qi IF M OBRKAFBNE EN/B f f G KS 0655 dial ¥R @ 5 Y I £
OKBAE SYyd RAFY2YR 2F GKA&a fF02NF(2ND>2d2 AdNBRS & ¢
fABINRR T GKFG ANEBRFSD (S yo AdIK 20801 yY|F PN/l I KB ¥ A S ¢
F2NJ YS Ay GKS o061 O13aINRdzyR®

LGUua €t | 02odkGi 1250ENJ 8F2Sdz £ 12NgRa KIAKLED a GNPy IS a G KdzY|
AyaAixyp yabKyde tATSed [ 2dz | NB Y& Y2ai+xlofd ROBR 1
SAYAUNR YR ¢KIy23Z FNRBY WKSBY S IBANI2IFL fat I yWR Nb f
1 33SEA1TA 9 t| yAD YyEE yYNS &i22dz 8R2ddNJ OISR dze Fdzft FI YA

DS2NHAI X Y& RSINI awz2és L yYyESRSEPaKedzZAKTES K [Jdz
Cet[ P ¢KIYy]l @2dz F2W2 0 AR EHL Y2 t RFEME bRK Y I
FdzOKIANERANI dzas L gAtf ftglea f20S &2dzo

. N2 UIKGSEINEE Yy SOSNJ F2NBSGU K2g¢g e2dz adle@SR Ay y20K
ONRPOKSNI g2dzCRYGGENBSL RSRROIGS (GKA& ¢2N)] G2 @
A0NR2YISNI Y2 NAdyER2 MKNB/ (RRSIIzOEI A N MIBEA & 2061 NEIR

FNBE Y2NB 02Y06a GKFIy 322R KdzYly o6SAy3a tA1S @&
A% 1 h gAY S5LRRGWREINIIEESE S 2dzNJ It aasSa F2N 2y

S5NAY] dzLJ YS KSIFNbSaszx &2 K2H

Xiv



Acknowledgements

XV

DS2NMB& A2 A



XVi



XVii



Table of Contents

¢crofS 2% /2yiSyia

Y 0111 - Vo TP Vi
[ & SR e eeeeeeeeetereeeeeeeettetateeeeeeeetttttm—eeetttanaaeeeeeeetttnaa———tnnaaaaeeeeerrrrnn iX
ACKNOWIEAGEIMENLTS......ciiiiiiiiiiiiet ittt et e et ne e Xiii
=10 (=0} O] o (=T o £ PP XVili
(IS Ao T U = R XXii
IS o B 1= o] =PSRN XXViii
IS 011 o o [ o o o PP SPPPUPPRP 1
0 A Y/ 0] (Y7 (o) o U 1
A Yo o] o 1§ TP 3
1.3 OUtliNg Of the thESIS....uuueiiiiiiiiiiir e 4
2 NALUFAE GAS.. .ottt 7
2 N @ Y = 7
2.2 NG SPeCIfiCAtIONS....cccceiee e ——— 9
2.3 Challenges encountered in NG applicatioe®d for dehydration.................... 10
2.4  Water removal in TEG dehydration UNitS..............coooeeeeiiiei 12

2.5 The Role of Natural Gas in Carbon Capture, Utilization, and Storage (CCUR)

3 Phase Equilibrium and other Thermodynamic Properties.............ccccceeviviiiennnnne 18
3.1 From First Law to EQUIlIDIIUWML............oooooiiiee s 18
3.2 AlGOTTNMS .. 21
3.3 PrOPITIES. ... 24

4 Phase Equilibrium of Reservoir MiXtUreS..........ooooviiiiiiiiiiiiiiiiiiiiiiee 28
4.1 Composition of RESErvoir MIXTUIES......cooieviiiiiiiii e eeeeeeiiie e e 28
4.2  Phase EqUuIlibrium DiagramsS. .........coouuiiiiiiiiiieieeeee e 29

4.2.1 Saturation CurvegPhase Envelope............ccooovviiiiiiiiiiiieieeee e 29

XViii



Table of Contents

4.2.2 Effect of Composition on Phase Equilibrium....................cccceviiinnnnnnn. 30
4.2.3  ISOMOIAN CUINVES.....ccoiiiiiiiee ettt e ettt e et e e e e e 31
4.3 Classification of ReSErvoir MiXtUIES. ........ccuuuieiiiiiiiiiiiiieeee e 33
4.4  Characterization MEtNOUS............ccuriiieiiiiiee e 35
o RS o 1111 T TP PP OPPPPPPPPPPPPPPR 35
4.4.2 Assignment of Physical Properties to SCN Fractians..............eeeeeeen... 36
4.4.3 Lumping and MW MatChiNg..........ccoouiiiiiiiiiiiiiieee e 39

5  EQUALIONS Of STAt........uiiiiiiiieiiiii e e e e e e e e et e e e e e aaaans 40
5.1 Cubic Equations of Sate (CEQS).........cccuuuiiiiiiiiii e 41
5.1.1  Alpha funCtionsE | ..o 42
5.1.2 Thermodynamic consistency criteria of the alpha function.................... 45
5.1.3  VOlUME tranSIation............eeeeiiiiiiiiiiiiiie e 46

5.1.4 New equations for derivative properties of a volume translated model 51

5.2 MIXING TUIES. ...t e e r e e e e e e e e e 55
5.2.1 Advanced mixXing rUlES.............ccoooeiiiiiiiiii e 55
5.3 Cubic Plus Association Equation of State (CRA).......evvvviiiiiiiiiiiiiiieeeeenn 60
5.3.1 Model presentation.............cccooeiiiiiiiiiiiii e 61
5.3.2  Solution of Molar VOIUME. ... 63
5.3.3 Assignment of sites and theoretical explanation................ccccoeeeeeeeennnn. 65

6 Study of the attractive term and volume translation.............ccccccceeeeviieecccceeeeeee, 68
6.1 A new MathiasCopeman fUNCHON.............uuuiiiiiiiiiiiiei e 69
6.2 Comparison of volume tranSIations...............evvveviiiiiiiiiiiiii e 76
6.2.1 Saturated liquid molar VOIUMES...........cooiiiiiiiiiiiee e 77
6.2.2 Single phase molar VOIUMES.............coiiiiiiiiic e, 79
6.3 DEriVaLIVE PIrOPEITIES. .. uuuuiieiiiiieeeeee ittt e e e e e e r e e e e e e e e s s eeeeeees 83
6.3.1  RESUIS ..ot 83
6.3.2 Effect of translation in(C..........ouuiiii e 88
6.3.3  Simultaneous effeCct ONVC...........ooiiiiiiiiiee e 90
6.3.4 Speed of sound and Jotldhomson coefficient................ccccevevvieeeeeeenne. 93

XiX



Table of Contents

6.4 CONCIUSIONS ... .oiiiiiiiitiiie ettt e e e e s e e e s aannrreee e 98
7 Development of a new model Part A: Modelling of Natural Gas............c............ 99
7.1 PUIe COMPOUNDS. ...ttt e e e e e e e e e e e e neneree s 99
7.1.1 Model deVelOPMENL.........ciiiieiiieie e 100
7.1.2 Generalization Of ParameterS.......ccooiiiiiiiiiiiiiieee e 101
7.2  Model extension to mixtures (UMREW)..........coovvviiiiiiiiiiiiiniiiins 114
7.2.1 Phase equilibrium of binary SyStems...........ccccceeeiiiiiiiiiieeeeee e 115
7.2.2  MiIXIUIE PrOPEITIES.....ceivieeeeiieieeeieeeeeeeeaeueeeneraraa e 120
7.2.3 Results in SyntheticC MIXtUIES...........uuiiiiiiiieeiieer e 126
7.2.4 Results in real MIXIUMES ......cccoiiiiiiieeiiiiie e 144
7.3 CONCIUSIONS ....eiiiiiiiee ettt e e e e e e e e e e s e e e e e e e e e e e e annes 160

8 Development of a new model Part B: Model extension to associating fluids.... 162

8.1 Model Presentation............cccoooiiiiiiiiiii i ——————— 163
8.2  Pure compounds parameters estimation.............cccceeeeeeeevieiiiieeeeeeeeeeeee 168
8.3 RESUILS......eeeiiee e 169
8.3.1  PUIe COMPOUNGS......coiiiiiiiiiiiiiee e e e e e ettt e e e e e e e e e e e e aanes 169
8.3.2  IMIXIUIES. ...ttt e e e e anre s 176
8.4 CONCIUSIONS ...ttt et e e e e e e e bbb r e e e e e e e e e anaes 185
9 Thermodynamic modelling of systems involved in TEG dehydration................ 186
9.1  PUIE COMPOUNDS. ..ottt e e e e e e s e e e e e e e e e e aeneeeeees 187
0.1.1  WWALET e 189
O.01.2 TE G et 190
0.2 BINArY SYSIEMIS. ..ottt a e e e 191
9.2.1  Binaries With FO............uiiiiiiiiii e 192
9.2.2 BInAries With TEG........uuuiiiiiiiiiiii e 199
0.3 TeINAIY SYSIEIMS....ceiiiiiiiiiiie et e e e et e e e e e et e e e esa e e e estneeaeees 203
0.3.1  TEGH20-CHiuueiiiiiiieecee ettt e et e et e snae e e aneeee e 204
0.3.2  TEGCH-GHS... o 204

XX



Table of Contents

9.3.3  TEGH2O-TOIUENE. .. ..ttt 205
9.3.4  TEGHIO-CO. ittt 206

S I A O o o [od [ U] o] o = PPPPPPPRRRPRRPN 207
10  Process simulation of TEG dehydration with UMIRA............coovvviiiiieeeriiiennn. 209
101 LYO2NLIEZ2 NI A2y 2F GKS ySg YoPRStandargZ09
10.2 Relevant modeling reSultS.......ccooooieiiiiiii e 210
10.2.1 Density of pure Methane..........cccccooiiiiiiiiiiiie e 211
10.2.2 Heat capacity and enthalpy of vaporization..................cccooeeeeveevieeenne, 212
10.2.3  SOIUBITIES. ..o e oo 214
10.3 ProCess SIMUIALION........uuuiiiiiieeiiiiiiiiiiii et e e e e e e eeae s 219
O 0t | | £ 223
(0 S @ [ [ 1 (o 1 1< 224
IS R O] 11 13 o PR RRR 226
Appendix A: New Helmholtz Energy functions and derivatives...............cccuvvvvveen... 229
Appendix B: Helmholtz Energy functions and derivatives for URIRA EoS............... 246

Appendix C: Specific parameters of UMHEW for pure normassociating compounds. 251
Appendix D: Group interaction parameters of PPR78 and UGHRA models.............. 254

Appendix E: Database used to develop the model for ressociating compounds.... 259

Appendix F: Database used to extend the model to associating fluids................... 262
Appendix G: Database used for modelling TEG dehydration systems.................... 265
Appendix H: Phase envelopes and liquid dropout of petroleum fluids..................... 267
PUBICALIONS. ... 286
RETEIENCES. ... e e e e e e e e e e e e e e e e e e e e anaaeab e 288

XXI

P YA{AYT



List of Figures

[ A®A 3 dzNB &

Figure 21. Realized and forecasted global natural gas production [12]...................... 8
Figure 22. Realized and forecasted R/P ratio of global natural gas reserves.[12]....... 9

Figure 23. Solidgas hydrate plug formed in an offshore gas pipeline [14]................. 11
Figure 24. Schematic flowsheet of NG dehydration using TEG.[18]...............cc....... 14
Figure 25. Schematic representation of Steam Methane Reforming (SMR) for hydrogen
[o]goTo 18 ox1To] o I 122 0] FO TP PPPPUPPPPPPPPPPP 15
Figure 31- Gibbs energy of mixing for binary mixture &H-S at 190 K and 45.6 bar [24].
................................................................................................................................... 23
Figure 32. Example of pump electricity cost for a typical large scale power plant.....26
Figure 41. Typical A Phase Envelope of a petroleum fluid.[4]..........ccccoiiiiiiiinnnnnen. 30
Figure 42. Influence of various compounds offRenvelopes (simulated in ASPEN HYSYS with
o =0 ) P UPTTT P 31
Figure 43. Typical liquid dropout curves of a gas condensate mixture.[4]................. 33
Figure 44. Various phase diagrams of reservoir fluid, grey diamonds: critical points of the
01U =S U PP 34
Figure 45. Typical molar compositions of reservoir fluids (data from [29])................ 35

Figure 51. Deviations between experimental and calculated saturated liquid densities for
various compounds at a reduced temperature gf0l7, circles: SRK, triangles: PR.[62]6

Figure 52. Predicted R diagram for n@with the temperature dependent PR EoS proposed

by Magoulas and TaSSI0S......cccoieiiiiiii et ———— 49

Figure 53. Phase equilibrium: (a) VLLE of the system wags@anol at atmospheric pressure;

data from [73, 74], (b) VLE of the system acetbeg&ane at 308.1 K [75]...................... 56

Figure 54- Structure of water and associating SILES.............covvvvvvvvieeeviieeiiiiiiand 66

Figure 55- Associating sites terminology by Huang & Radosz [133].........cccccceeveeeee. 67

Figure 61. Modelling of vapor pressure of some alkanes...........cccccceeeeiiiiiiiiiiineeennenn. 70

Figure 62. Results in residual isobaric heat capacity with PR EoS using various alpha functions
for saturated liquid MELNANE...........ciiiiiii e L O

Figure 63. Results in residual heat capacities with PR EoS using various alpha functions: (a)
CH,, (b) NGo, (C) NG, (d) BENZENE......oiiiiiiiieie et 75

Figure 64. Results in residual isochoric heat capacities with PR EoS using various alpha
functions: (a) Benzene, (D) 1. .. .uur e 176

Figure 65. Prediction results for saturated liquid densities of hydrocarbons with volume
translated PR based MOdeIS........ccoooeiiiii i 78

XXli



List of Figures

Figure 66. Prediction of the saturated liquid density of £&&), nG (b) and n@ (c) with three
different volume translated versions of the PR EQS...........cccoooiiiiiiiiiiiiiiiiie e, 79

Figure 67. Prediction of single phase molar volumes fdsutane (a) and wodecane (b)
with three different volume translated versions of the PR EoS; data from.NIST........ 81

Figure 68. Prediction of liquid molar volume forlrexadecane (a, b, c) andeicosane (d, e,
£); data frOM [L3 7] et e e e e 82

Figure €9. Fluctuation of required volume translation with temperature at high pressure
(approximately 80 MPa) for PR EQS..........coooiiiiiieeeeeeeeeeeeeeeeevtv e 33

Figure 610. Prediction of isobaric heat capacity in the saturated liquid phase with volume
translated models; (a) ethane and (b) decane.............cccoovvviiiiiiiiiiiiiiiiiiiis 88

FigureeMm® 9 FFSO0 2F {KAQa @2f dz¥YS GNI.Y.afI00A2Yy 2y
Figure 612. Prediction of isochoric heat capacity in the saturated liquid phase with volume

translated models; (a) ethane, (b) butane, (c) benzene, (d) decane...............ccccce.... 91

Figure 613. Effect of alpha function on, '=200 K)..........ccccooiiiiiiiiiii i, 92

Figureemn ® 9FFSOG 2F . I fSRQE | yYRTLBKSfMEneQ @2 dz)
and nhexane, T=300 K fOFGTIANE)......ccooiiiei i 93

Figure 615. Prediction of speed of sound | the single phase region; (a)butane, (b) benzene;

data frOM NIST ... . e e e e e e e s r e e e e e e e e e e e e snnneeees 95

Figure 616. Prediction of Jouldhomson Coefficient with volume translated PR based

models in the saturated liquid phase, data from NIST..........cccccoiiiiiiiiiiiiiie e, 96

Figure 617. Prediction of Jouldhomson Coefficient with volume translated PR based
models in the single phase region for: (a) cyclohexane, (b) dodecane, data from .NKSET

Figure 71. Overall results with the new generalized model and PRai&Iloux (a) in the
saturated liquid phase and (b) in the single phase area.....................cc.ccc 107

Figure 72. Vapor pressure (a) and saturated liquid molar volumes (b) of natural gas
constituents; circles (methane), squares (ethane), triangles (nitrogen), diamonds (carbon
dioxide); data from NIST; black line: new model, green line: PRABIouUX.................. 108

Figure 73. Properties of natural gas constituents in the saturated liquid phase: (a)-Joule
Thomson coefficient, (b) isobaric heat capacity, (c) isochoric heat capacity, (d) speed of
sound; blue squares (ethane), red circles (methane), triangles (nitrodeemponds (carbon
dioxide); data from NIST; black line: new model, green line: RMABlIoux.................. 109

Figure 74. Properties of gases in the single phase region: (a) Isobaric heat capacities of
methane, (b) speed of sound of methane, (c) Joule Thomson coefficient of gases, (d) isochoric
heat capacities of gases; data from NIST........ccccooviiiiii e, 110

Figure #5. Properties of hydrocarbons in the saturated liquid phase: (a) isobaric heat
capacity, (b) isochoric heat capacity, (c) speed of sound, (d)-Tholason coefficient; x
markers (isobutane), circles-(@ethlypentane), triangles ¢theptane), squags (ndecane),
crosses (rdodecane); data from NIST.........oovviiiiiiiiiiiiiiii e 111

XXili



List of Figures

Figure #6. Prediction of liquid densities of heavy hydrocarbons: (a3, n(8) various linear
AIKANES At 100 DAL.......eeiiiiiiieeie e e e e e e e e st e e e e e e e e 112

Figure 77. Modelling of derivative properties in the single phase regiémotv-nG; 2" row-

cy-Gs; 3d rowBenzene;# row-nGo; T=200 K (circles), T=300 K (squares), T=400 K (triangles),
T=500 K (diamonds), T=600 K (crosses); black solid lineNBMR green solid line: PR78
=T 011 (o 11 PO UURPPPPNS 113

Figure 78. Phase equilibrium graphs of some gas/gas and gas/hydrocarbon binary systems:
(a) Pressure vs gas mole fraction in systems of gas witatciG-366 K, (b) Pressure vs4sCH
mole fraction in the binary GHG, (c) Pressure vs @Mole fraction in the binary GEG5Hs,

(d) Pressure vs Glhole fraction in the binary GFCQ, (e) Pressure vszMnole fraction in

the binary N-GHe, (f) dew points of gasG binaries; Solid black lines: UMNEW......... 119

Figure 79. Prediction reSults in eNSILY..........uuiiiiiiieiiiiiiiie e 121

Figure 710. Prediction of liquid densities of binary mixtures with UMBW and PRY¥8
Peneloux, (a) nG1)}nGo (2), (b) n@s (1)XnGyo (2); data from Queimada et §234]......... 121

Figure 711. Prediction of the isobaric heat capacity for binary systems in the liquid phase

Figure 713. Prediction of the Joul€hompson Coefficient for the multicomponent system of
JLIE: 101 LT T PRSP 124

Figure 714. Prediction of speed of sound of natural gas mixtures, (a): Stavordgass at T=300
K, (b): Stavordgass at T=350 K, (c): Statoil dry gas at T=300 K, (d): Statoil dry gas at T=350 K;
markers (experimental points), black line (UMIEW), green lindPR78Peneloux)........ 126

Figure 715. RT phase envelope prediction of synthetic natural gas mixtures (SKG)18d

line: UMRNEW, blue liNe: PPRTZ8.........cooiiieeieee et 134

Figure #16. Prediction results for dew point pressures and cricodenbars (CricoP) of SGC
mixtures using UMRIEW and PPR78 ModelS.........cccccoeeeiii e, 136

Figure 717. RT phase envelope prediction of synthetic gas condensate mixtures (SGC 01
03), red line: UMRNEW, blue liN€: PPRZB.........uuuuiiciiccseeeeeee e 137

Figure 718. RT phase envelope prediction of synthetic gas condensate mixtures, red line:
UMRNEW, blue line: PPR78, markers: experimental.data................cccccuveeeeeeeennnnn 138

Figure 719. Effect of attractive term and mixing rules in dew point prediction of synthetic
gas condensate mixtures, red line: UMIEW, blue line: PPR78, green dashed line: PPR78
MGs, markers: experimental datal.........ccooeeiiiiiiiiiiiiee e 140

Figure 720. Liquid dropout of SGC mixtures, red line: UNRN, blue line: PPR78, black
dashed line: UMRIEW without volume translation, markers: experimental data.....143

Figure 721. Liquid dropout of SGC mixtures, red line: UNBRWV, blue line: PPR78, markers:
EXPEINMENTAI HALA. ... ..euiiiiiiiiiie e e e e e s r e e e e e e e e e e e aaes 144



List of Figures

Figure 722. RT phase envelope prediction of real gas mixtures, red line: 8IAR/, Blue

line: PPR78, markers: experimental data..................ceooeiieiiiiiiiieeeeeeeeeeeeee e 151
Figure 723. RT phase envelope prediction of real natural gas mixtures for pressures higher
than 65 bar against experimental data.............ccccoeiiiiiiiiiiiii e 154
Figure 724. RT phase envelopes of Real Gas Condensates, red line:NBWR Blue line:
PPR78, markers: experimental POINIS...........coiiiiiiiiiiiiiiieeee e 158
Figure 725. Liquid dropout of SRGC mixtures, red line: LNV, blue line: PPR78, markers:
EXPENMENTAI HALA.........uuiiiiiiiiiee e e e e e e e e e 159

Figure 81. Prediction of thermodynamic properties of water in the saturated phases: (a)
density vs pressure; (b) isobaric heat capacities vs temperature; (c) speed of sound vs
temperature; (d) Jouldhompson coefficient vs temperature. Data from NIST][136.173

Figure 82. Prediction of thermodynamic properties of methanol in the saturated phases: (a)
density vs pressure; (b) speed of sound vs temperature; (c)-Jowampson coefficient vs
temperature. Data from NIST [136]....ccoeeiiiiiiiiiiiiiieieee e 175

Figure 83. Prediction of methanol (19 water (2) densities at atmospheric pressure: (a)
T=298 K; (b) T=323 K, data from: blue circles [282], purple triangles [283], black squares
[284], green circles [285], red diamonds [286], red dashed line: -GMRblack solid line:

Figure 84. Prediction of methanol (dater (2) densities at elevated pressures for an
equimolar mixture: (a) experimental vs calculated densities; (b) density vs temperature at
12010 L0 I o - T RO SPSTUPPR 179

Figure 85. Prediction of MEG (d)ater (2) densities at atmospheric pressure: (a) T=288 K;
(b) T=323 K; (c) T=353 K; (d) T=373 K, data from: purple triangles [287], blue circles [288] ,
red diamonds [289], black squares [290], red dashed line: KR, kdck solid line: SRK

Figure 86. Prediction of MEG (dhethanol (2) densities at atmospheric pressure: (a) T=288
K; (b) T=303 K, data from: blue circles [291], green triangles [292], red dashed lines: UMR
CPA, black solid INeS: SBRA.............cooiieieieee et a e e e e 181

Figure 87. Prediction of isobaric heat capacities)(@ the system methanelater at various
P-T conditions: (a) T= 293 K, P=1 bar; (b) T=333 K, P=1 bar; (c) T=280 K, P=10 bar, data from:
black circles [293], black squares [294], red dashed line:-OFR, black solid line: SRRA.

Figure 83. Prediction of isobaric heat capacities (Cp) of the system ME@aféj (2) at

various temperatures and atmospheric pressure: (a) T=258 K; (b) T=278 K; (c) T=298 K; (d) T=
318 K; (e) T=343 K; (f) T=373 K, data from: blue circles [290], puaplgles [295], black
squares [296], green diamonds [297], black crosses [289], red dashed lineCBMPblack

SOl lINE: SRICPA.. ... s e e e e e e e e e e e e e e e e e e aaaeaaaaeeaaaeeees 183

Figure &9. Prediction of speed of sound in three binary systems at T=298 K and P=1 bar: (a)
methanol (1jwater (2), data from: blue circles [298], black squares [299]; (b) ME@afk)y

XXV



List of Figures

(2), data from: blue triangles [296], red diamonds [300]; (c) ME@€thanol (2), data from:
blue circles [301], red dashed line: UNMIRA, black solid line: SRRA......................... 184

Figure 91. Modeling of water properties using the UMHPA model: (a) vapor pressures; (b)
saturated liquid densities; (c) saturated liquid isobaric heat capacities; (d) saturated liquid
isobaric heat capacities at low temperatures. Data from [136]; béadik lines: UMFCPA;
green Solid lINES:-EPA [SL8]....coo e 190

Figure 92. Modeling of TEG properties using the UMRA model: (a) saturated liquid
densities; (b) vapor pressures; (c) saturated liquid isobaric heat capacities; (d) mutual
solubilities in the binary TEGZ. Pure TEG data from DIPPR [135];-MEGQ.LE data from
[319]; black solid INES: UMBPA ..........oeieeeee e 191

Figure 93. VLE of ¥D-gas binary systems: (a)®tCH, T=298 K, data from [320] [321] [322];
(b) BO-CH, T=603 K, data from [323]; (c)®CGHe, T=311511 K (in ascending order from
left to right), data from [324]; (d) #D>-N., T=274 K, data from [325], T=413 K, data from [326],
T=603 K, data from [327, 328]. Solid lines: WIHR............coriiiiiiiiiiiiiiieee e 194

Figure 94. LiquidLiquid Equilibrium in ¥D-HC systems with the UMBPA model: (a)
propane, data from [329]; (b)-hexane, data from [330]; (c}octane, data from [331]; (d)
n-decane, data from [33334]; (e) isobutane, data from [3387]; (f) isopentane, data from
[336, 338, 339]; (g) cyclohexa, data from [309, 330, 34843]; (h) methylcyclohexane, data
from [333, 344346]; Grey triangles: Solubility op®l in the HC phase, blue circles: Solubility
of HC in the aqueous phase, open squares: Solubilitg@fikthe vapor phase, red dashed

INES: UMBRCPA .ottt e e e e e et e e e e e e e e e e s s bbb bbb e e e eeeeaeeeeans 197
Figure 9p ® / 2 NNBdvalondoh BEGBTRXFsystems applied in UIMBRA (solvation): B
corresponds to benzene, T to toluene, E to ethylbenzene, Xxgleme........................ 198

Figure 96. Mutual solubility results with UMRPA in wateBTEX systems with and without
solvation: a) mXylene, data by IUPAXST Solubility Data Series 81 [347]; b) Toluene, data
by Marche et al. [343], Ng and Chen [332] , Jou and Mather [348]; @eBendata by
Tsonopoulos et al. [330]; d) Ethylbenzene, data by IURIST Solubility Data Series 81; Solid
red line: UMRCPA,; Black dashed line: UNIRA (solvation)...............cccccvvvvvvvnennnnnnnnnn. 199

Figure 97. VLE of ¥D-gas binary systems: (a) HE&, T=298 K, diamonds (TEG solubilities

in liquid phase by Jou et al. [349]), squares (TEG solubilities in vapor phase from [350]; (b)
TEGGHe, squares T=298 K, triangulars T=348 K, circles T=398 K, (data from [349]); (c) TEG
CQ, squares T=273 K (data from [351]), crosses T=323 K (data from. [349]), triangulars T=398
K (data from [349]). solid black line: UMIRA; red dashed line: UMEPA (solvation)
e O 1 01 3 S EERRR 201

Figure 98. VLE of TEGE Y ey gbaphdat 0.85 bar, data by Mostafazadeh et al. [352]; (b)
infinite dilution activity coefficients of water, data by Bestani & Shang [353], solid lines: UMR

P A e e e e e e e e e e e ————————aaaaaa e e e e a i ———————aaaaas 202
Figure 9 ®onationcorrelation for TEEBTEX binary systems applied in URIRA (solvation)
................................................................................................................................. 202

XXVi



List of Figures

Figure 910. LLE of TEBTEX binary systems at atmospheric pressure: (2 BEBZene; (b)
TEGEthylbenzene; (c) TE®Xylene; (d) TEG 2t dzSy ST NBR YINJl a o6& { I yi
black marks by Folas et al. [112]; black solid lines: {@@AR (solvation)...................... 203

Figure 911. Experimental and predicted distribution ratios of methane in the ternary system
TEGHO-CH using the UMRCPA model (experimental data from [355])................... 204

Figure 912. VLE of the system TEH-GHg. Data by Zvawanda et al. [356], black squares
T=303 K, red squares T=323 K; Solid lIN€@S-OFKR ..........uuummmmmmiiiiiiiiiieeneeer e 205

Figure 913. Relative volatilities of water to TEG vs Temperature with the {OHAR
(solvation) EoS in the system TB&®-Toluene. Data by Mostafazadeh et al. [352]; solid line:
UMRCPA (solvation).The relative volatility of water to TEG is calculated as fdtows:

C 0 0 | T Al F Tt 206

Figure 914. VLE of the system THERO-CQ. (a) T=297 K, red squares: 7% water, blue
crosses: 3.5% water; (b) T=322 K, red squares: 7% water, blue circles: 3.5% water, blue
triangles: 3.5% water, data from [357, 358]; solid lines: UBHA; dashed lines: UMEPA
[(S10] 1772 11 0] 1) T PP TP PP PUPPPPPPP 207

Figure 161. The CARBPEN interface for interprocess communication.................... 210
Figure 1@2. Density of methane at T= 8Q; data from NIST, Kleinrahm et al. [361]...212

Figure 163. Heat capacity of a) pure TEG at atmospheric pressure, b) pure water at the
saturated liquid phase; data from Steele et al. [362], Stephens and Tamplin [363], Li et

=L TG SRR 213
Figure 1&4. Enthalpy of vaporization of a) pure TEG and b) pure water; data from ASPEN
PLUS, NIST ittt e e e e et e e e e e s sbe e e e e s entaaeeeeesnsbeeeeesansneeens 214

Figure 1685. Water content in methane at T= 37.8 C at a) pressure up to 100 bar and b)
pressures close to contactor operating pressure-§@0bar); data from Olds et al. [365],

Yarrison €t al. [B6B].........ccooiiiiiiiiiiiieeeeeeeee e ———————————————————————— 215
Figure 166. Vapor Liquid Equilibrium of the systesCHTEG AT P=85 kPa. a) F220°C, b)
T=190210°C; experimental data from Mostafazadeh et al. [352]............ccceeeeeuvenenne. 216

Figure 107. Activity coefficients at infinite dilution of water for the TERD binary at
atmospheric pressure; data from Parrish et al. [367], Bestani & Shang.[353]......... 217

Figure 1688. Vapor Liquid Equilibrium in TEEO-NG system at P=60 bar, a) water content in
the vapor phase, b) TEG content in the vapor phase, ¢) mole fraction of NG in the liquid phase

XXVIi



List of Tables

[A&ad 2F ¢l ofSa

Table 21. Physical properties of TEG [L7].......ccccuiiiiiiiiiieieeeiiee e 13
Table 41. Coefficients of €0.-8, 49, 410........couiiiiiiiiiiiiiiieee e 38
Table 51. Values fotd ¢b,] p,1 ¢ for cubic EoS applied in this wark....................co.o..... 42
TableSH ® ¢ KS2NBGAOIE O2y.a.lNLAY.0LA.. . F2NL.h0.45 Fdzy Ol
Table 53- Assigned association schemes for implementing the CPA EQS................. 65

Table 62. Modelling results in saturated liquid heat capacities of hydrocarbons with various
PR Dased MOAELS..........cooo i 75

Table 63. Prediction results in saturated liquid molar volume of hydrocarbons in terms of
the Average Absolute Relative Deviation (AARD %) with various vt models based on the PR

T 1 TSRS 77
Table 64. Prediction results for single phase molar volumes using Blaed, Peneloux and
Modified Shivolume translations.............uvviiiiiiie i 80

Table 65. Prediction results for derivative properties in the saturated liquid phase..85
Table 66. Prediction results for derivative properties in the single phase region....... 87
Table 71- Coefficients of the generalizations iN €Z...........cevveveeeeeeeeererneninenenninnnnnnn. 102
Table 72. Group contribution parameter§QR¥) used for the generalized model....... 103

Table 73. Results with the new model (specific and generalized) and-PB78oux in the

saturated lIQUId PRASE...........ooo i 103
Table 74. Results with the new model (specific and generalized) and-PB78&oux in the
SINQGIE PRASE FEOIAN........eeiiiiiiiiieii e e e e e e e e e e e e e e e e aaaaaaaaaaaeeaes 106
Table 75. VLE database of gas/gas and gas/hydrocarbon binary systems............. 116

Table 76. Prediction results in gas/gas and gas/hydrocarbon binaries with new and old UMR

Table 7#7. Molar composition (%) related to the density data of the studied mixtures20

Table 78. Prediction results in isobaric heat capacity.............cccuveeiveiiieeeniiiiiiiieeee, 122
Table 79- Prediction results in the JoulBhompson Coefficient...........ccccoeeveeeieennnnnns 124
Table 710. Prediction results in speed of SoUNd...............coeeiiiiiiiniiiiiiiiieee e 125
Table 711. Molar fraction (%) of synthetic natural gas mixtures (SNG)Q1L................ 128
Table 712. Molar fraction (%) of synthetic natural gas mixtures (SN@9J6................ 129

XXVIii



List of Tables

Table 713. Errors in dew points prediction with the UMNEW and PPR78 models for

synthetic natural gas mixtures in high pressure region (over 6Q.har)...................... 130
Table 714. Errors in CricoT prediction with the UMEW and PPR78 models for synthetic
NATUFA] GAS MIUXEUMES. .....uiiiiiiiiie ettt e et e e e e e e e e e r e e e e e e e e e e e aanns 131
Table 715. Errors in CricoP prediction with the UNMEEW and PPR78 models for synthetic
NALUTAl QS MIXIUIES. ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e et e e e e eeeeeeeeeeeeeeeeesssenssnrrnnnnnnnns 132
Table 716. Molar composition of synthetic gas condensate (SGC) mixtures.......... 135
Table 717. Molar composition of synthetic gas condensate mixtures with reported
measurements of liquid dropouts (VPL-QQ).........ccouveiiiiiiiiiiiiiiieieeeeeee e 141
Table 718. Molar composition of synthetic gas condensate mixtures with reported
measurements of liquid dropouts (VPL-ID).......cevviiieiiiiiiiiiiiiieeee e 141
Table 719. Prediction results for the dew point pressure with UMRW and PPR78 models
of real natural gas mixtures in the high pressure region (above 65 .bar).................. 146
Table 720. Prediction results for CricoT with UNNEW and PPR78 models for real natural
DAS MIXIUIES ...ttt e e e e e e e e e bbbt e e et e e e e e e s s s bbb e e e e e e e e e e e e e aannneeenees 147
Table 721. Prediction results for CricoP with UNMEW and PPR78 models for real natural
JAS MUXIUIES ...eeieeeeeeeeeieeeeetieee e a e e s e e e e e e e e e e e e e e e aaaaeaaaaaaaaaaaaaaeeaeeeeeeeeeees 149
Table 722. Coefficient values Of €GI7............cvvvvveiiiiiiiiiii e 152
Table 723. Statistical analysis of the empirical HigBtBt model for the calculation of dew
points of real natural gas mixtures in the high pressure region (over 65.bar).......... 153
Table 724. Statistical Evaluation of the HigéSRat model...........ccccoovviiiiiiiiiinnnnn. 153
Table 725. Molar fraction (%) of Real Gas Condensate (RGC) mixtures................. 155
Table 726. Prediction results for the prediction of saturation points (dew and bubble) for
RGC mixtures using UMEEW and PPR78 MOdEelS.............uvvveiieiiiniiiiiiiiieieeeeeeee e, 156
Table 81. Assigned association schemes for applying CPA based madels............ 169
Table 82. Regressed parameters of the models studied in this wark...................... 170

Table 83. Correlation and prediction results for water thermodynamic properties..171
Table 84. Correlation and prediction results for methanol thermodynamic propertids3
Table 85. Correlation results of the studied models for MEG thermodynamic propéiiies
Table 86. IPs used for the SRHPA EOS.........cooiiiiiiieee 176
Table 87. Overall prediction results for mixture properties with SEKA and UMRPAL177
Table 91. Pure component parameters determined in this work for UOHRA.............. 188
Table 92. Correlation results with the UMBPA model for pure water and TEG....... 189
Table 93 ¢ VLE results for wategas binary systems using the UNMIRA model........... 193
Table 94 ¢ LLE results ford@-HC systems using the UMFPA model...........ccccceeennnn. 195

XXIX



List of Tables

Table 95 ¢ LLE results ford@-BTEX systems using the LH@RA model..................... 198
Table 96 ¢ VLE results for TEgas and TEG:O binary systems using the UMFPA model
................................................................................................................................. 200
Table 161. Key process parameters and associated thermodynamic properties of TEG
AENYAIATION. ...t e e e e e e e e e e e e e 211
Table 162. Vapor Liquid Equilibrium experimental data of the system THGQR)}NG(3)
1 SRR 217
Table 163. Natural Gas composition in mole fraction [369].............cccccveviieeiinninns 218
Table 164. Prediction results for the phase equilibrium of the system TE&Q{2}NG(3)
using UMRCPA and glycol package.............ooeviiiiiiiiiiiiiiiiieeeeee e 218
Table 165. Natural gas composition used for the process simulation [371]............. 222

Table 166. Parameters used for process simulation of TEG dehydration.[360]....... 223
Table 167. Simulation results and field measurements of a real TEG dehydration.a@i

XXX



Introduction

M LYGNRRdzOa2Y

¢ KBY N2 RMBASYW 14 GKS Y2ao@l a2y YR NBadzZ ay3a 2
LINE GARAY 3 29 NAKS (| RESKBNS 6

Mdna 2o Bl a2y

A A oA o A

ly GKS SN} dz2lINEOFREFESIRERI yiRS dzNBSYy OBKSF2NJ Y
SYGANRYYSYGlFf F220LINAY (X GKS d0ASyaUO YR AY
Of SINJ LI dKgl&a (26l NRa 3IAINBSY SySNHe az2fdzm2y
AUNBYIGKBYBUIAKRBRENG 201 ty 25 yBNE & OV E LIKEIEyKISSt & LIN.
02 df RO2 Y R 20k S5y VSINA & 502 MNINABNUE | y2 G KSNI LINR YA & A
KERNRHEHSBYLINRP2SOGSR (2 0O2yirNRFdzBS 2y0a f Y SN NBHRI O
08 HowpEa 243BR O biioKeSHz( o HWANBLK KA RRE S 91 a0 FyR 91 aidSN
3t 26SR RNSVANPEBITNBEBBEINI v 3By 5t S RAy3 G2 (GKS
KAIKfe SYAky3dt 5¢zGRNER A AR §ANIDISyEe QENBIR | 038 @6 NP {If B §
@8

LySoAaidlrofer G(GKS $2NI RQa RSLISYRSY OMIaR yo bDHa aA
OKI N} OGSNEKSRa vk IY2a SydadaeyFREBYRI & YR 6A
I g AfoftS SYSHUReMmRPAABRNDOE® Si2 NI »DNRs SNLE 2 NB
RNJ\@Sy o8& ()dzNJ\lSyG 3S2LRtAaO0OlIt OKIffSyaSaz A

YA A ¥ oA

. STF2NB NBFOKAY3a Odzali2YSNAIZ yI (dKANOKIBYadINB a6l
GKS 3Fa gAff YSSG GKS NBIddZANBR aLISOAUOFa2Yya®
GKSY OGN} YALRNISR Ayid2 GKS LALIStEAYS G2 SyadZ
SHdA LWBYVYSRIE R NBYSYy (> ySGég2N] 2LISNF G2NE (8 L
2NJ RSg LRAYy(OH LINBaadaNE ALISOAUOlFa2YI YR 20aK?
RS LRAYG O2y(iNRf dzhi@deNIirRS NOWRNIBEE (ORSy LEINE R d2G
O2y il AYBRY 6 A WENEOAOGE S AYLIHzZNAGE GKIFG OFy O dza S
KAIK LINBA&Ad2NE | ¢§R YRYLCHABNIENSH@NDGR { > It 202 3

A > L om ~

FNE Aye2SOi0RY MBWIRIO® N di MRIGESR OF t t &8 DGARYy @2 4 K2 NJ

1



Introduction

GNASOKet SyS gtz 3 [ &BF@IGaEET G SN F2NX¥IFa2y YR O
adzLILINB A ¥ SREKS yNIR &1 2F A VYWFNI a0 NUzOG dzZNB RIF Y 3S

¢KS IoNEpsSyte NBfIFGSR (2 GKS LKF&S Sljdzif Ao NAR dz
YAEGdZNE 8 2%TSVIRKNENSIZA  AO NR dzY A& y2i @K® YAYIAY TA YL
GKS LINPOS&daSa | LIJ ASROKSNI KRR VIS NHz8R f ICHBIE &4 A AR
SEF YLAGENIIGS RSGSNYAYLoa2y 2F ylEddzaNYt 3IF & RSY
0NJ yaL2RILISE AWESHIS OF LI OAaSa YR SyiOKFfLASAZ

B LRNAT o2y | NB NBItizh NBR DR NONEt argad® EHKXSHDB:
I NBf @RHzOA € F2NJ SadasYloay3d KSIFHG f2aaSax | a ¢St f
fA1S NBo2AftSNE FyR O2yRSyaSNaA Ay aSLIMNIeazy L
CtK2Yazy O2SYOASYyid AYyRAOIGSa ¢oKSUKEN) S®WSyHREa

adzOK | a ¢Sttt KSFR SEGNI Oe2ys O t@SD GcKNR gt Ay IS
¢KHZA G KS LINRPOS&aasSa | alaBLxAN @itSaR2 ypah (10K2 WS (FdENG yf 3 34 A
02 LINPLISNI@& Y2RSIMNIOKEBNREGALIY aKSEAS I RBI A FILI
NEBfI S (P2YHIF8HMRAzA YR YARKNOGDARBITODYVABEKRAE SR VA S
2 LISNI SEH SWIRSE R a dzNB | YR} yid NS RAKGMENB SNA G YRA Y 3

GKS GKSNX2ReylIYAO a8KISARBNWETIAdOKI DHA BHSR &
SELINAYSyidlt YSIadaNBYSyiliaod ¢ KINBIjaZAdEAR 36 §/ SSWRS
NE&2dzNDS& FyR SEBSYANBSdZB I dzA (IKSY i WRdz& G NB KA 3¢
Y2RSta 6KAOK LINRPDGARS dzaS¥FdzZ AYyF2NNI o2y | 02dz
O2YLR2dzyRd | YR YAEGdzZNBa®

Ly FLILX ASR GKSNY2ReylIYAOaX ydzYSNRdza Y2RStfAY
OKI t tTSy@SSRAS Y 3 A Yy S S NE KASySAMyMIZNATY 1247 K-y RSNJ 2 | |
gK2 Ay @Sy 99jRizl blRS @HEEOR dzf YB@RAD Ol a2y as | OKASGSH
AYLINRGSYSyGa KIFI@S 0SSy LddzmfAaKSRe ! fyz2aild | K
FYR tSy3 w2o0Ayazy 92{> Y2RAUOla2ya 2F G§KS gl
dza SF¥dzf YR dzy AGSNAELI f £ & aloLIai2 NER SEMNENIRARE YEHY & Q)
GFFYAT@e 2F (KSHN2REYAYXBSWIRBIAERI E SR | Oa JA
Y2RStad ¢KSAS Y2RSE &I v SHDWDS2 & INB2 YljZdzAbive¢ [ 8dz0 O ¢
2



Introduction

Y2RSttAYy3a 2F LREFN bdzARa |0 t2¢ LINBaadaNBa ¢
¢CSYLISNI GdzZNB ' yR LK a$8 S hrd2Af tl AND NAADEYT dENIE &0 dit il a RNy
a2NB NBOSyifer GKS ySSR (2 O2Y0AYyS G4KS I ROl y|
KFra 3IAGSYy O0ANILK (0l tre SRBRY DRIk HROSAERKIAYRKRISE 392 { A
I Oa@Ale O2SYOASYylG Y2RStf o6& Sldaay3d (G4KS NBALIS
Ly LI NFEESEtZ a0fia® Ot CHd &BMRA BYRRDBIEGf HZAR ¢ KS?2
SEGSyarzy 2F I Odzo A O 19 240 AlDR t If 2Z2 tORAIEE@SOAT GRS R d
YF22N) I3NRPdzyR Ayid2 GKS USSH5 8a BIKIKES OR gzBhRENE ot £S
YI RS2 FILaEOSNI IAMMay PKSIKSESNBRFRBay DIy SiSO0o0St &
OKI f r ayAD&a | aLIR2AHNBAYSE S | 4a20AF a2y X YdzZnea LIKI &S
KAIK GSYRSNR GHABEY ISNPOIS NIKSE vy I GdzNF € I & Ay Rdza
£t GKAARIAIYEB SEMNVER y It S (KSRBERBYDYVYONRAS (2
OKIf fdSy 3Sa

MPdH O2 Lidza

LY NBALR¥FADIY WXKIEEIBF ISET GKS LINBaSyi
ySdzy AUSR GKSNY2ReylrYAO Y2RSt RSaa
RADSNEDKIGKADOL ® OKIF NI OGSNRasaOa Syo
CKS 20a2%0a@8a 62N)] 104 yToHSt Dsa SA2NAT SR

f {(dzRé 2F UGUKS Y2RWADAy2Yy @F{ §REIIt SRHEBYID 20yK
GKS T gNF Oa @S GSNXY YR GKS @2fdzyS GN}yaftl a:
FYR GKSNXY2REYFYAO LINRPLISNIE& OFfOdzZ  e2yad C
FNFYSH2N] YRIRAIDBR2Y St YK2f G1T 9y SNHex Sljdz o2
Ffft2gAy3a F2N) O2yarAaidSyid AyO2N1lRNlI a2y 2F O

1 5SSt 2LIYSYyl 2F WESGAYRRXUSR{ t SYJGSN¥a 2F if
@2t dzYS G NI y &falas220A | BYNESWRIKLIA Az R¥ I 2y Keé RNJ
¢tKS Y2RSt Aa SEGSYRSR (2 YAEGdzZNB& OAl GKS
LINBRAOa2ya F2NJ yI GdzNF £ 3102 NOGNBAISINSGNS 50 o dzayA Y
LJ N YSGSNRER®



Introduction

1 9EGSyaArzy 2F (GKS ySs Y2RSt G2 &42YS AyRdz i
Ay [ dzoAO tftdza ! a2 0AlRly VYZRSWOOE SI RAYy3 (2
T ¢KSNX¥Y2ReylIYAO Y2RStAy3a 2F adaeaidSvya Ayp2ft @S
FoaA2Nll 2y Ayd2 GNASIKe@IyS 92f{apd2f 0¢9DO0O dz
T LYO2NLIR2Nroaz2y 2F (UKS ySgfte RSOSE2LISR Y2RSHt
AGa LISNF2NXYIFYOS F2N) 0KS aAaydzZ Fe2y 2F | NBI

MPohdzit AyS 2F (GKS GKS&aaia

CKS (GKSaAa Aa adNHMzOGdzZNBR a F2ftf2gay

LYKl LWBSKNG Y Ay v &dDEEOH BN FLINGE A §3F il SARAUINE (IS Nb S & =
dza $ ¥ R G KSOANNDB yzé | W 3 BdDENE NBE RS NPRH Sénp & & RS S
LIN2EOf SYad aa20AF0GSR 6A0GK g GSNI LINSBASYyOS Ay b
YSSR F2NJ RSKe@RNIo2yd {dzoaSljdsSydtes GKS LINROS:
O2@SNBR® CdzZNIKSNY¥Y2NBZ (GKS AydS@iN2NIR2FS 26/ /1K1
SOKy 2t 238 Ay RAROMUVSRKROlI a2y a A A&

| KI LRSNI@Sa Ayia2 (GKS O2yOSLIi 2F LIKI &S SljdzAf A
A0 NIA sAGK Yy AYUiUNRRdAzOs2Yy (G2 UGUKSNXY2Reyl YAO
YSSRSR F2NJ LKIF&aS SljdAat AoNAdzyY OFf Odz es2yad C
LINE ISSNH YR K2 g KS2 NS RSNAGER RRMADdAR SRKS NY
/ KI LABENI 2NBa 1Se AyaArdakia Aydz GKS GKSNY2Reéey
I ¥20dza 2y LKI &S SljdAfAONARdzY® LG Ff&az2 2dzif A
O2YLRySyia (GKIG I'NB RAYOdzZ G (G2 ARSysaTeé (KNRJZ
/I KILpGIONNE & $ T BY8S OS RBIMBS £ B (IKE DApAF o i deSSR 9RY 0
IKBKSapB@A Y2 o dzd Wbz bRYGE (BT IOMNID 2 R DR OIAEE A BART A y 3
GKS | fLKF FdzyOsa2y 2F (KS I g NIONISK SNSNBBIB vy R
| St YK2f GT 9y SNHe& SldzZ a2y Aa ¢KABNRFSIO S i 2Fy B |
A 02y aidNHZOGSR G2 Fif2¢ F2N LINE LISINDSNIOH NFOIzZE | «
S OKINBHE SN A G(KBEDZFFOBHAISEE H6AGK LI NbOdz | NI ¢

xsm



Introduction

60 2 {°%KYDA EA y @ KMt 8K | LIG SN O2y Ot dzRS& oA GK | RSGIA
l 3a20Ale2y 92

LYKFELBSANYLINEGSYSyGa (2 LlzNB | OiBYdRdaRA SR L1681 ¢
tw 92{X F20dzaAy3 2y Y2RAFeAy3d (GKS I fLKIF FdzyO
UGS NI YS(SMI2aISY KNI aotaf/LIK I A & gzyi OBRWKADK | OKA SIS
SEOSt t Syl O2MNNE @ lo | DRENIWIRKRIAESEND S oL ot OABHS Bl ¢

@2t dzyS 0 Ng wﬁl@l-l-fedﬁl-yﬁééﬁz gAUKOSNE F $RAIS NF2PRF R vy 3
FYRBaAa2EIDSBASNI AdadzsSa ogAlISENBAEOKZBERA QY KFI2INBE Ol
LINSRAOBRIFEAR 2FTF & 2WERY I VR ARIAGA Sy (i @

| KI LIGGSAA f Ra LIBK OWIKEBEY A 4 RSIOSY86) Y2REBAFONI o2 Y

O2YL}RdzyRa ol aSRf L2l (Y OaRrYy |IyR . I fSRQa @2f¢
O2YLRYSYy(d LINYSAIZNE YEINB OIS (KS Y2RSt LISNF 2 Ny
LINE LISBE SASY SNI A AT I diKyS LI NI YSGSNARA | NB LINRLRA

O2 y i NhwKH 2W2R St Aa | DSNBI NRa SEGSYRSR (2 YAEI
FYROABARE G§SR T 21iNA li)YoxAERI dZ81P dzAZK ALE2NNE dzY  § MIR O ALINER LIS |
SYLKIara GBS IOHBHRS AANAdzY 2F yIddzNI £ A& | yR
LI Nb Odzl K SIX BINBERFORS g LIR2Ayida |yR fAljdzZAR RNER LI dz
I y2@0St &aileoaalOlFlf Y2RSt A& |faz2z RSOSt2LISRX
ONA O2yYRSY Ol N3

/| KI WRAMIOdzaa (GKS SEMSYax2RSEFTIAKBAAEA@AlI oy T b d:
lamWtO2f @NNBfl a2y YR LINBRAOo2Yy NBadzZ Ga | NB
LINE LISNb S&a> AyOftdzZRAY3I GF LI2N LINBaadz2NBEsE RSyaaiaide.
CtK2Yazy O02SYOASyliod ¢KS ySSR T2NJ @2t dzyS GN)ya
{wityt! Y2RStf A& G(Sad0SR 20WKV2RSf al Y HEBWIHI &#8ER C
LINE LISNT & TIANEROAQD2Yd &8 RSyaioSasx KStdia AGH3LIIGA o S
SEGiSyarodS SELISNAYSyGlt RFEGFEOI&aS



Introduction

Ly [/ Kp'LAivBNR & SEGS8yR&AISYa Aygd2t OSR Ay yI (dzNI
GNASGOKet SyS 3Jteoz2t o0¢9DODP CANRGEZ GKS Y2RSt )
LINS & & dNJRIZASJR RSy a A o Sa DYNY GKKER Al donGLS oMb EIFdBSA\YRI A Y =
I YR [EAMjljdd’ARR 9 ljdzA f AGNA dzY A& F RRNB&aaSR gAGK GK
a2aliG2aaAEFoy®dIDE 41 GSNE 3IFasSa | yR KemRiINR OF Nb 2\
RSt AGSNE I OOdzN» 0S NBadzZ Gad CdzNIKSNNY2NBZ || RA
FLILX ASR fSIFIRAY3I (2 AYLNRPOSR NBadzZ Ga Ay aeais
0. SyT Sy S¢2 9l Keft o Siyd SytSe IE\iRaMrER Sy §a dzoft AT S
LINSRAOo2y 2F (KS LIKI&S SldzAf A6NRdzY 2F NBt SOOI
[ KI LiiBNIZSa o AR Y H2 NIUKBlaam2ty9 24y G2 + O2YYSNDAL ¢
AAYdZACIA INENIB T 6§ KSA Ba vy O NWAIRINKYNERSIRT KA HiilikeSD /a1t 9y R NR «
bSEKSE Yi2RSt A& BELIS RARISERG | NI/ B Y SIKH R adiy A &
O2 YLIJ NBR Ag/RUBIIMBREE BR2f ot O $d@SNI I RRNBaa GKS
OF LI 0 A BSA a9 ardzt i s BBS KERNI 02y dzy Al Aa §gSYLWSR:
0K2NRPJdZAKI REKZHIRS] SRBRGB{ &8 RSIHST 23.ISRINRWRB (I INBSY
0KS NGIREMRKAIKE ATIKoay I A GELILIOODING OBA f & R LINF Os



Natural Gas

H bl GdzN}t DI a

¢tKA&a OKFLIISNI KAIKEAIKGa (1Se aLsSoda 2F bl GdzN
LINE LISNb S&azx dz Y YR Fdzi dzNJ
F2NJ bD | NB R a ® SKBKOKAEAGY
YSSR T2N REKEABNWSYYdes (KS LINRPOSaa 2F bD RSK
dzy MiBa G KSy Iylteil SR [lFLadGter GKS AydSaNlazy

6/ /' {0 AYy GKS bD AYRENBSE LX I KSERKX ZRBR 104 SI y&I
HOM OSNIIA S o

Ly AdGa LJz2NBE F2NXI yIGdz2NFf 3IFa Aa 02t 2NI Saasz

FdzSt GKIG LINPRdAzOS& | fFNBS FY2dzyd 2F SySNHe@ ¢
021t YR ONHzZRS 2Aft 3 yI GdzNI £ Ak IAf (AE & KRR )8 RIS NE
F2aaArf FdzSta SYAUl &AIYAUOlLyd ljdzryeoaSa 2F KI N
KSIfGKd Ly O2y iGN &adz o0dzNYyAY3A VI &dzWISHEA I NRFHZANS &

~~ A

2EARS IyR OFNb2Yy RALDEARBNBIYS aA 2038 (KA K- KASR
YR ANBSYK2dzia S@XKISa 3 @@dzY dzfalKak2Dy G2 ¢ NR Yy I { dzNJ €
SYyKlFyoSa SySNHeé& SYOASyOeé FyR 20GSNAR | LI GK G2
0KS RS@GSt2LIYSYyld 2F OFNDP2Yy 0o@BLIGdzNBE YR &aid2N) 3!

bl GdzN¥tf 3IFa&a A& O2YyaARSNBR | alFS SyYSNHE& &2 dz2ND
SYLX 28SR F2NJ NBaARSyoalfX O2YYSNDAFIEZ YR AY
ASYSNra2y®d Ly (KS LISGNROKSYA OFSS RYyRALA|INES dzQ K
0KS LINPRdzOe2y 2F SiKetSySeo LG Aa Fftaz SaaSy
AYRdAzZAGNE YR Aad dzaSR (2 LINZKwoB KERNRISY:S A& dz
la 2F GKS SyR 2F wnmnz 3Jf20Ff LINRPGOSR NBaSNBS
OdzoAO YSGSNER 60G0YLSET | nodo> AYONBIAS FNRY (K
LINE RdzOa 2y 3INBg o0& mMob:> 2dziLI OAy3 aXSBK n oz
LIN2 RdzOa 2y YR O2yadzYlLle2y 3ANRGIK HSNB o06St2¢ |
AK26SR 3IANBgOGK Ay 020K FINBlFHazx FyR (KS a

I NP @ ud 6



Natural Gas

.FaSR 2y Y2NBREI{NDHOSY INBRAISIRASSE Kl OSC A AvaNE 0 f & NJ
hyf &5:2ng®dmwalfdaNIitt I a LINPOISR NBaSNIERY IKNYSH D S ¢
0S dzaSR®

4500
4000
3500 W Realized ™ Forecasted
e 3000
g URR: 316 Bcm
= 2500
i)
S 2000
o
2
a. 1500
1000
Produced RRR
500 127.98cm 1881 Bem
0
O TS O N OO OO MNUOUOTOO N OO OO N UOUOTOO N DO <00 ™
N N O N MO O~ N M O N O M ONDO0 - M IS
NV 0 OO NN MMM O OO OO0 00 ™ ef NN NN NN
ot ot e e e e e NN NN NN NN NN NN N N N NN SN NN

Figure2-1. Realized and forecasted global natural gas produdt@h
Tf OKDDIMNBASNDSE adsRRKES NAMNR 6 NBRBSINIDISESKTINE R«
fAYSIENI & RNRPUWHIAVRAAAVABYRAAG (KISA yWBIAASYNSHE a4 yo Al
UYAAaKSR 0ST2NKAOwesESS ¢ 8 NAKEMPERAN RAZ02ISNASa 2
YR SO2W YWANRYyISyo2ylfl O ENNBE R AZNDISERNVOIEKR 2



Natural Gas

2001

. v _/\\/—j — Realizec
cZ 50 /“"’d 2020 ..... Forecasted
w40
E 30 -
- y=-0.6139x+1288.9 -
- R2=0.8635
(L)

4]

0

1580 2000 2020 2040 2060 2080 2100

Figure2-2. Realized and forecasted R/P ratio of global natural gas resgt2gs
HPWD ALISOAUOI a2y a
bl dGdzNF £ 3IF & &ALISOAUOlFa2ya FINB SadlofAakKSR (KN
FYR LIALIStAYS O02YLIyASa 2N 6KS SyR LJzNOKIF a SN
3S23aANF LIKAO FILOG2NERS &4dz0K & | folidzRSNEAARKARA DB

z A

b2NIKSNY yR {2dzi KSNY 9dz2NRLIS® ¢ehmedr f t 8> (K

T aAyAYdzYs YFEAYdzYZ FyR y2YAYylf RStAOBSNE LINJ
T 2F0SNJ RSg LRAY(O 2N gl GSNI O2y Sy

T al EAYdzy O2yRSyaloftS KERNROFINDB2Yy O2yiGSyid 21
f aAyAYdzy KStoay3d @I f dzS

T /2yil YAyl yGa

T al EAYdzyY RSt AGSNE GSYLISNI (dzNB

tKSaS A4LISOAUOlFIsa2ya RSIUSNNXAYS GKS ySOSaal NB LJ
YSSO LIALIStEAYS adlyRIFNRaAI Ol NA2dza LINRPOS&aasSa v
NI YaALR2NIOIFIa2yd® hiadaKz2NBBE &FOEYMRSR G IINEOSRAEAANS &
NEY2@ltx NBO2OSNE 2F yIddNIft 31 & fAljdzARa o
KBRNI a2y (2 SyadaNBF al¥FS GNIyaALRNIlIa2y®

[’l



Natural Gas

. ST2NB FdzNIKSNJ RAaO dzaa)\ya GKSaS LINPOSaasSasz Al
gAGOK AL A LINRPOSaaAiy3 Fa AG0 DRAOSWISAST ¢ il &N K
iKSaras 6KAOK F20dzaSa 2y StSvySyida 27F myl i dzNd ¢
NBflGSR LINRPOS&aasSax aLISOAUO FgSye2y Ad LI AR G:
t KFaS Sy@St2LISY ¢KAaLJlaa $ KB DRz ReF NENER FO HiLKSNJI(
Ay SlidZAf ANARdzYd® hdziaARS (KAa Sy@St208s3s GKS b
2NJ RSyaS DbdzAR®

| @RNR2OFNb2y 61 /0 RS6 LRAYGY ¢KS GSYLISNI GdzNB =

2F fAlJdZAR O2yRSyasSa FNRBY | 3IFa gAGK | aLISOA U
2} GSNJ RSy LRAY(GY ¢KS GSYLISNY GAzZNBZ G F aLISOA
O2yRSyasSa FTNRY I ¢SG 3lra gAdK || IABSYy O02YLIRA;

| jdzS2dza RSg¢ LRAYGY ¢KS KAIKSad GSYLISNF GdzNBZ
gFGSNI YR (N} OS OKSYAOIf & O6SOPIOFTYRSGYEEN2E 2N
Irao

CNRal LRAYGY ¢KS KAIKSad GSYLISNI GdzZNBz Fd
F2NY FNRBY ylFGdz2NF £ I+ ao

QX

~

| @RNF S LRAYyOG GSYLISNFGdZNBY ¢KS KAIKSad GSYLISI
3Fa KERNIGS Oly alLRyidlyS2dzate F2NY Ay | 3l a
¢tKSaS O02yOSLiia NP (SembBel DARSNNBEOFGRAPHA A K-

GNBIFdYSyld FYR LINRPOSadaaAy3Iod

HPd KFEffSyaSa SyO2dzyiBEBR XZNbBSKBIRNKAOR g2y a
DFd RSK@RNIo2y A& AYLRZNIFYyd NBIFINRAYI GKS TF2f
T 21 GSN) ySSRa (G2 06S NBY2OSR (2 NBRdzOS LI LIS
Ol dzZaSR o0& K& ENTmBKINNMISaraAy& NP iazKB dzliJk KIS dA RS

Y VY. WN

0S lFfglreada KAIKSNI GKIFYy (K8 aINBERWNE 6208 AFNBS S0 S
gl GSNJ LIKIF&asSo

10



Natural Gas

T DF& | yR fAljdzA R LINBARIddG&ELO 2OERG f IMRKSING 2(/2 6 |
{FtSa 3Ira GkKFG tSI@Sa | LXIFyd A& dzZ&dz 6z BRE&NE
[ AlidZAR FyR 3F& &GNBlIYa YlIé& 6S 4 GSNINRNGdzNI
dzy RSNHNRdzy R &40 2N} 3Sd az2aid LINE RdzO K& LIS GA2U GF-NaB2S
g1 G4SN 0@ KANB aNByjidzAi KIBY &y & A Mdia¥a 6 | GrgwNsmYATyk Bav £ S&a 3
0 yP6

T LYy GSNXY& 2F bD[ 0bl (2daNi fLIDUGRAESR 815 ¢zA B0 LINB O5
G2 NB®O®2 O3 NUHZERNRINE RyZD8G 3 a0 LT FOAR 3L &aSa | NF
GKS GNBFGSR 3IFa Aa oFGSN) al GdzZNy SR ¢2 LINBGS
NEO2@JSNE &aS0Oe2yad (KS 41 G4SN O2ymMdBY (i NI a2y &K 2 d

Figure2-3. Solidgas hydrate plug formed in an offshore gas pipelig
bD RSK&RN}Iosa2y OFly 06S I OKASOSR DAl | Raz2Nllbz2y |
a2t AR o0lFlaSR | 0a2NbSyia oKSNB (KS Yzalu 02vYyz
Y2fSOdzt  NJ AaASOSad Ly F0a2Nll2y > ELIINBRS NOSWail fAtac
F0a2Nba (KS KBS VMMIGIO0YNIER yf & dzaSR ame®©2ft a | NB
f az2y2SiKef Sy Sc5arSe X Adlad DA I K G L2 NJ LINE & & dz!
O2y Gl Oli2NE 4 FYOASY(d GSYLISNIGdzNBX a airdayaulcd
dza SR a4 I Ke@RNIGS AYyKAOAG2NIE ¢ KSNBs 2y O yo $HS2

11



Natural Gas

FYOASYG GSYLISNI GdzZNBad® a9D Aa FLIWIXASR my 3Ifeo
Hipec/ (2 YAYAYAT S t23a8Saod

f 5ASGKetSyS cHUilaOXKA IS5 PDAI2 NI LINE A& dzNBE NBadz
O2y il OG2NE® ! RRAa2y Il fféx 59DUa f ABIRFEORANBIZ2 A
GSYLISNY GdzZNB 2F FNRdzyR mptc/ G2 wmMtmMc/ I 6KAOK
F LILIX AOlF a2y ao

T ¢NASGKEef Syg§caDe QR bHeNBo I agSte 25 O LI2N
0S8t26 npcNBIEYSNI FIRBPEAYI GSt& wnnc/ G2 | OKA
3feo02t LINRpOS&aasSa tA1S 5wL%h OFy | OKAS@S RSg |
T ¢SONY SiikKetSyé&2 @xted2yv2MB8 wdbWSyardgsS G(KIy ¢9
FSHSN) It ed2f f2aasSa G KA3IK 3JFLa O2yidl O04G 4GSy
NI} y3aAy3a FNBY uwnnc/ (42 HHmc/ ®

Ly GKA&a 62NJ] X GKS Yz2al sARSDER S KBRNIBKR2WREA K E
a0dzZRASR® OKBLWSHNI GK828NBaOFffe RA&AOdzaaSE (KAZ
2F Ado

HPR I GSNI NBY2@Ft Ay ¢9D RSK&@RN}Ioaz2y dzyAla

. ST2NBE RSAONAOAY3I (GKS LINRPOSaa 2F b INERSME RN o ;
GKS LIKe&aAolf LINELSHuS®SED 2Fa GIKdzRG St@2dRrRbEl 6 S T2
Al RSINIYRSa Fd KAIK GSYLISNY GdzNBZ YIF{1Ay3a AlG L
NBEISYSNIG2NE NBadz ay3d Ay €SIFYySN 3tedz2tf O2y0S
KeaINRaO2ER DAzARE A (1 &  Afy2@f ILI2 DI HANGRFRS NSl v R

12



Natural Gas

Table2-1. Physical properties of TEF]
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Figure2-4. Schematic flowsheet of NG dehydration using [LB{G
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Figure2-5. Schematic representation of Steam Methane Reforming (SMR) for hydrogen production
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Phase Equilibrium and other Thermodynamic Properties
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Pﬂhase Equilibriur~n and other Thermodynamic Properties
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Phase Equilibrium and other Thermodynamic Properties
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Phase Equilibrium and other Thermodynamic Properties
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Flowchart3-1- Schematic representation of the algorithms that perform phase equilibrium
calculations
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Table5-1. Values fo ,b,] ,7 for cubic EoS applied in this work
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Figure5-1. Deviations between experimental and calculated saturated liquid densities for various
compounds at a reduced temperature ¢f(.7, circles: SRK, triangles: [BR]
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Figure5-2. Predicted ® diagram for nEwith the temperature dependent PR EoS proposed by
Magoulas and Tassios
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Figure5-3. Phase equilibrium{a) VLLE dhe systenmwater-hexanol at atmospheric pressure; data
from [73, 74] (b) VLE of the system acetehexane at308.1 K75]
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Equations of State
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Equations of State
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Equations of State
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Figure5-4- Structure of water and associating sites
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Equations of State

Table VII. Monomer Fractions X4 for Different Bonding Types

type A approximations XA approximations XA
1 aM=0 -1+ (1 + 4pA)'/2
— i
2A  AM = AAB = ABB ¢ X* = XPB -1+ (1 + 8pA)l/?
—r
2B AM =aBB=9 XA = XB -1+ (1 + 4pA)l/2
AMB = 0 20A
3A  AM = AAB = ABB = AAC = ABC = ACC 5 XA = XB = XC© -1+ (1 + 12pa)/2
—r
3B AM = AAB = ABB = A0C= XA = XB =(1 = pA) + (1 + pA)? + 4pA)1/2
AMC = ABC 2 @ XC=2XA-1 40
4A  AMA = AAB = ABB = AAC = ABC = ACC = AAD = ABD = ACD = ADD . XA = XB=XC=XD -1+(1+IBpA)U2
0 T
4B AAM = AAB = ABB = AAC = ABC = ACC = ADD = g XA = XB=XC =(1-2pA) + ((1 + 2pA)% + 4pA)!/?
AAD = ABD = ACD XD =3XxXA-2 6pd
4C AP = AAB = ABB = £CC = AR = ADD = g XA=XB=XC=XD -1+ (1+8pA)/?
AAC=QAD=ABC=ABD,!O T

Figure5-5- Associating sites terminology by Huang & Radb33]
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Study of the attractive term and volume translation
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Study of the attractive term and volume translation
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Study of the attractive term and volume translation
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Figure6-1. Modelling of vapor pressure of some alkanes
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Study of the attractive term and volume translation
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Table6-1. Modelling results in vapor pressure of hydrocarbons with various PR based models
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Figure6-2. Results in residual isobaric heat capacity with PR EoS using various alpha functions for
saturated liquid methane
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Study of the attractive term and volume translation
Figure6-3. Results in residual heat capacities with PR EoS using various alpha fua}iQis, (b)
NGy, (¢) nG, (d) Benzene
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Table6-2. Modelling results in saturated liquid heat capacities of hydrocarbons with various PR
based models
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Study of the attractive term and volume translation
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Figure6-4. Results in residual isochoric heat capacities with PR EoS using various alpha functions: (a)
Benzene, (b) ng
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Table6-3. Prediction results in saturated liquid molar volume of hydrocarbons in terms of the
Average Absolute Relative Deviation (AARD %) with various vt models based on the PR EoS

| @RNROFN b/ F twt tSySf 'o2dzR { K, .t RS {lya2RAUS
TlILYAT @

[AYSIENIF HT MMO® Mndn Mn®d®o ndc ndc MO DT naon
. N yOKSR oc ndc nodn HPY o0® pody cCon nop
Ftl1lySa

/] e@0t2rt1 o noépg ndo HOP 0@ nodrT noy oddp
I NEYla0a mp T ®c T®On pa®n c® T®n T ®p p ®y

FbdzYo6 SNJ 2F O2YLRdzy Ra

LZAIapB G KS LINBRAOoa2y NE2Iz N3 @R IBASESIENGI GISER] H yA
RSY2yaiNIGSRd hogSRANVEe RSt ESKNVPIRAUSRNEKAlI 0TI O
20KSN) Y2RSfaod ¢KS Y2ad AyidaSyaS RAGSNByOSa |
FLILNREAYF 0 M 26 KBS Y/ HiKS Y2ZRAUSR { KA 0O2yaydsS:
RSOAlL o2y dzyt A1S (GKS 20KSNJ Y2RSt&ad tSySt2dzE S
' LILINRF OKSa +Fa ¢Sftf a !'odzR2dzNRa S o GSYLISH
KSI OANgNFalet Ly O2y iGN adz GKS Y2RSf LINRLI2ASR .|
Ay RSyaAroSa 2F KRRMWBOI NbD2Yya 6AGK /b

77



Study of the attractive term and volume translation

45
Aboudour et al.

- = =Shi 2018 — - = Peneloux
Baled

40 A de Sant'’Ana - — = Modified Shi

35 A

30 -

25 A

20 -

AARDvsat (%)

15 -

10 -

0 5 10 15 20 25 30

Figure6-5. Prediction results for saturated liquid densities of hydrocarbons with volume translated
PR based models
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Table6-4. Prediction results for single phase molar volumes using Blaed, Peneloux and Modified Shi
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Figure6-7. Prediction of single phase molar volumes ftwutane (a) and fdodecane (byvith three
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Figure6-9. Fluctuation of required volume translation with temperature at high pressure
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Study of the attractive term and volume translation

Table6-5. Prediction results faderivative propertieqn the saturated liquid phase

Compound Property MGPRBaled MGPRShi(modify MGPRPeneloux PR78Peneloux PR78
G 5.9 5.9 5.9 7.4 7.4
nG 4.4 4.4 4.4 6.7 6.7
2-M-G 3.8 3.8 3.8 7.3 7.3
Benzene 7.8 7.8 7.8 10.6 10.6
CY-Cs 4.8 4.8 4.8 6.6 6.6
nG AARD (%) 3.9 3.9 3.9 5.6 5.6
nG 6.5 6.5 6.9 9.1 9.1
NGo 25 2.5 2.5 4.7 4.7
nGe 4.9 4.9 4.9 7.5 7.5
Average 5.0 4.9 5.0 7.3 7.3
G 9.5 16.2 10.9 7.8 7.8
nG 2.6 12.2 10.0 5.8 5.8
2-M-G 1.9 11.8 10.6 5.6 5.6
Benzene 24 10.3 8.0 3.8 3.8
CY-Cs 2.2 8.4 6.5 3.5 3.5
nG AARD %) 2.3 10.8 9.5 5.2 5.2
nG 14 7.5 6.9 3.1 3.1
nGo 2.3 7.5 7.1 4.4 4.4
NGz 2.1 6.3 6.2 3.3 3.3
Average 3.0 10.1 8.4 4.7 4.7
G 12.8 15.8 12.9 12.8 15.0
nG 12.9 15.9 13.8 135 154
2-M-G 16.3 18.0 16.8 16.1 16.6
Benzene 12.8 17.6 14.4 14.1 17.1
CY-Cs 17.8 20.9 18.2 17.9 20.7
né AARD u (%) 13.6 16.3 147 14.6 15.0
nG 135 16.6 15.1 15.3 13.8
nGo 15.7 18.4 17.9 18.1 13.9
NGz 17.5 19.2 19.9 20.1 13.2
Average 14.8 17.6 16.0 15.8 15.6
G 18.7 16.2 18.8 20.1 19.8
nG 26.0 23.6 26.0 27.7 27.1
2-M-G 29.8 28.3 30.3 31.7 31.2
Benzene 28.8 23.9 26.4 27.7 27.8
CY-Cs 34.4 28.8 31.1 30.9 31.2
nG 100 AAD 29.9 27.2 29.1 30.9 30.7
nG 40.7 38.7 39.8 40.8 41.2
NGo 30.9 29.3 30.0 30.7 31.6
nG> 62.3 60.8 60.9 61.3 62.9
Average 33.5 30.8 32.5 33.5 33.7
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Study of the attractive term and volume translation

Table6-6. Prediction results faferivative propertiesn the single phase region

Compound Property MGPRBaled MGPRSH™ MGPRPeneloux PR78Peneloux PR78 NP Range T (K
G 15 15.2 1.5 1.7 1.7 350 200600
nG 1.3 6.7 1.3 3.3 3.3 276 200500
2-M-G 15 6.4 1.5 4.6 46 320 200500
Benzene 0.9 3.6 1.0 3.1 3.1 264 300600
CY-Cs AARD £ 1.8 1.9 1.8 3.4 3.4 279 300-600
nG (%) 1.0 5.6 1.0 2.8 2.8 360 200600
nG 0.9 1.9 0.9 2.8 2.8 320 300-600
NGo 1.1 1.3 1.1 3.0 3.0 313 300-600
NGz 1.4 1.4 1.4 3.5 35 283 300-600
Average 1.3 5.1 1.3 3.1 3.1

G 2.0 20.7 2.6 2.9 29 350 200600
nG 1.9 9.9 6.7 4.5 45 276 200500
2-M-G 2.8 14.1 8.0 4.3 43 320 200500
Benzene 1.8 16.2 7.9 5.3 5.3 264 300-600
CY-Cs AARD € 2.4 11.3 5.0 3.2 3.2 279 300-600
nG (%) 2.2 11.4 6.9 4.3 43 360 200600
nG 2.3 7.6 5.3 3.1 3.1 320 300-600
nGo 1.9 7.0 6.5 4.3 43 313 300-600
NGz 2.0 6.0 5.8 3.4 3.4 283 300-600
Average 2.1 11.7 6.0 3.9 3.9

G 4.6 8.8 4.9 5.0 8.6 350 200600
nG 8.4 11.4 9.1 9.1 10.5 276 200500
2-M-G 115 12.3 11.2 10.9 10.9 320 200500
Benzene 6.5 11.9 9.2 8.9 12.2 264 300-600
CY-Cs AARD u 7.7 12.7 9.5 9.4 129 279 300-600
nG (%) 8.7 10.9 9.6 9.3 95 360 200600
nG 9.0 10.6 9.4 9.4 9.0 320 300-600
NGo 9.6 10.4 9.8 9.8 10.1 313 300-600
nG: 9.2 9.0 9.0 9.0 11.4 283 300-600
Average 8.4 10.8 9.0 8.9 10.5

G 7.9 39.1 7.8 7.4 8.6 350 200600
nG 6.4 11.7 7.2 8.4 75 276 200500
2-M-G 4.4 7.5 7.4 9.5 8.4 320 200500
Benzene 8.0 13.4 8.2 9.2 8.0 264 300-600
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Figure6-10. Prediction of isobaric heat capacity in the saturated liquid phase with volume
translated models; (a) ethane and (b) decane
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Figure6-12. Prediction of isochoric heat capacity in the saturated liquid phase with volume
translated models; (a) ethane, (b) butane, (c) benzene, (d) decane
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Figure6-15. Prediction of speed of sound | the single phase region; (a)butane, (b) benzene; data
from NIST
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Figure6-16. Prediction of Joldhomson Coefficient with volume translated PR based models in the
saturated liquid phase, data from NIST
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Figure6-17. Prediction of Jowl@homson Coefficient with volume translated PR based models in the
single phase region for: (a) cyclohexane, (b) dodecane, data from NIST
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Table7-1- Coefficients of the generalizationsaq7-7

Coefficients of the generalized model

Extended MathiasCopeman Volume translation

+ 0.38123 2.44358 < -1.83145
+ 142712  # -1.75640 < 0.25778
+ 0.07404 = 0.86567 < 0.00076
+  -143535 + -5.09104 < -2.15743
+ 0.00357 4.63401 < -0.15533
+  -000223 -0.76170 < -0.00034
+ -0.23483 5.18879
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Table7-2. Group contribution paramete(&3; ) used for the generalized model

k 1 2 3 4 5 6 7 8
i o{e} N2 CH GHs ChH BRANCHED_€&t BRANCHED_¢t CH2
1 G -0.03495  -0.00342 -0.01107 -0.02442 -0.00517 -0.01498 0.00869 -0.00310
2 C2 0.12624 -0.12588 -0.09840 0.08364 0.01362 -0.02444 -0.04299 0.03734
3 C3 -0.00643 0.01627 0.02019 0.00861 0.02962 0.00105 -0.00174 -0.02924
4 (o] 0.91879 -0.59886 -0.79597 -0.46278 -0.10538 0.13177 0.06675 0.06033
5 Cs 0.29688 0.56927 0.72281  0.26312 -0.01402 -0.00916 -0.26336 -0.20634
6 A -2.04020 -5.14834 -2.25784 -3.01926 -1.79579 -0.50306 -10.79365 0.94375
7 B 3.74598 6.95261 1.82797 2.29405 -0.45429 -1.01174 17.43545 -0.05150
k 9 10 11 12 13 14 15 16 17
i CH C ACH AC ACCH ACCH ACCH cCH cCH
1 C 0.02125 0.05867 0.00429  0.00995 -0.00017 -0.00119 0.04446 -0.00251 0.00786
2 C2 0.01083 -0.14709 -0.01241 -0.07392 -0.00160 -0.09531 -0.00849 0.00835 -0.00926
3 C3 -0.02888 0.05296 0.00248 -0.01140 -0.03572 0.41012 0.06442 -0.01367 -0.05070
4 (o7} 0.05390 0.25052 0.05419 0.08908 0.15990 -0.60154 0.06874 -0.03376  0.06983
5 Cs -0.23170 -0.05060 -0.10544 0.07011 -0.24409 0.14943 -0.62460 0.07211 0.19535
6 A 0.32643 -1.62446  -0.37705  2.53505 0.07946 -1.86355 1.15852 -0.98345  1.80024
7 B 0.12846 -0.85451 -0.26498  5.74985 2.19000 7.53331 4.16103 0.21772 7.15188
¢l ofmSLINBaSyida GKS NBadzZ G6a 20GFAYySR o6& GKS y
ISYSNI AT I at2§V0S f- g K& Sv Tyl (G dzN# &S RS EfLISIIOAZASHR = LIKI IKESS
Y2RStf LINRPGPARSa GKS o0Said NBadzZ Ga Ay Fff LINRLISI
Table7-3. Results with the new model (specific and generalized) andP&i&oux in the
saturated liquid phase
AARD (%)
Compound PR78Peneloux Specific model generalized model
v Paa G G u i v Pa G G u i vV Pa G G u v
CH 32 07 83 48 90 172 32 12 83 41 88 172 32 12 83 41 88 17.2
GHs 35 35 74 78 128 201 32 19 7.0 114 135 198 32 19 7.0 114 135 19.8
N2 34 08 131 46 101 168 31 0.7 117 7.7 99 163 31 0.7 117 7.7 99 16.3
e 6.3 09 131 6.7 158 198 49 14 109 99 180 225 49 14 109 99 18.0 225
nG 37 131 65 87 149 223 29 15 57 75 152 196 40 18 7.2 94 155 20.2
nG 33 45 6.8 58 135 278 31 03 44 58 131 258 32 23 50 7.0 136 26.7
nG 36 80 66 53 146 311 36 10 43 47 140 292 35 10 40 6.6 150 30.2
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AARD (%)

Compound PR78Peneloux Specific model generalized model

v Paa G G u v vV Pa G G u v v Pa G G u v
nG 38 99 55 52 146 310 40 28 39 39 134 291 39 43 38 64 150 30.7
nG 37 70 101 3.8 151 351 36 15 69 59 148 334 37 12 75 50 153 349
nG 38 53 88 31 153 403 41 02 6.1 40 142 394 42 06 68 4.0 151 40.7
nGo 38 42 47 4.4 181 306 40 08 25 46 160 299 40 14 29 50 16.6 313
NGz 44 53 74 34 201 612 41 10 49 46 174 615 42 11 52 38 17.3 618
nGs 43 6.4 - - - - 39 01 - - - - 45 12 - - - -
nGa 43 8.1 - - - - 43 02 - - - - 6.1 11 - - - -
nGs 48 6.1 - - - - 43 10 - - - - 58 1.1 - - - -
nGe 53 94 - - - - 44 08 - - - - 59 16 - - - -
nGr 71 5.0 - - - - 44 00 - - - - 46 13 - - - -
nGs 80 43 - - - - 45 02 - - - - 46 16 - - - -
nGo 9.1 5.9 - - - - 44 02 - - - - 48 0.7 - - - -
nCo 11.3 4.0 - - - - 45 07 - - - - 59 22 - - - -
nGa 7.0 0.7 - - - - - - - - - - 78 09 - - - -
nCs 96 2.7 - - - - - - - - - - 6.2 32 - - - -
NG 77 35 - - - - - - - - - - 89 35 - - - -
nG:2 - 5.1 - - - - - - - - - - - 43 - - - -
nGCss - 47 - - - - - - - - - - - 47 - - - -
iG 33 229 6.1 7.6 137 232 34 59 45 38 127 197 39 80 6.1 98 13.0 21.0
iG 33 132 109 44 149 348 33 05 70 30 148 319 32 32 76 69 151 316
2-M-G 35 149 74 56 161 320 32 14 40 96 170 302 32 36 46 82 16.3 289
22-DM-C 34 47 - - - - 34 08 - - - - 36 04 - - - -
23DM-G 32 124 - - - - 31 05 - - - - 33 11 - - - -
3-M-Gs 39 130 - - - - 40 02 - - - - 47 11 - - - -
2-M-Gs 35 190 - - - - 35 01 - - - - 36 45 - - - -
24-DM-Gs 35 145 - - - - 36 02 - - - - 39 17 - - - -
23DM-G 38 105 - - - - 39 05 - - - - 44 23 - - - -
33-DM-G 33 103 - - - - 29 02 - - - - 28 73 - - - -
2-M-C 3.7 118 - - - - 35 01 - - - - 36 15 - - - -
3-M-CG 39 197 - - - - 38 02 - - - - 42 14 - - - -
24-DM-Gs 44 1.3 - - - - 37 02 - - - - 45 04 - - - -
2-M-3-EGs 39 173 - - - - 39 02 - - - - 39 36 - - - -
3-EG 48 1.4 - - - - 45 03 - - - - 45 1.0 - - - -
33-DM-Gs 42 219 - - - - 42 03 - - - - 50 22 - - - -
22-DM-Gs 33 216 - - - - 33 02 - - - - 33 33 - - - -
2-M-G 35 110 - - - - 35 08 - - - - 35 22 - - - -
3-M-G 3.7 151 - - - - 37 22 - - - - 3.8 38 - - - -
22-DM-G 39 303 - - - - 34 04 - - - - 35 72 - - - -
26-DM-C 3.7 223 - - - - 37 07 - - - - 3.7 39 - - - -
3-M-3-EGs 36 5.9 - - - - 32 03 - - - - 33 17 - - - -
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AARD (%)

Compound PR78Peneloux Specific model generalized model

\ Psat G G u * \' Psat G G u i \'% Psat G G u o
233TM-G 36 8.0 - - - - 34 03 - - - - 35 48 - - - -
34-DM-Gs 43 1.3 - - - - 39 02 - - - - 47 08 - - - -
234TM-G; 36 87 - - - - 34 02 - - - - 37 52 - - - -
25DM-Gs 34 95 - - - - 34 27 - - - - 35 17 - - - -
3EC 37 75 - - - - 35 05 - - - - 37 46 - - - -
cy-Gs 36 10 6.6 35 179 308 39 07 48 54 172 311 39 05 51 52 173 313
Cy-&s 52 1.7 - - - - 41 02 - - - - 57 25 - - - -
cy-G 39 55 - - - - 32 02 - - - - 42 12 - - - -
M-cy-Gs 34 269 - - - - 31 02 - - - - 44 18 - - - -
cy-G 34 25 - - - - 33 05 - - - - 35 10 - - - -
M-cy-Gs 34 412 - - - - 31 07 - - - - 41 23 - - - -
i-p-cy-Gs 3.7 118 - - - - 35 78 - - - - 3.7 37 - - - -
cy-G 34 20 - - - - 36 11 - - - - 40 21 - - - -
e-cy-Gs 9.7 476 - - - - 35 1.7 - - - - 48 29 - - - -
p-cy-Gs 89 639 - - - - 39 01 - - - - 38 50 - - - -
cis12-DM-cy-Gs 140 16.2 - - - - 38 01 - - - - 6.3 26 - - - -
cis14-DM-cy-Gs 11.0 305 - - - - 36 01 - - - - 36 28 - - - -
cis13-DM-cy-Gs 77 201 - - - - 36 01 - - - - 36 1.7 - - - -
trans-13-DM-cy-G  11.1 33.6 - - - - 35 01 - - - - 36 36 - - - -
trans12-DM-cy-G  10.2 204 - - - - 39 03 - - - - 35 36 - - - -
11-DM-—cy-Gs 99 83 - - - - 38 01 - - - - 34 19 - - - -
trans14-DM-cy-G 7.5 8.5 - - - - 37 01 - - - - 42 18 - - - -
Benzene 50 17 106 38 141 277 45 12 81 45 128 268 48 21 87 34 120 26.8
Toluene 56 95 82 36 136 281 36 05 31 38 133 233 34 22 33 73 138 230
m-xylene 58 1.8 - - - - 36 01 - - - - 37 10 - - - -
E-benzene 52 115 - - - - 34 01 - - - - 38 13 - - - -
o-xylene 45 23 - - - - 35 03 - - - - 41 10 - - - -
Diphenyl 39 133 - - - - 34 48 - - - - 65 6.7 - - - -
Phenathrene 20.8 9.8 - - - - 9.0 48 - - - - 11.8 55 - - - -
pyrene 249 56 - - - - 69 13 - - - - 121 1.3 - - - -
i-p-Benzene 39 266 - - - - 3.2 50 - - - - 3.3 59 - - - -
135TMBenzene 43 33 - - - - 36 07 - - - - 38 46 - - - -
n-propylBenzene 4.0 153 - - - - 31 01 - - - - 32 14 - - - -
1-MNaphthalene 59 7.7 - - - - 32 06 - - - - 52 40 - - - -
2-MNaphthalene 152 11.2 - - - - 45 01 - - - - 69 61 - - - -
p-xylene 6.1 23 - - - - 38 10 - - - - 41 26 - - - -
n-Octylbenzene 45 8.4 - - - - 35 15 - - - - 38 3.0 - - - -
Tetralin 49 108 - - - - 36 01 - - - - 38 22 - - - -
Napthalene 6.0 1.3 - - - - 36 05 - - - - 6.6 32 - - - -
1-M-Indene 147 1.9 - - - - 75 04 - - - - 75 1.8 - - - -
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AARD (%)
Compound PR78Peneloux Specific model generalized model
v Paa G G u v vV Pa G G u v v Pa G G u v
Average 59 115 76 49 155 326 38 09 50 51 147 308 45 27 55 63 151 313

FMAA 5 A& dzZAaSR T2NJ W2dzZ S ¢K2vYazy 025Y0AS8yi

Table7-4. Results with the new model (specific and generalized) and-P&i&oux in the single
phase region

AARD (%)
NP Compound PR78Peneloux Specific model generalized model
v G G u i v G G u i % G G u v
60 CH 06 10 15 29 49 09 11 16 27 62 09 11 16 27 6.2
70 GHe 11 17 29 50 74 13 12 46 53 63 13 12 46 53 6.3
68 N2 09 06 21 24 37 05 09 23 19 50 05 09 23 19 50
64 CcQa 20 22 33 49 115 15 22 30 50 111 15 22 30 50 111
68 nG 18 31 38 76 83 16 14 15 69 70 12 09 19 6.7 6.0
57 nG 21 33 44 89 88 14 13 24 84 67 17 08 37 86 6.2
85 nG 27 34 40 99 120 13 09 16 94 92 23 10 33 95 92
68 nGs 25 22 37 88 85 12 09 13 75 68 28 08 27 82 65
75 nC 28 35 35 96 108 21 10 35 92 80 27 13 30 93 79
68 nG 28 28 31 95 77 17 10 17 89 53 25 10 23 90 53
66 nGo 36 29 43 98 93 17 11 27 94 67 23 09 34 94 6.8
60 NGz 48 35 34 94 70 22 12 33 93 51 20 15 24 94 47
21 nGs 3.9 - - - - 1.8 - - - 1.8 - - - -
21 NnGs 8.1 - - - - 15 - - - 15 - - - -
20 nCo 12.2 - - - - 11 - - - 3.5 - - - -
55 nGso 8.9 - - - - - - - - 7.8 - - - -
44 NCao 23.3 - - - - - - - - 12.5 - - - -
32 iC 1.8 36 37 89 109 17 11 73 98 16 10 30 75 9.2
85 iG 28 35 30 96 110 11 13 19 93 85 17 10 23 91 84
68 2-M-G 26 46 42 110 95 29 15 68 111 61 18 10 40 113 5.0
59 cy-Gs 28 34 32 93 110 20 18 37 81 99 22 17 38 82 95
55 Benzene 17 32 51 89 100 13 10 35 72 78 12 17 28 68 83
79 Toluene 28 58 36 99 157 13 16 24 98 95 19 15 52 99 10.2
Average 42 30 32 80 86 14 11 23 75 65 28 11 27 76 6.3

FMAA S5 A& dzZaASR F2NJ W2dzxA S ¢K2Yazy O02SYOASy
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Figure7-2. Vapor pressure (a) and saturated liquid molar volumes (b) of natural gas constituents;
circles (methane), squares (ethane), triangles (nitrogen), diamonds (carbon didaidefyom
NIST black linenew model green line: PR7Beneloux
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Table7-5. VLE database of gas/gas and gas/hydrocarbon binary systems

116

Mixture NDP/ Ndy®  Trange (K) P range (bar) X range Ref
gas/gas
CH-GHs 216/216 1304-2832 1.23-66.57 0.006-0.9% [140-144]
CQ-GHs 343343 207.0-2982  3.29-66.30 0.015-0.989 [145-150]
CH-CQ 700/592 1732-301.0 10.78-85.21 0.002-0.999 [151-162]
N>-CH 363341 88.7-1832 0.96-50.62 0.0@-1.000 [163-170]
No-GHs 207/197 120.0-290.0 3.45-134.65 0.004-0.995 [145, 170173]
N>-CQ 160/160 2182-298.2 12.77-167.26 0.004-0.353 [145, 161, 174179]
gashydrocarbons
CH-nG 228/228 1891-410.9 1.380-131.00 0.08-0.981 [180-183]
CH-nGo 195/179 2443-5831 1.38-361.97 0.0 -0.861 [184-186]
CH-nGs 116/24 2900-7036 20.29-703.46 0.070-0.927 [187-189]
CH-benzene 123/87 295.0-501.5 6.90-374.20 0.014-0.695 [186, 190194]
CH-cG 83/83 2943-4443 13.79-275.79 0.015-0.735 [195]
GHs-nG 114/114 260.0-3943 1.61-55.71 0.013-0.994 [196-200]
GHs-nGo 201135 2776-510.9 0.93-118.25 0.000-0.995 [201-203]
GHe-nGe 1500 2623-4532 5.36-158.90 0.199-0.946 [204]
GHs-benzene 51/51 2932-4332 7.76-82.74 0.1®2-0.955 [205, 206]
GHs-cG 51/51 2332-4332 6.90-82.74 0.001-0.769 [205]
CQa-nG 210210 228.0-4185 0.33-80.61 0.08-0.934 [207-209]
CQ-nGo 157151 2776-510.9 3.45-188.36 0.0%-0.9% [210-213]
CQ-nGs 95/87 3082-3532 6.90-258.10 0.066-0.90 [214-216]
CQ-benzene 128/96 2732-413.6 6.15-153.90 0.047-0.948 [217-221]
CQ-cG 9318 2732-4109 7.67-145.10 0.067-0.981 [217, 222, 223]
No-nG 96/96 2532-410.9 7.77-206.70 0.004-0.465 [224-228]
N2-nGo 88/82 310.9-410.9 17.24-346.40 0.033-0.398 [229, 230]
N.-benzene 48/48 303.2-410.9 32.40-356.50 0.020-0.204 [230-232]
N2-cG 34/25 366.5-410.9 17.53-275.93 0.009-0.291 [223, 232]
Overall 4244/3614 - - -
Fb5tY bdzYoSNJ 2F 0dzoo6fS LRAYy(Gas FFpb5@8&Y ydzZYoSNI 2F R
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Table7-6. Prediction results igas/gas andyas/hydrocarbon binaries with neand old UMR model

) UMRPRU UMRNEW
Mixture  \ App (%) AADY AADP (95) AADY
CH-GHs 1.3 0.4 14 0.4
CQ-GHs 0.8 0.9 1.6 0.8
CH-CQ 1.9 1.2 15 1.1
N>-CH 1 0.5 1 0.5
N2-GHs 2.5 0.9 2.5 0.9
N.-CQ 1.7 0.9 1.8 1.1
CH-nG 5.8 1.1 5.9 1.1
CH-nGo 55 7.1 54 7.6
CH-nGs 10.8 1.9 11.1 1.9

CH-benzene 8.3 3.1 7.7 3.2
CH-cG 7.4 1.1 35 0.7
GHs-nG 5.9 1.3 6.4 1.3
GHs-nGo 2.8 0.7 4.1 0.8
GHs-nGs 3.2 - 3.1 -
bg;'::ne 1.7 3.8 2.1 3.9
GHs-cG 6.9 1.8 2.8 1.6
co-nG 4 1.2 4.6 1.2
CQO-nGo 54 0.3 5.2 0.4
CO-nGs 57 1.1 7.8 1.2

CQ-benzene 2.3 1.2 2.5 1.2
CQ-cG 54 0.6 3.9 0.9

No-nGy 51 3 5.3 3.1
N2-nGo 10.5 0.3 12.1 0.3
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Development of a new model Part A: Modelling of Natural Gas

Nz-benzene 4.3 2.9 6.9 2.9
N2-cG 13.2 2.9 5.2 25
Overall 3.7 1.4 3.7 1.4
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Figure7-8. Phase equilibriumgraphs of some gas/gaadgas/hydrocarbon binargystems(a)
Pressure vs gas mole fraction in systems of gas witatG-366 K(b)Pressure v&€H mole
fraction in the binary C+hG, (c) Pressure vs €@ole fraction in the binary G&@Hs, (d)Pressure
vs CHimole fraction in the binar€H-CQ, (e) Pressure vs Nnole fraction in the binary NGH, (f)

dew points of gamG binaries Solid black lines: UMREW
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Table7-7. Molar composition (%) related to the density data of the studied mixtures

Component GU1 GU2 RG1 NIST 1 NIST 2 Q1 Q2 Q3 4
No 13.58 5.7 1.01 0.27 3.13

CaQ 0.99 7.59 1.5 0.59 0.47

CH 81.3 81.2 85.9 96.58 90.64

GHs 3.29 4.31 8.5 1.82 4.55

GHs 0.64 0.89 2.3 0.41 0.83

i-GHio 0.1 0.15 0.35 0.1 0.1

N-GHio 0.1 0.16 0.35 0.1 0.16

i-GsHi2 0 0 0.05 0.05 0.03

n-GsHi2 0 0 0.05 0.03 0.05

N-GsHia 0 0 0 0.06 0.04

N-CGHis 0 0 0 0 0 01 0-1 0-1

N-GigHaa 0-1
N-GoHaz 0-1 0-1
N-GoHas 0-1

N-GaHso 0-1

Trange (K) 225350 225350 225350 225350 225350 293343 303343 313343 293343
Prange (bar)  2-700 2-700 2-700 2-700 2-700 1 1 1 1
Reference [233] [233] [233] [233] [233] [234] [234] [234] [234]
NP 181 186 159 169 146 34 27 21 35

FbdZYo SNJ 2F LR2Ayda

LYCAIoaNBKS LISNF2NXIFyOS 2F GK# SySHBaAXARSLIKA PR
RSEOMAOERAT I NI NBadz 6& INB 200GFAySR o0& (KS (¢
GKAEf Sb9awh da RYABNmeNAG O2y il AyAy3a KSI JASNI KERN
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Figure7-9. Prediction results in density
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Figure7-10. Prediction of liquid densities of binary mixtures with UNMRN and PR7#Beneloux, (a)

NG (1)XnGo (2), (b) n&G (1)}nGyo (2); data from Queimada et §2.34]
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Table7-8. Prediction results in isobaric heat capacity

Mixture _(r_nolar Ref NP Z range Trange (K) Prange (bar) AARD £136)
composition) UMRNEW PR78Peneloux
CH-GHs WH O 496 0.250.95 116.5427.6 1.0137.9 4.0 3.9
CH-nG WH O 132 0.780.97 294.3427.6 1.0103.4 2.2 2.0
GHs -CQ [237] 56 0.5 303.1393.1  1.0529.0 3 2.8
GHs -nG wHoOo 16 0.61 120270 50.7 1.9 3.7
BenzenecG [239] 18 0.64 453.1:493.1 15.040.0 1 14
Benzenetoluene [240] 25 0.250.95 293.1:333.1 1.0 4.9 8.6
multicomponent wH 0 54 *x 250.0350.0 6.0-300.0 2.4 2.8
Overall 797 3.4 3.5
FOOY® pmnd3B — 5 GH{0.8-CHs(0.05}CaHs(0.03yCQ(0.02)N2(0.1)
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Figure7-11. Prediction of the isobaric heat capadity binary systems in the liquid phase
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Figure7-12- Prediction of the isobaric heat capacity for the multicomponent systeraldg7-8
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Table7-9- Prediction results in the Jodldompson Coefficient

AARD (%)
Mixture (z) Trange (K) Prange lgar)
PR78Peneloux UMRNEW
CH(0.85)GHs(0.15) 7.3 7.1

CH(0.8)GHe(0.05)G:He(0.03y 250350  50-3000
CQ(0.02)N(0.1)

7.8 7.4
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Figure7-13. Prediction of the Jowl@hompson Coefficient for the multicomponent systematile
7-9.
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Table7-10. Prediction results in speed of sound

Mixture name NP Trange (K) Prange (bar) AARDU (%)
UMRNEW PR78Peneloux

Statoil dry gas 91 250-350 4.7-104.2 1.0 1.1

Gulf Coast 83 250-350 4.7-107.1 0.7 0.8

Stavordgass 44 300-350 4.2-104.4 0.7 1.0

Amarillo 62 250-325 5.6-233.9 0.7 0.8
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Figure7-14. Prediction of speed of sound of natural gas mixtures, (a): Stavordgass at T=300 K, (b):
Stavordgass at T=350 K, (c): Statoil dry gas at T=300 K, (d): Statoil dry gas at T=350 K; markers
(experimental points), black line (UMNEW), green line (PRP&nelax)
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Table7-11. Molar fraction (%) of synthetic natural gas mixtures (SNGH)1
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Table7-12. Molar fraction (%) of synthetic natural gas mixtures (SNG6
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Table7-13. Errors in dew points prediction with the UNMEW and PPR78 models for synthetic
natural gas mixtures in high pressure region (over 60 bar)

AAD* (NRP)
# SNG Trange (K) Prange (bar) NF PPR78 UMRNEW
SNG 01 204.7225.4 59.663.9 5 1.6 (0) 3.3(0)
SNG 02 211.6224.9 62.769.7 4 9.3 (0) 6.1 (0)
SNG 03 213.4221.2 63.864.1 2 1.3 (0) 4.6 (0)
5
1

SNG 04 268.8274.8 60-81.1 176 (0)  2.2(0)
SNG 06 246.4246.4  60.260.2 1.6 (0) 0.1 (0)
SNG 07  234259.9 624818 21  2.8(2) 2.3 (0)
SNG 08  265.8273.3 60.6925 36 17.9(22) 9.5(12)
SNG 09  246.2256.1 61.389.2 8 15 (4) 3.9 (0)
SNG 10  256.2262.2 61.687 6 182(3) 84(2
SNG 11  263.7-267.8 60.479.2 5 18 (3) 6.9 (0)
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SNG 12  266276.1 61.294.4 8 17.9 (3) 3 (0)
SNG 13  268.7:278.4 61.893.2 8 15.2 (3) 0.4 (0)
SNG 14 217.5226.9 61.1-66.7 4 5.9 (2) 2.7 (2)
SNG 15 217.6237.1 60.571.2 6 4.7 (1) 2.8 (0)
SNG 16  215.8239.4 63.477.7 8 8.8 (2) 6.7 (0)
SNG 18  264.1:280.2 61-98.8 11 3.4 (0) 5.8 (0)
SNG 19 257.3277.9  67.4102.2 6 5.3 (0) 4.3 (0)
SNG 20 253.4284.6 61-105.2 8 2.9 (0) 11 (0)
SNG 21  259.4280.3 66.7-98.6 11 4.9 (0) 1.7 (0)
SNG 22 259.4276.4 60.1-95.5 14 2.8 (0) 5.1 (0)
SNG 23  262-284.2 64-97.2 13 4.8 (0) 2.3 (0)
AAD 190 7.8(45) 5.1 (16)
% 6 0 B 0 0

YD 06 & QY QQQME& @O o i

G0 0640 Q "QIDEIIBGAE O i

Table7-14. Errors irCricoT predictiowith the UMRNEW and PPR78 model
for synthetic natural gas mixtures

UMRNEW PPR78
SNG CricoT Exp (K]  CricoT(K) ne o CricoT(K) ne o°
SNG 01 2455 2479 24 2440 15
SNG 02 2291 2281 1.0 226.0 3.1
SNG 03 2465 2486 2.1 2448 17
SNG 04 2773 2786 -1.3 2751 2.2
SNG 05 2735 2733 0.2 2706 2.9
SNG 06 2522 2524 -0.2 2514 0.8
SNG 07 2614 2611 0.3 2590 24
SNG 08 2733 2723 1.0 2705 2.8
SNG 09 256.3 256.7 -04 2539 24
SNG 10 2622 2611 11 2592 3.0
SNG 11 2683 2694 -11 2657 2.6
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SNG 12 2768 2767 0.1 2742 2.6
SNG 13 2784 2786 -0.2 2757 2.7
SNG 14 2269 2252 1.7 2237 3.2
SNG 15 237.7 2373 04 2355 2.2
SNG 16 2408 2403 05 2386 2.2
SNG 17 2189 2192 -0.3 2170 19
SNG 18 2814 284.2 -2.8 2822 -0.8
SNG 19 2801 2831 -3.0 2805 -0.5
SNG 20 286.6 2906 -4.0 287.7 -1.1
SNG 21 2821 2856 -35 2835 -1.5
SNG 22 2773 2829 5.7 2804 -3.1
SNG 23 286.3 2899 -3.6 2878 -1.5
SNG 25 267.1 2665 0.6 2641 3.0
SNG 26 264.2 264.3 0.0 2614 29
SNG 27 2664 2670 -0.5 264.0 24
SNG 28 2665 2700 -35 266.1 0.4
SNG 29 2692 2718 -2.6 2683 0.9
AAD 1.6 21

HO60—B 81 QOEFI QDE M

WY 61 Qué i Qué Y

Table7-15. Errors in CricoP prediction with the UIMBW and PPR78 models for synthetic natural
gas mixtures

UMRNEW PPR78
SNG CricoP Exp (bar) CricoP (bar) nt o | CricoP(bar) nt o
SNG 01 639 679 -4.0 622 1.7
SNG 02 69.7 632 6.5 619 7.8
SNG 03 64.1 69.2 5.1 63.3 0.8
SNG 07 818 84.7 -2.9 80.9 0.9
SNG 14 66.7 639 2.8 62.6 41
SNG 15 712 709 0.3 68.6 2.6
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SNG 16 7.7 734 4.3 710 6.7
SNG 17 58.4 56.7 1.7 55.0 3.4
SNG 19 1022 1057 -3.5 97.5 4.8
SNG 20 1052 1103 5.1 99.0 6.2
SNG 21 98.6 96.9 1.7 920 6.6
SNG 22 955 95.7 -0.2 90.2 5.3
SNG 23 97.2 97.6 -0.4 923 4.9
AAD 2.9 4.3
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Figure7-15. P-T phase envelope predictionsynthetic natural gas mixtures (SNG213, red line:
UMRNEW, blue line: PPR78

CKS3 taN) LKA F2NI I ff GKS {bDBISYRAZRA SR KSNB

134



Development of a new model Part A: Modelling of Natural Gas

T ®H dEoS3bH

t2AyGa 2F {eyaKBa®mNDha / 2YRSyalas

¢tKS aitdReée 2F aeyikKSeaO YAEGddINBa A& SEGSYRSR

I aw9?
y23S

YR ttwty Y2RSta (2 LINBRAOG GKS &l G dzNY
KSNBE GKS LN} OaOFf RAadaayOas 2yl (0d8NigtS SHI &l3K

LI Nb Odzf NI & 6KSYy 20aSNBAYy3I GKS LINBaAaSyOoS 27 O
3 a O2y RSy at b StmXINER HANGEE (KS O2YLl2aAsz2ya 27
SEFYAYloa2y>Y 6KAOK AyOfdRS Ke@RNRBOINbB2Yy&a 6AGK

Table7-16. Molar composition of synthetic gas condensate (SGC) mixtures

Mixture

Source

SGC 01 SGC 02 SGC 03 SGC05 SGC 08 SGC 09 SGC 12 SGC 15 SGC 16
[248] [248] [248] [249]  [249]  [249] [250] [251] [251]

G
G
G
n-G
G
nG
nG
nG
Toluene
nNGo
nGo
nGas
NGe
nGo
NG
NGs
Naphthalene
1-M-napthalene
2,2,4,4,6,8,87M-
nG

0791 0791 0791 0747 0730 0763 0600 0700 0.900

- - - 0.110 - 0.114 - - -

- - - - 0.177 - - - -

- - - 0.044 - 0049 0310 0.120 0.030
0002 0002 0.002 - ; ; ] ) ]
0200 0200 0.200 - - - ] ) ]
0002 0002 0.002 - 0.046 - ; ) ]

; - - 0.039 - 0.027 - 0070  0.030

- - - 0.027 - 0.020 - - ;

0.005 - 0.002 - ; ; ] ) ]
- - - - - 0004 - - ;
- 0.005  0.003 - . ] ] ) ]
- - - - 0.025 - - - -
- - - - 0.009 - - - -

135



Development of a new model Part A: Modelling of Natural Gas

.St 2683 Nl KS NBf | oa03S RSOAle2yad 0SGsSSy (KS C
I NAO2tS FYR (GKS O2NNBaLRyRAYy3I SELISNARYSyillLt gt
Y2RSt FLIISIFENE (2 LINPGARS Y2NB | OOdz2N} G6S SaaYl
COprTHY:R T2NJ RSy LRAY(d LINBaadzZNBE tHhYR /NRIRCGZt I
IABSE yom: YR yom:»Y NBaLISOa gSteod

25

AARD (%)
H
(6)]

=Y
o

EJI% iz .12 % || I

SGC 01 SGCO02 SGC03 SGCO05 SGCO08 SGCO09 SGC12 SGC15 SGC 16

m UMR-NEW (Dew P AARD %) m PPR78 (Dew P AARD %)
= UMR-NEW (CricoP AARD %)= PPR78 (CricoP AARD %)

Figure7-16. Prediction results for dew point pressures and cricodenbars (CricoP) of SGC mixtures
using UMRNEW and PPR78 models
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Figure7-17. P-T phase envelope predictiofsynthetic gas condensate mixtu&sC 003), red
line: UMRNEW, blue line: PPR78
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Figure7-18. P-T phase envelope predictiofsynthetic gas condensate mixtures, red line: UMR
NEW, blue line: PPR#8arkers: experimental data
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Figure7-19. Effect of attractive ternand mixing rulesn dew point prediction of synthetic gas
condensate mixtures, red line: UNNEW, blue line: PPR78, green dashed line: PRIRy,8narkers:
experimental data
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Table7-17. Molar composition of synthetic gas condensate mixtures with reported measurements
of liquid dropouts (VPL €19)

£t +t [ 2t xt[ xt[ xt[ xt[ xt[ xt[ =xt]
{2dzN WHP WHP WHP WHP WHP WOWHP WHP! WHP WHPI
¢ OY ocg oclg ocg oo®% ocfg ocft ocfz oo¥ O mip
b T T T T T T T nadg m@n
/I R T T T L1 L1 L1 L1 namvm ndnt
I'w TOPp cOYy ymvm y®od ydPd yPH yaht ydn coy
[ w p® vy ne cthm chH php php pec chwm ndp
lo Hhp HOpPp ofaim obn HEPpY HEHH odcC o] od ™M
Y h I I I T 1 1 i 1 1
Y b pad mP M opc obd HBN NPT nan od p
Yk oo TOAH ™Mb HEp HAO P Mbc 0B HP Yy HABC
Y T T T T T T T 1 1
Y hin odn pPy ndhn HAH ~MPO wMAY HAN HAOY MP®
¢2f dz Hdhbc p®PT ndthn HBAH MPT ndo n n cP c
Y ke T T T T T T T T T
Vb L L L L L L L L I

Table7-18. Molar composition of synthetic gas condensate mixtures with reported measurements
of liquid dropouts (VPL 1107)
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Figure7-20. Liquid dropout of SGC mixtures, red line: LNERV, blue line: PPR18ackdashed
line: UMRNEW without volume translation, markers: experimental data
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Table7-19. Predictionresults for the dew point pressure with UNMEW and PPR78 models of real
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natural gas mixtures in the high pressure region (above 65 bar)

AAD (NRP)
#RG RangeTl (K) RangeP (bar) NP PPR78 UMRNEW
RG 04 2483-2517 66.4-71.4 2 9.6 (0) 0.1 (0)
RG 05 247.6-2589 65-79.6 4 10.7 (0) 1.3 (0)
RG 06 2384-2494 66.2-73.8 4 9.4 (0) 2 (0)
RG 09 2615-286 76.2-1028 10 6.5 (0) 1 (0)
RG 10 264.2-2811 83.2-101 10 7.7 (0) 1.1(0)
RG 11 2742946 75.5-105.3 10 6.2 (0) 0.9 (0)
RG 12 300.8-322 84.2-1054 13 0.3 (0) 1.3 (0)
RG 13 257.2-2903 66.8-107.8 15 9.6 (0) 1.4 (0)
RG 14 2636-290.6 70.6-1083 9 10.7 (0) 3.7 (0)
RG 15 2637-2888 70.5-1083 9 9.7 (0) 2.2 (0)
RG 16 264.2-2914 73.8-112 24 7.3 (0) 0.2 (0)
RG 17 2722-2973 75.7-1106 35 6 (0) 0.8 (0)
RG 18 274.8-2965 7531061 10 4.4 (0) 0.7 (0)
RG 19 276.3-3001 746-1078 10 5.5 (0) 0.3 (0)
RG 22 264.1-2925 81-106.8 15 6.7 (0) 0.8 (0)
RG 23 2633-2915 67.6-1089 27 7.2 (0) 1.2 (0)
RG 24 2732-2974 734-1106 20 3.9 (0) 1.3 (0)
RG 25 2724-296.7 7531071 11 3.6 (0) 1.5 (0)
RG 26 2629-2932 65.2-108 10 0.3 (0) 7.3 (0)
RG 28 2704-2948 714107 12 1.2 (0) 7 (0)
RG 29 2633-2895 70.6-108 7 8.6 (0) 1.6 (0)
RG 30 259.2-2883 70.8-107.6 10 7.3 (0) 0.3 (0)
RG 32 3001-3223 83.8-1058 10 1.6 (0) 0.3 (0)
RG 33 2626-2939 68.5-109 14 8.6 (0) 0.9 (0)
RG 34 2704-298 719-107.3 13 116 (0) 5.6 (0)
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RG 35 280301 814-1072 16 115 (0) 6.1 (0)
RG 36 2662876 90-112 12 6.6 (0) 0.4 (0)
RG37  2625-2914 714110 23 7.9 (0) 0.4 (0)
RG38  2801-2963  656-1006 10 2.1 (0) 4.3 (0)
RG 40 2632876 73-1054 7 2.8 (0) 4.2 (0)
RG41  2508-2552 68.6-75.8 3 8.3 (0) 1.3 (0)
RG 42 2588-291 66.6-1064 13 8.7 (0) 0.6 (0)
RG 43  2763-2986 661058 19 1.4 (0) 4.5 (0)
RG 44 26182904  702-1096 8 9.8 (0) 2.1 (0)
RG45  2605-2858 738107 11 5.1 (0) 1.9 (0)
RG46  2583-2894  689-1068 9 2.5 (0) 6.1 (0)
RG 47 260.3-286 75-106.9 9 2.3 (0) 4.7 (0)
RG 48  2724-2949  706-1056 29 0.1 (0) 5.7 (0)
RG49 27292992 7481109 21 4.1 (0) 0.9 (0)
RG 50 267.2-293 659-107.1 40 3.3(0) 3.3 (0)
RG51  266.7-2899 651039 31 4.2 (0) 1.5 (0)
RG52  2692-2879  946-1065 39 3.7 (0) 1.5 (0)
RG53  267.7-2877  957-1074 40 4.4 (0) 0.9 (0)
RG54  2617-2815  90.6-1035 24 5.1 (0) 0.3 (0)
AAD 678 5.8 (0) 2.9(0)
%60 B 0 0

YD 06 d OQKYQQQME WO o i

B0 06aaRQON QI "QEDENIBEGAE O i

wSIINRAY3I (GKS MNJOGRIE (RFLIENWwad gzNF2RSE aKz2ga

Foaz2ftdziS aidl yRFNR RSOAlI a2y SmARIKNZ2IRSOI F&$t2Fa
ody Y
Table7-20. Prediction results for CricoT with UMIEW and PPR78 models for real natural gas
mixtures
UMRNEW PPR78
RG CricoTExp (K / NAO2 n¢ ¢/ NAO2 p¢ o
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RG 04 2612 2624 -1.3 2588 2.3
RG 05 2657 2687 -3.0 2653 0.3
RG 09 2902 2953 5.1 2933 -3.1
RG 13 2926 2970 -4.5 294.8 -2.3
RG 14 2929 294.8 -1.9 2931 -0.2
RG 15 2916 294.6 -3.0 2928 -1.2
RG 16 2955 2993 -3.8 2971 -1.7
RG 23 2943 2956 -1.3 2934 0.9
RG 26 2972 3003 -3.1 2986 -1.5
RG 28 2985 3055 -7.0 3036 51
RG 29 2923 2946 24 2929 -0.6
RG 30 2912 2945 -34 2927 -1.6
RG 33 2971 297.8 -0.7 2957 14
RG 34 3004 3005 -0.2 2989 15
RG 37 2947 2969 -2.2 2947 0.0
RG 38 2972 304.3 -7.1 3024 -5.2
RG 39 3023 3085 -6.3 306.2 -4.0
RG 40 2914 2963 -5.0 2944 -3.0
RG 41 2630 2659 -2.9 2627 0.2
RG 42 2930 2958 -2.8 2936 -0.6
RG 43 2999 3056 5.7 3036 -3.7
RG 44 2932 294.6 -1.5 2928 0.4
RG 45 2926 296.2 -3.6 2945 -1.9
RG 46 2923 2994 -7.1 2970 -4.7
RG 47 2935 297.2 -3.8 2955 2.1
RG 48 2971 3037 -6.7 3018 -4.8
RG 50 2942 2996 -55 297.7 -35
RG 51 29011 2956 -4.6 2937 2.7
AAD 3.8 2.2

HO60—B 61 QbEFI QbE

WY 61 Qué i Qué Y
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Table7-21. Prediction results for CricoP with UMEW and PPR78 models for real natural gas
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RG 35 107.2 106.0 1.2 1023 4.9
RG 36 1120 1098 2.2 1031 8.9
RG 37 1100 1083 17 1013 8.7
RG 40 1054 107.2 1.8 1005 4.9
RG 42 1064 106.6 0.2 99.8 6.6
RG 43 1058 1085 2.7 1036 2.2
RG 44 1096 1082 1.4 1002 9.4
RG 45 107.0 1090 20 1008 6.2
RG 46 106.8 1101 -3.3 1018 5.0
RG 47 1069 1099 -3.0 1014 55
RG 48 1056 1084 2.8 1035 2.1
RG 49 1109 10838 2.1 1043 6.6
RG 50 1069 107.7 -0.8 1018 5.1
RG 51 1028 1029 0.1 98.0 4.8
RG 52 106.4 1084 20 1035 2.9
RG 53 1065 1081 -1.6 1032 33
RG 54 1035 1033 0.2 983 5.2
AAD 18 6.0
HO0—B 61 QO BI QOE

w0 61 Qe I QOED
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Figure7-22. P-T phase envelope predictiofreal gas mixtures, red line: UMNEW, Blue line:
PPR78, markers: experimental data
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Table7-22. Coefficient valuesf eq7-17

Symbol  Coefficient valueG Variablei
Intercept 3451394 -
65099045 T/100
B -1518511 mnnat /
C -3981561 Mt/
D -4403692 Mnniy
E 1585116 G/ C+/1000
AB -297262
AIC -351417
AE -1036668
BiC 51376
BID 36340
ab 163431
QE 50457
AZ -7033287
B? 104.23
B 112387
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Table7-23. Statistical analysis of the empirical Higisfat model for the calculation of dew points
of real natural gas mixtures in the high pressure region (over 65 bar)

Variable Sum of Squares df Mean Square F Value p-value
Model 2.22E+09 15 1.48E+08 3319 < 00001
A 1.43E+07 1 1.43E+07 321 < 00001
B 2.11E+07 1 2.11E+07 475 < 00001
C 2.36E+07 1 2.36E+07 53.0 < 00001
D 2.39E+07 1 2.39E+07 53.7 < 00001
E 9.79E+06 1 9.79E+06 220 < 00001
AB 7.75E+07 1 7.75E+07 1739 < 00001
AIC 1.70E+07 1 1.70E+07 381 < 00001
AE 2.41E+07 1 2.41E+07 541 < 00001
BIC 2.19E+07 1 2.19E+07 49.2 < 00001
BID 1.70E+07 1 1.70E+07 381 < 00001
ab 2.37E+07 1 2.37E+07 532 < 00001
QE 1.03E+07 1 1.03E+07 231 < 00001
A? 1.63E+08 1 1.63E+08 366.8 < 00001
B? 7.87E+06 1 7.87E+06 17.7 < 00001
B 1.41E+07 1 1.41E+07 316 < 00001
Residual 1.62E+08 363 4.45E+05
Table7-24. Statistical Evaluation of the HighS®at model
Std. Dev.| 66743 R-Squared 0.932
Mean 857346 Adj RSquared 0.929
CV.% 7.78 Pred RSquared 0.926
PRESS | 1.75E+08 | Adeq Precision 7191
¢tKS SEGSyaArzy 2F (GKS Y2RSt F2N iKS RANBOI
RS¢ LRAY(G LINBEadzNBUIRSENB Pdze 58 2FSKKSE @S 5 ad
02 GSYLISNIGdzNBE (2 TSNRO ¢KS RANBOG RSGSNY
o8 F2ff2Ay3a (KS YSOGK2R2f23& 2dzif AYSR 0S¢
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Figure7-23. P-T phase envelope predictionreal natural gas mixtures for pressures higher than 65
bar against experimental data
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Table7-25. Molar fraction (%) of &al Gas Condensatg RGCinixtures
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Table7-26. Prediction results for the prediction of saturation points (dewlartble for RGC
mixtures using UMIRIEW and PPR78 models

RGC Range[{ ¢ RangeP (bar) NP PPR78 UMRNEW
RGC 01 3905-4503 4288-460.7 4 9.8 2.2
RGC 02 3054-382 3291-387 5 110 324
RGC 03 3054-3865 3732-4146 6 176 398
RGC 04 347.7-407.7 3599-430.2 4 169 152
RGC 05 3592-4192 3324-4114 4 211 141
RGC 06 3125-4044 4984-5816 4 53 3.3
RGC 07 3126-4251 4498-5101 7 199 128
RGC 08 3228-4216 4434-4915 6 20.6 143
RGC 09 3616-421  434.8-4625 4 20.0 142
RGC 10 4220 4250 1 217 140
RGC 11 4282 3880 1 4.1 3.6
RGC 12 3555 2500 1 193 273
RGC 13 3740 3654 1 58 128
RGC 14 3810 3550 1 74 110
SAARD 49 158 17.2
3% 0 Y850 —B
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Figure7-25. Liquid dropout of SRGC mixtures, red line: &R/, blue line: PPR78, markers:
experimental data

C2NJ GKS xt[ np loavdP 22y A yiide Yy RSNBaos Yl (¢
fAljdZAR RNRLJR2dzi O2YLJI NBR (G2 ttwrty 6KAETS F2N
%0 A& 0SYISR LINBRADISR ORI 2BAWIKS xt[ mMT o6wD

f aKI NB Y2NB & kbYoAzf |LNS NVES2ANDM alyasSsF NIEIQKERKY a2 %agw

a
fAljdZAR RNRLRdzid 'y 2@0SNBasYloazy 2F fAljdZAR RN
+t[ oM OwD/ MNI CHOYyMAXFOYDIKENBEOOdzNIaiWS P a2 NB?
203SNISRD®RI LINP®@DW RSAa Y2NB | OOdzNB i SR 3K &yR B

0as
OdzNISa 6KAOK NBbSOUG wmnm: @ L2 NIRAOSEIydEHAS 2F 06 ¢

159



Development of a new model Part A: Modelling of Natural Gas
ISYSN}Iftte LINBRAOGA RSg LRAYyGA Y2NB | OO0OdzNI (S
YFEEAYdzY +LJ LRAYyGd® Ly O2y iGN} &ads ttwrty GSYyRA
G2 | 0NRIRSMKINESRNSHBRYSHBRERY 1 KSa 0 YAE(GdzZNBa®

G 26 GSYLISNY GdzZNBasx G0KAa 20SNBaasYlazy NBadz i
AYONBI 4S5S4z L AambheDNa REGNBa2YAl BBRONSAES H A
Fo2@S nnn YI AG LINRPOIARSAE 20SNIff Y2NB | OOdzNJ |

Tod 2y Of dzaA2y A

Ly GKA&a OKFLIISNE | ySg Y2RSf KIFra 06SSy RS@St 2
Fdzy Oa 2y YR I GSYLISNI GdzNE RSLISYRSy G @2f dzvyS
0SSy RS@St2LISR F2NJ I fFNBS ydzYoSNI 2FA ©2 YL dz

LINELISNBbSad ¢KSYI (KS&S dA NIAY SSINEMNBELL 2ORPKE INK 8 a2 X
ALSOAUO Fy3a 3ISYySNItAIT SR @OSNERAZ2Y LINPOARSR a
LISNF2NXIFyOS Ay @I LI2N LINBaadzZNBas> REWKRRAYARYS A a
028Y0OASyio®

C2NJ 2Ll YAT a2y LizZNIUAX &SR (ifreANd YW2RAISERBAIQES f 6 d46 D
LI NI YBS NBESYy SHI 6 SNEy a5 REAR N KSNBNB oSNNSy Qi | @
' YAOBSNAEIFIE aAEAYy3 wdzAZ S& 6SNB dzaSRoor2 &«SEGSYR
AYLX SYSyilloe2zy G221 LXIOS defAl Ay3 SEaRRY I ! bl
YS6 Y2RSt LISNF2NX¥YSR OSNE I OOdzNy GSte F2N GKS
YAEGdZNB 3K e RN D NP2 yad B @RI GERVBERE YA FdwzNBa LINE
OF £ Odzfh lyd&k2 yO2 Y LI NBRS wltlikdzEEy B NI f = (GKS (62 Y2R
LINBRAOG (GKS alddzZRAMBR2 LINZ2 AP BELSAKNBRAKY RawRdl y il
KSIEG O LIMMARSBOAND AY aYAEGdZNBa

| DSNB | NP2 gadvéd AYLIE SYSYGSR T2NJ 6§KS OF f Odzf | a2
NBEIFINRAY3I d8yiKSaO FYyR NBIf ylFadz2NYt 33L& FyR 3
Y2RSt ttwrty 6| AawlORILIORYRA alidSydtfe LINPIJARSE Y2N
GKIYy ttwty FT2NJ a8y iKSaO yI GrdiNG & & &ENB  NB EX 22085 & [
GKS YIFEAYdzY LINBaadz2NBE 2F (KS &l (dzNJ oK I @&NWBS >

160



Development of a new model Part A: Modelling of Natural Gas

NEIA2yad | 26SOSNE AG GSyRa (2 20SQAREPANMIGS (S
YAEGdZNBE O2y il AyAy3d S AAYS NA KRRNPOD NBI2y a 02 KR
dzy RSNIINBERAOGA @ LI2N LINBaadzZNBa DF KSYRAS NG 20
2O0SNBaaYlIiS RS LRAY(H LINBEaNNBR YNEKKNEBIE 2 $aE
f 26SNJ (S YLISNIGNBREHA Y YVRI MUSGENByRa NS 26aSNBSR
law92 &aK2ga AYLNROSR | OOdzNE Oz R S NGLINBNERIANGs y 3
O2yRAo2Yyax | fiK2dzZ3K AQNMWGXER BH Al AINBDY RSy aly i Sa:
AK2g¢ aAYAT I NI NBfl ¢S LRSEE@ A dz2NB y 3 INEJOA D bagAS Aoy (
fF NBASNJ SNNENE Ay YAEGdINBE 6AGK GSNE KAIK YSick
AY 020K aéyikSa0O YR NBIf YAEGdANB&ET 620K Y2R
odzii f I NBSNURSNIAV SI2N0&G K QI YI EAYdzy @2fdzYS 2F A
0 SYLISNI G dzZNBNWOIIMRH2OKINE GA RSa Y2NB | OOdzNI ¢S LIN
F2N) 620K aeyikKSea0O FyR NBIf 3JFra O2yRSyaliSao |
+1LJ  ISYR LRAY (G LINBaadzaNBa i KAIK LINBaadzaNBax
dzy RSNB&aYloay3d @I LI2N LINBaadNE®P eRSKaBERDYNDBY
LISNF2NXYIFYyOS 2F ttwty YSIEN GKS LX Yl EAYdzy
2P0SNBaaYlaz2y NIGKSNI GKFY 3SydzZAyS | OOdz2Ny O Ay
SaSOG 2F Y2t NI @g2f dzYS O2NABDolya 2¥2 dok § dzk R3 5 N3

161



Development of a new model Part B: Model extension to associating fluids

A

y 58St 2LIySyid 2F  ySg Y2RSt tIFNI .Y a2RSt SE
| DSNJ SEGN) Oa2ys KeRNROIFIND2Y bdzARE& dzy RSNHZ LI
OGN yRaRPWEY O2dzy  SNAY 3 Ol NA2dza O2YLRdzyRa | f 2y 3
NEASNIW2ANI bdzAR Ydzald 6S NBY2@SR i (GKS adz2NFI O
2F | OAR 3l asSazr (GKSaS IINB (GeLAOlIfttet SYAYSyYy!l S
42t dza BFRNLE SYiISNAyYy3a (GKS (NI yaLRNdra dzBATLISE A& SEK
GNRSGKaf SytS 23 ILNBDIS ydi¢ DR Y R JiySa sF2yWINHeR yENBK Ad0 K
LINE 4 & dzZNB RNZ lid N R ROADNNR XA RS (KS Ay RdzaGNE YA
GKAOK OFy RFEYF3S SljdZALIYSYld YR RAANHzZII b2453
YSiKIy2f8@Kety8y8 It eoOz2f 060a9DUL®

¢tKS O02YY2yfeé& dzaASR OdzoAO SljdzZs2ya 2F aalasS o/
LINBRAOsa2ya F2N) UKS @FNAR2dza GeLlSa 2F LKIFasS S
O2YL}RdzyRa adzOK & ¢l 0SNJ IyR 3f 20ROAIMy it 2Y 2 RRINZ
fA1S AHREMaERWYIEEH B YR OHLdWNE /2 DSY LINBFSNNBRI | & Gf
NBadzZ Ga TF2NJ LIRfIFN YAEGdZNB& dzy RSNJ NBf | o oS¢t &
RAGSNBY(G Y2RSt & gAilKE y2 LIMRAEIIOKD 2lyy R aA F@KIt t &
g2dzt R NBfe 2y I aAy3atsS Y2RSt OFLIoftS 2F O20S]
C2NJ) 6KA® AidMARES Si2Nha KFEPS 6SSYy YIRSTI gKAOK
YFEAY OFGS3I2NASAY o6F0 Y2RSt&a GKIFIG SELX AOAGCE @
gSt {26y SEI YLX Sa {RISNREBIR T NPaYa 2006 coo2® ¢ WO ndzA R
6{!C¢0 YR (0KS /coaedid ! t0f &2 {3 &¥RAloddy Y2RSt &
F2NJ AGNRBYy3 LRTFIN AYyiGSNY Osa2ya o6& O2Y0AYAYy3d |y
a4 kP22 RSt &4d CdzNIKSNJ Ayairakia Aydz2z GKSasS vz
Y2Y(i23S2NHATR @ YR C2f | a

/t1 92{ O2YoAySa | OdzoAO 92{ 6AIK 2SNIKSAYQa
GKSY y2 aaz20Alsy3d /Q2Y192dzy KEd al NB/ 2LONB 8 SyWwiRdR S |
02WKS aO0ASYyaUO O2YYdzyAil e [ORRILAIVESERRIGIGCIE TY YR RESA

162



Development of a new model Part B: Model extension to associating fluids

SIaeé NBRdzOa@AlGe (2 (GKS (1y26y OdzoAO Y2RSta |y
SljdzA f A 0 NRA dzY &

Ly GKA& 2y3J2Ay3 LINROSaa 2F ®w[iSYARSY S| fRAAY LR
G2 dzyA¥e GKS LINPYAAAY3T | F2NBYSyea2ySR [ gNRod
' LILIX AOF a2y ad a2NbBb $2ISOAROt f tMBaEKESR AMay GKS
O2dzLt SR SAUGKOTIKRANG! wR2{GKBRERMWAYI G2 O2Y0A
FRGFy Ol 3Sa 2F GKS (g2 Y2RStasxs GKdzasz YF{Ay3a |
YAEGdINBE 2F lyé LRfFINARGED

CKAAa OKIFLWGSNYBSHERB] BWwiv2 RER ® CANBRGE &a2YS 27F @K
Yy I G dzNJ I ak aAay2ROdkE (leNBEI 302t YRLJ2 dzy Ra 1 INISd Y 2 REK SR
O2NNBf a2y YR LINBRAOoa2y NBadz G& FNB LINBaSyii!
Fa @F L22N LINKBKSE &NBE LROY E R T e 3 LASISRY 2FY a@AB RO A SR
g2t dzyS (NI yatloe2z2y FLLINRBIFOK A& Ifaz2 tSBI Y& SR
Ff£a2 LI ASR A¥2MKS2 LI SXKERRWH (aIdBEER2MESSI YIRIRE § R
AY YAEGdZINB& LINRPLISNbS& Ay | 1ljdadGS SEGSYRSR RI
YR aLISSR 2F az2dzyRo®

yodom2RSE LINBaSyillez2y

Il yS¢ Y2RSt Aa RSO@OSt 2 LSRRI AY2 {iXKAGAK SN INK/F aYdR2NF
GKS Sljdzt a2y 06St26Y

0 0 0 eqs8-1

Ly Haws GKS LKeaAOFf G4SNXY A& 200GFAYySR o0& (KS
. YUY QD

L W LU W WL W
¢tKS Y2RStftAy3a 2F GKS adGdzZRASR O2YLIRdzyRAa Aad RACT
2YyRa dzy RSNJ GKS F2ff26Ay3a FTNIYSE2N]Y

eq8-2

(@]

Ol O FR2NOAL oy T K@2 VALS2vdziSANE (G dzZNB RSLISY RSy oRea 2F (K
OF £ Odzt I { SIFK MBI S liiGadu2 13S ¥ la yop $HB LINEa & A 2 Y

163



Development of a new model Part B: Model extension to associating fluids

| p ®Op Y ®2p Y Hop Y eq8-3
¢tKS SYINREODL dMI>NI YSGSNAR FT2NI [ 88420AFeay3 O2YLR
LJ- NJ YdS (i S N&

e

600y FENA2OAL oy i OB ILB VBRMRNIUYSi SN SBE(BPegid PGSy &

OdzaaSR Ay (K3 LIMNESARAY2 dza OK I LJI SN& =

0
A

P
Qax

| p wIlp Y wlp Y ®Ip Y
eq8-4

op Y wOop Y
Ly (GKA& Ol aS:wakK& SYSNEBEY S YRNEO2F NB OF f Odzt | G S
ONRAoaOlFf GSYLISNIGdzNBE yR LINBaadzZNBE 2F GKS LIzNB
@ nﬁ’uchY 5

eq8-5

@ n&xx'\lﬁYg
{AYyO0OS GKS UNRG RS@St2LIYSyid 2F GKS /KFrLaoz2{:
AYaLXRBRR YR Y2NX NBaSINOKSNar® !a | NB & dzf i
OKSNXY2ReylI YAQaowomddESAISyaSBK St ar8z0K Y2 NB &aA YLIX
OSNEAZ2Y 2F (GKS | 3da20Ala2y GSN¥Y

p ® eq8-6

C2NJ GKS | 342 O0A a2 y0AlaS NBYOID Al2KdSa fYe2 fOFKNS ZB2bYd8Y S & A
Ad GKS Y2fS TN O@2yWwyRE (KS ORNOBY $FMATRI2E S Odz ¢
FNE y20 02YRSR ¢ A (" &IPEASINI O KB NS RaAAI (Gt S dRaA &l (f Neh203d2
RS LISy Ray 2fyl NIK@&®f dzyS o

CKS Y2y 2YSNIATANIFORSYS 68 (KS F2ft26Ay3a Sljdzr a2y

A P eq8-7
P piL B wB & w

tKS 3a20Al02y AONFRIVKYB SHB @ aRANSNN A Y SR 0¢
T2tt26Ay3 Sljdzt a2yY
164



Development of a new model Part B: Model extension to associating fluids

W MNQGnH p @f eq8-8
¢CKS NIYRAIFf RAXH NRD dde® yo ITalzy2ONIRIA VW § f @nkBR LJ2 &4 SF
IADBSY 0St24Y
P WIC
P W
6 KSHBMOO2NNBaALRYRaE (2 (GKS NBRdzOSR LI O1Ay3a FI o

eq8-9

C2NJ LJzNBE | 2a20Alay3d O2YLRY¥NHRI D2 { BRMESIYVREI SR®A | o 2
A R2dzaGFo6fS LI NYYSGSNEO®

C2YWE (iyzREBE RRAa 2y | f YAEAY3I Nz S8 FFERI KNS | 8482 C

2
NEI|j dA KER®2( f 26Ay 3 NBEVAASRYBYNHAS A28y & / w

C eq8-10
I I J
¢ KGNE @2 fQ2YS LIONR YSG&RSI  88a20AFeay3 LI NI A& OF
O2Yo0Ay3d NWADSNA | & KG@ad A YHE WwdA SKauzt S &

I u eq8-11

1'a F2NJ GKS YAEGGdzNG2 fl dp$ OOl IiSINFNE yRT ORKS LIK &
/t92f GKS@ | NB Ol f Odzf I 6 SR (i ENPodEINRBKGKEBY Y HyYNRAA S\
0StY2 ¢

| po " o " |

OYYT® o YUY wY"Y

eq8-12

6KSRB" yR " I NB (KS Mmd BSWHSENY LI NI 2F (GKS 02
YR G0KS NB&AARdzZf GSNY 2F ! bLC!/ I NBALISOa@St

165



Development of a new model Part B: Model extension to associating fluids

AYGSNI Oso2y I NIFSYISHUSONE 6 U /IRA ANRIzIf0dzE F G SR o0& (K
Fdzy Oe2YyY

0 0 Y cwfu O Y ¢ wfbu eq8-13

o

¢ KB lj dzA NBR 2yt RSB & |10 N INJ YEE SHNKE S NBNR dzilJk A ¥ SR
FTNEXKS 2NAIAYI O BLEKS ORgHGSEG 2F (GKS OdzNNBy i
SYLISNI GdzNB Ay RSLISY RE yll NBb Ldi! /A T ISIRNITFR2ENI SYWEE (iodz
d&0NIAIKGEG LINBRAOe2Yyd hy (KS 2iKENS KO WRBI SFNINI
0KS 3INRdzL) Ay (iSNIF Gé2y yBI NINBSIBSIESNYAYSR o6& N
SELINAYSYy(Glt oAylINE LKIA&S SljdzAf A6NRdZzY RFEGE o

QiR

[atN

{2f Ol az2y

2811 OHRAOAI 02y 0AFH BALPFTNNGI 6 SSy2 NI ACND2F & |y
I N2 YK®B®ONE O™ 25 amey (KBt! aw2RSt > az2ft dla2y Aa !
0@ dzAAYy3 | Y2RAMS O2FINE A YVA (I NEAISHK RBLINRIINGK § SR |
Fy R2dzadl o6fS LKA ¥SGSNZ o6KSEEI{TFT GKS SySNBe@

WOMMMNXY HTH®S

C eq8-14
i GQQoi 6Q0Q

CKSt @i t! 92{

Ly GKS FTN}XYSg2N] 2F GKS ySg Y2RSt RS@St 2LIVSy
O2y OSLJi sl a aiddzRASRX a4 ¢gStftd LYy GKAA OFasS G
0 O 0 eq8-15

LG &aK2dzZ R 65 y20SR aKlal AGyK®St dzReS RizYASy GiNg &/ al k- yo=2
0SAYy3a RIUWHIRY Ay t Sy St 2dzEQ 2 NA Jan® & f AR{>dz¥ 2 Nd N
LJdzN1LJ2 8S&8 2F (KA &oo@l2aN] @2 yixkKSR BB Y154 SINS Y LIS NI G d
GKAOK OIFa&asS vYz2al 2F GKS LINPLISNb ST nadzQKpElF a KS|

166



Development of a new model Part B: Model extension to associating fluids

¢ KS #{twy 9 2{

C2NJ O2YLI NRaAzZ2Yy LldzMlt2 a a8 d KISt 2ARA BRI A SROY{ A Y.
[t ®RANIZ{ WKS LIKeaAOlf woWBY Aa 20GFAYSR o6& {°

Y'Y @]
0 w VU

0 eq8-16

6 KSNB kSl BSRBBAGYB NI YSGSNA | NBE RSGSNYAYSR FNJ
F £ LIKI FdoyAGe 20 £ Odzf F i SR & F2tf26ayY

| o & op Y ¢ eq8-17
¢CKS |2420Alay3 GSNXY A& OFf OdzA I ( SR td & SdkadiSydE
yTTcod
¢tKS 2yfeée RAUGSNBy®DSEt dzeS G Kb B a7 808 SR & &1 SG2 68 (K
YSIYy O2YoAy3a NHz SY
® ©w @ eq8-18

C

¢KS YAEGdzZNB | § NF20odHSS GLSINW VSRS NBZ2 2 F i KISS LIK@ & A

I NB Ol 6z B RENI 21 & 2yS bdzAR 6OR2MTO YAEAY

eq8-19

Ly GSN¥Y& 2F YAEGdZNB aa20Ala2y LI NIYSatSNAZ
/[t Slymn ®

l'a A0 0S02YSa SOARSY( TrEY (KR {20 {dX I bRSNE FO
0S Ly FyltedoaOltf ¢l%2NI20KR{YWVS HINSOSHjdxr D@ yEA Yy OF
LINBaSyild Ay 020K GKS |aa20Ale2y YR GKS LIKe&aa
Ly GKAA 62N] > GKS | ZevNieKdza SRPL2 aBIRE G drf laih ® KB
2F GKS bdzZARX & AG 6Fa F2dzyR G2 06S [[dzZAdS NRO«

167



Development of a new model Part B: Model extension to associating fluids
y ®H dzZNB O2VYLl2dzy R4 LI N} YSGSNE SadaYloaz2y

¢ KS LJzNBE O2YLRdzy R LI N} YSICGKBIGBREBI O SK2RSt 4 K8 (
RFGlFrolasS dzaAy3da GKS &lYS YSGK2R2t23ed Ly 21
GKSNY2ReYIYAO Yyl Gdz2NBE 2F GKS aa20Aloeay3 bdzA Ra
YR &Fddz2N> SR fAljdzAR RSyaisi® RINB Il tfaA2 doedRf M2
Uky3 LINEOSRdzNB @

¢tKS AyOfdzarzy 2F KSIFG OFLIOAaSa Ay GKS Uky3
fAGSHI WHMBENST oS H oSy I 1 SR IKS {!TE8aPRA o Y
O2YLRdzyRasxs O2yOf dzRAYy3a GKIG GKS AyOfdzaiAzy 27
LINE LISWI & ©S 2 0 KS NI &t WRE LILX (A& Bza 8- iy 13 [ { ddR ALISAY | Y

Tdzy OagPINARELT & OFAL OBeNGIAY S S N&EK A20Ke RESTFE 6 B F v i
NBadzZ Gad . SOFdzAS 2F GKS O2YLX SEAGe GKIFG (KS ¢

~ oA m s M oA

al LI N}YSGSNBRS 6S RSOBERSRNGBEANBRRBRAZKAA LINE LIS NI

O Bt L p A

C2

P U

o 6 eq8-20

6 “O 5 w5 ” a5 I
0 0U 00 0

CY

:
GKSINBIKS ydzYoSNI 2F LRAYyGa dzASR F2NJ SI OK LINE LIS
C2NJ Ol LI2NJ LINB&aadz2NBa | yR f Adjwie#pReda RSYBIA 888 R 1 KK
O2YLRyYySyltaz AdSo g GSNEX YSOUKIFy2f |yR SGKetsS
GKS bL{¢ RIFGF dMateeNg [ ¢d GBNI ALTYSRR YSUKFyYy2fX GKACT
RFEGFrolasS ¢l a dzaSiR LAINRYZOR S La{deO KR 2RS- &l |y

¢KS UGS LizNE O2 YL WSy ALGSNG XY STHKSNES & S & 2 LI NI
G2t dzYSE G 8NKE | 4a20AT a2 O8 Y SHNHE Ol ReY $ SKKES | &
aSOSINE O02YLRYy Syl ad NI YASEESINR!  Fl2yNRAOR0=6 S NB
aAYdzZt G yS2dzate USRI oKX (TN TENBSNR YES yiii S ¥ LI
dzeft Al SR®

168



Development of a new model Part B: Model extension to associating fluids
C2NJ 0KSuNI2tadit @b RO 2{ = | y2UKSN) YSUKIRE A& 4|

g2t dzy S LINI #1538 S OINE T detSI SFRISTNA YSYy G f "YONIRe OF £
LINSamd@zyBE | YR (GKS NBad 2F GKS LI NYYSGSNBRZ | f;
UJSR Ay GKS alyYS YIYYySNI Ia F2N) 0KS NBadG 2F G

%) narx)'(qu;.( eq8-21

¢2 | Lmflea SR !'Y2RSfax Ad Aa SaaSyeslf (G2 UNRO AR
Y2t SOdzZ S C2NJ GKS O2YLRdzyRa SEI¥AgERSNBKS | &
laaA3dySRd ¢KSaS a0OKSYSa INB O2yaraidaSyid | ONR:
LINSGA2dzda NBaSI NOK FNRY 2dzNJ €1 02N} G@mMES MKp D K
HTMT® 6

Table8-1. Assigned association schemes for applying CPA based models

Compound Formula Scheme
Water 210 :He 4C
H
D
A
5
Methanol . 2B
H
B
ﬁc/\/
MEG . ? 4C
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Table8-2. Regressed parameters of the models studied in this work

model Compound @ W - I W W w W
SRKCPA HO" 0.7432 0.0145 149.15 0.1204 1.8469 - - -
UMRCPA 0.9406 0.0147 127.60 0.1721 2.5954 -1.394 0.870 -
vt-UMRCPA 3.6450 eq8-21 143.71 0.0303 0.8064 -1.135 0.808 0.004
SRKCPA MeOH" 3.8735 0.0318 217.60 0.0314 0.8006 - - -
UMRCPA 4.7710 0.0317 23158 0.0186 0.5589 -0.067 0.310 -
vt-UMRCPA 8.6860 eq8-21 300.86 0.0005 0.6319 -3.746 4.902 0.010
SRKCPA MEG™ 5.4412 0.0500 156.24 0.0754 1.9723 - - -
UMRCPA 5.8156 0.0488 199.59 0.0400 0.7463 2.369 -1.759 -
vt-UMRCPA 9.8219 eq821 260.49 0.0079 0.0375 -0.804 2.714 0.011
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Table8-3. Correlation and prediction results for water thermodynamic properties

Model Phase AARD AARD AARD AARD AARD AAD
0 (%) ") 6 (%) 6 (%) o(%)

UMRCPA saturated 1.0¢6 1.5 7.8 2.9 14.6 0.04
SRKCPA liquid 0.5° 1.& 5.8 4.8 12.3 0.05
vt-UMRCPA 0.3 0. 12.0 3.5 19.9 0.04
UMRCPA saturated - 1.9 9.5 12.0 14 12.63
SRKCPA vapor - 3.1 9.3 13.7 1.7 70.65
vt-UMRCPA - 4.2 18.1 22.5 3.2 31.77
UMRCPA subcooled - 19 7.9 2.6 32.4 0.03
SRKCPA liquid - 1.7 8.2 1.6 23.6 0.03
vt-UMRCPA - 1.3 114 2.9 30.2 0.02
UMRCPA supercritical - 1.2 54 5.0 3.8 0.27
SRKCPA - 3.3 5.3 6.7 3.7 0.35
vt-UMRCPA - 5.6 18.6 14.0 11.8 0.15
Overal UMRCPA 1.0 1.7 8.1 6.0 13.4 4.1
deviation SRKCPA 0.5 2.4 7.4 7.1 10.6 22.6

vt-UMRCPA 0.3 2.6 14.6 10.7 16.1 10.2
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Figure8-1. Prediction of thermodynamic properties of water in the saturated phases: (a) density vs
pressure; (b) isobaric heat capacities vs temperature; (c) speed of sound vs temperature;-(d) Joule
Thompson coefficient vs temperature. Data from N1S®].
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Table8-4. Correlation and prediction results for methanol thermodynamic properties
Model Phase AARD AARD AARD AARD AARD AAD
0 (%) (%) 6 (%) 6 (%) o) -

UMRCPA saturated 1.3 0.8 4.1 3.x 5.7 0.06

SRKCPA liquid 1.7 0.9 6.3 3. 6.9 0.07

vt-UMR 1.3 1.4 127 5.4 155  0.07

CPA

UMRCPA - 3.8 - - 1.8 45.61
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SRKCPA  saturated - 3.9 - - 2.1 107.8
vapor 7
vt-UMR - 6.1 - - 3.2 78.19
CPA
UMRCPA subcooled - 0.6 2.9 4.2 8.5 0.03
SRKCPA  liquid - 0.5 4.6 4.7 9.0 0.03
vt-UMR - 11 10.2 4.7 8.1 0.06
CPA
UMRCPA supercritical - 14 11.9 8.5 4.7 2.27
SRKCPA - 15 12.1 8.6 4.9 2.31
vt-UMR - 7.4 51.7 23.9 23.3 3.00
CPA
Overall UMRCPA 1.3 1.7 3.8 3.3 51 14.0
deviation =~ SRKCPA 1.7 1.8 4.8 3.6 5.7 32.6
vt-UMRCPA 1.3 3.6 14.1 6.4 111 23.9
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Figure8-2. Prediction of thermodynamic properties of methanol in the saturated phases: (a) density
vs pressure; (b) speed of sound vs temperature; (c)-Jbolmpson coefficient vs temperature. Data
from NIST136]
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Table8-5. Correlation results of the studied models for MEG thermodynamic properties

model AARD AARD  AARD
0 (%) " (%) 0 (%)
UMRCPA 0.8 0.3 2.9
SRKCPA 1.8 0.5 5.7
vt-UMRCPA 0.4 0.6 5.5
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LYy 2NRSNJ G2 SEGSYR (mKdwt BidReE Q2FIAXFABBREE S
NEad G2 Y2RSt a NONBRN&ERIDOE R @SR i KI202MI SINKYS
UYRAY3Ja o080HmPAFIKSNEE Ad oot a akKz2gy (GKIFIG GKS @21
gKSY GKS Y2RStf Aa SyF2NOSR (G2 NBLINRBRdAzOS (KS ¢
y o @A E( dzNB &

¢25EGSYR (KAA &GdeReRIIIA oY REB(G daNBIBK G(KSNXY2Rey | Y
d2aidlyda RSOSt 2LISRP ¢ KS RILILSYIGASE KD 2REHIER Sy (S|
GSYLISNY 0dzNBE NI} y3IS FNBY wmMco U2 pto Y | LINBaa
YR GKS gK2ftS O2YLRaAs2yltf Nry3aS F2NIIFff oAyl
t62 Y2RSt&a 6SNB O2y&8ARSNBR T2 N& YA Ed 2B £KER 0K
SEGSYRSR {(i2 YAEGdz2NBa @Al GKS ! yABSNREIt aAERA)
LI NF YS G SNE =it thBfaRA yiK Sl {SWYOR2 mF¥ YAEAY 3 NHzZ S& 6 A
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Table8-6. IPs used for the SKIPA EoS

System o) Reference
HOMeOH  -0.06 [281]
HO-MEG 0.02  [277]

MEGMeOH 0

176



Development of a new model Part B: Model extension to associating fluids
C2NJ) (KaSSha9DrAEGdz2NEBE (2 G(KS 6S&aid 2F 2dzNJ (y2s6¢f
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OF LI OAaSa IyR tSaanaload¥Vl QiBNRAIRFY SHPKEY R{dw T 2
Ad | ROFYyGl 3S2dza F2NIWIKSNEA YIKRINS ASFF(I SE 8§48 TEKSC
Y2RStfa akKFNB aAYAfIl NI NBadz Gao

Table8-7. Overall prediction results for mixture properties with -£RK and UMRPA

AARD#
Property System NP
UMRCPA SRKCPA
MethanolWater 2312 23 2.3
M MEGWater 683 3.0 1.3
MEGMethanol 180 0.3 0.4
MethanolWater 95 5.8 6.9
# MEGWater 780 2.7 3.1
# MethanolWater 218 4.6 4.7
MethanolWater 19 3.5 4.1
0 MEGWater 34 14.2 5.3
MEGMethanol 11 7.4 5.4
M 3175 2.3 2.0
# 875 3.0 3.6
Overall
# 218 4.6 4.7
0 64 9.8 4.9
90 YOB ———— — O U0WKSNB LINRLIY (KS GKSNXY2ReylYAOD
G B o
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Figure8-3. Prediction of methanol (X)water (2) densities at atmospheric pressure: (a) T=298 K; (b)
T=323 K data from: blue circlef282], purple triangle$283], black squaref284], green circles
[285], red diamondg286], red dashed line: UMRPA, black solid line: SRRA
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Figure8-4. Prediction of methanol (dyater (2) densities at elevated pressures for an equimolar
mixture: (a) experimental vs calculated densities; (b) density vs temperature at 2000 bar.
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Figure8-5. Prediction of MEG (dyater (2) densities at atmospheric pressure: (a) T=288 K; (b) T=323
K; (c) T=353 K; (d) T=373Kta from purple triangle$287], blue circle$288], red diamond$289],
black squaref290], red dashed line: UMRPA, black solid line: SRRA
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Figure8-6. Prediction of MEG (hhethanol (2) densities at atmospheric pressure: (a) T=288 K; (b)
T=303 Kdata from:blue circle$291], green triangle$292], red dashed lines: UMBPA, black solid
lines: SRICPA
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Table9-1. Pure component parameters determined in this work for LOHARA

2

Compound ¢ C2 C3 () A - 1
TEG 1.161 0.455 -0.010 42% 0.1 1193 0.033
H.O 1.895 -0.991 1.210 1.03 0.055 141.77 0.15
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Table9-2. Correlation results with the UMBPA model for pure water and TEG

AARD %
Compound Tr range Ps Y G Ref.
H.O (4C) 0.42:0.98 0.4 1.3 5.7 NIST[136]
DIPPR
TEG (4C) 0.360.91 59 2.8 4.9
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Figure9-2. Modeling of TEG properties using the UMRA model: (a) saturated liquid
densities; (b) vapor pressures; (c) saturated liquid isobaric heat capacities; (d) mutual
solubilities in the binary TE@S. Pure TEG dataom DIPPR135]; TEGWG LLE datdrom
[319]; black solid lines: UMRPA
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Table9-3 ¢ VLE results for wategas binary systems using the UNIRA model

HO (1) with AARD R (%) 100*AAD* y;
CH 9.3 1.1

GHs 9.4 0.3

cqQ’ 7.9 (7.4) 5.9 (6.2)

Ny 10.5 0.8
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GKS &ada2fdzoAtAde 2F 461 GSNIAYy GKS J@thikig NI LK &S
the temperature range from 311 K to 511 K and for pressuresopyton 6 | N3 ¢ KS Y 2 F
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Figure9-3. VLE of kD-gas binary systems: (aY®tCH, T=298 K, datkom [320][321]
[322]; (b) HO-CH, T=603 K, datbom [323]; (c) HO-GHs, T=311511 K (in ascending order
from left to right), datafrom [324]; (d) HO-N,, T=274 K, datiom [325], T=413 K, datcom
[326], T=603 K, dattom [327, 328] Solid lines: UMRPA

The accurate description of the highly asymmetric solubilities of the water/
hydrocarbon systems, as well as the description of the minimum observed in the

solubility of the hydrocarbons in the wateich phase at low temperatures, has always

been a challege for the scientific community. & RSAONAOGSR Ay (GKS LINE
GKS [[9M2FVSWNIGERNA I ySa 61 a | LLNEGHDOKISBs 208 |
LI N} YSGSNE D LB ONREAVESINyS2dzat e 6A 0K LidzNJ

RS a OINGNSS & ik SINEGSR Y § IN@izA f RDOR dXYF S8 GIMIRGA K v/
yid ¢2 SE syR 0SS 1 YR &G il KISIORNDI 802 dzLJ DLt &
RSGSNXYAYS o0& qikk yB[ 2YRBGEH®S OF
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Nel odim8 KS | @SNF IS | 6az2ftdziS NBfla@dS RSOAlI a2y
RSOAlIa2ya INBE KAIKSNI F2NJ G§KS GRAYOdzZ ¢ 1/
jdZA GS FRSIjdzZr S IAGBSY GKSANI OKFffSy3aay3a yI G

Table9-4 ¢ LLE results for@-HC systems using the UNIRRA model

H20 (1) with  AARD XHc)(%) AARD Xaq)(%)

nG " 44.9 37.9
iG 54.1 50.2
iG 15.0 56.5
nG” 13.0 37.8
nG” 195 54.6
nGo 16.1 104.5
cG” 16.6 20.6
m-cG 43.6 31.2

F An AARD of 3.3 % is predicted for the solubility of water in
the vapor phase.
FF hytfeée GKSasS aeadsSvya KF-@S 6SSy dzaSR F2NJ Ul
INPidzLdi SN Oa2y LI N} YSGSNAEZ £t G6KS 2GKSNJ
O2NNBalLRyR (2 LINBRAOa2Yya

C A 3 dahlJpresents typical results for water with-alkanes and water with

cycloalkanes with the new model. UMEPA satisfactorily describes the phase

behavior of the studied systems attaining to predict the minimum of the HC solubility

in water.
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Figure9-4. LiquidLiquid Equilibrium in4@-HC systems with the UMBRPA model: (a)
propane, datdrom [329]; (b) rhexane, datdrom [330]; (¢) roctane, datafrom [331]; (d)
n-decane, datdrom [332-334]; (e) isobutane, datérom [335-337]; (f) isopentane, datérom
[336, 338, 339](g) cyclohexane ada from[309, 330, 34843}, (h) methylcyclohexane, data
from [333, 344346], Grey triangles: Solubility ot® in the HC phase, blue circles: Solubility
of HC in the aqueous phase, open squares: SolubilipOointhe vapor phase, red dashed
lines: UMRCPA
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Figure9-5. Correlation of sowationfor HHO-BTEX systems applied in LH@RA (solvation): B
corresponds to benzene, T to toluene, E to ethylbenzene, Xytenme
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Table9-5 ¢ LLE results for.B-BTEX systems using the UKIRA model

AARD ¥Hc)(%) AARD Xaq)(%)

H0 (1) with R UMRCPA UMRCPA
_ UMRCPA _

CPA (solvation) (solvation)
Benzene 10.5 10.5 20.8 9.9
Toluene 8.8 10.1 47.9 7.7
m-xylene 33.3 29.0 60.6 14.2
Ethylbenzene 21.8 27.2 62.5 46.4

CAIAGNSS Y2y ai Ny S8 GKS SELISNAYSY(l fuht Yy R LINBF

. ¢9.- OAYIFNARSEAS 02 GAGK YR gAGK2dmi | 002 dzy
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a

/[t 0
NBadzZ & O2yUNXA& (GKS dal 3a20Aleay3dé yI idNB 27F
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Figure9-6. Mutual solubility results with UMRPA in wateBTEX systems with and without
solvation: a) rXylene, data by IUPARIST Solubility Data Series[847]; b) Toluene, data
by Marche et al[343], Ng and Che[832], Jou and Mathef348]; c)Benzene, data by
Tsonopoulos et al330]; d) Bhylbenzene, data by IUPAGST Solubility Data Series 81; Solid
red line: UMRCPA; Black dashed line: UM@RA (solvation)

PPHDPAYFFNASE gAGK ¢9D
hDH PHIBM & S &
The VLEesults with the new model are reportad ¢ | 6dfc.St hould be noted that

only the bubble point pressures have been used for regression, hence, the results in

vapor phase compositions correspond to predictions.
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Table9-6 ¢ VLE results for TE§as and TE®LO binary systems using the UNIRA model

TEQ1)with AARD R (%)  100*AADy
CH 3.2 2.9-5
CoHs 4.9 -

ole)y 7.1(6.7) -

H0 5.3 0.7
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Figure9-7. VLE of kD-gas binary systems: (a) TEH, T=298 K, diamonds (TEG solubilities
in liquid phase by Jou et §49]), squares (TEG solubilities in vapor pHesm [350]; (b)
TEGGHs, squares T=298 K, triangulars T=348 K, circles T=388&{rom[349)); (c) TEG
CQ, squares T=273 Hdta from[351]), crosses T=323 #ata from [349]), triangulars
T=398 Kdata from[349]). solidblackline: UMRCPAred dashed line: UMEPA (solvation)
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Figure9-8. VLE of TEGaK: (a) Fxy graph at B5 bar, data byMostafazadeh et al.352]; (b)
infinite dilution activity coefficients of water, data Bgstani & Shanf53], solid lines:
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Figure9-11. Experimental and predicted distribution ratios of methane in the ternary system
TEGH,O-CH using the UMRCPA model (experimental data fr¢855])
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Figure9-12. VLE of the system TEB-GHs. Data by Zvawanda et 4B56], black squares
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Figure9-13. Relative volatilities of water to TEG vs Temperature with the \CHR
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Figure9-14. VLE of the system TEGO-CQ. (a) T=297 K, red squares: 7% water, blue
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Process simulation of TEG dehydration with UGTRA
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Process simulation of TEG dehydration with UGTRA

Tablel0-1. Key procesparametersand associated thermodynampcoperties of TEG
dehydration

Procesparameter Associatedhermodynamicproperty

TEQurity in the recycled lean glycol VLEof TEGwater (especially close to

stream reboilers temperature)

Water content in dry gas Activity coefficient of water at
equilibrium with TEG approaching

infinite dilution

Water content in wet gas VLEof water-methane
Dry gas rate Density of methane
Reboiler duty Heat capacities and heat of vaporizatio

of TEG and water

Mn OESHME A @ F LIJdzNB YSGKI yS

CKS @2t dzYSGINRAO O0SKIFE@A2N 2F YSOKIYS Aa |dz
O2YLINR &S&a Y2al 2F (GKS bD O2yOSyi{iN}lesz2yod . 210
N} 6§Sa RSLISYR 2y G(KS | Oldzcth IR 82y Sy 2 NNIRBF & A
0KS LISNF2NNMNIYOS y2RF DfadwO2f LI O1F3IS 2y YSUKI y
YR GSYLISNI dzNB& 6KAOK &AYdz 8! i KBNBBRA O AS
GKS oRIFIGNDI KOt > LIS & LIBEKSS AUINGS 320 dZ2AB NS 2 WS NE

/ t LINEJGARSa f 26K RGYa X (IKBYIOBSE KAIKSN b2g

A 2 s oA

SELISOGSR T2NJ GKS RNE 3l ao

211



Process simulation of TEG dehydration with UGTRA
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Figure10-2. Density of methane at T= 3@, data from NIST, Kleinrahm et [g61].
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Process simulation of TEG dehydration with UGTRA
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Figurel0-3. Heat capacity of a) pure TEG at atmospheric pressure, b) pure water at the
saturated liquid phasedata from Steele et dl362], Stephens and Tampli863], Li et
al.[364]
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Process simulation of TEG dehydration with UGTRA
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Figurel0-4. Enthalpy of vaporization of a) pure TEG and b) pure wdtda from ASPEN
PLUS, NIST
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Figurel0-5. Water content in methane at T= 37.8 C at a) pressure up to 100 bar and b)
pressures close to contactor operating pressure6@dar); data from Olds et dB865],

Yarrison et al[366]
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Process simulation of TEG dehydration with UGTRA
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Figurel0-6. Vapor Liquid Equilibrium of the systerOHTEG AT P=85 kPa. a) T:290°C, b)
T=1906210°C;experimentadata from Mostafazadeh et aJ352]
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Process simulation of TEG dehydration with UGTRA
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Figurel0-7. Activity coefficients at infinite dilution of water for the TBE® binary at
atmospheric pressure; data from Parrish effa&7], Bestani & Shan@53]
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Tablel0-2. Vapor Liquid Equilibrium experimental data of the system TEGUI2}NG(3)

[369]

T(C) P (bar) HO wt (%) vyi(ppm) VY2(ppm) Xne
14.98 60.04 5.03 0.003 83.25 0.023
15.07 60.04 5.01 0.0022 82.1 0.0229
20.04 60.14 4.99 0.0025 114.95 0.0226
20.07 60.15 4.99 0.0008 109.7 0.0226
20.07 60.11 5 0.0005 112.83 0.0226
25.25 60.19 5.01 0.0176 148.32 0.0224
25.1 60.14 5.15 0.0075 148.4 0.0219
25.04 59.89 5.03 0.1903 133.05 0.0214
25.01 59.91 5 0.052 131.82 0.0213
25.19 60.17 5.07 0.0397 138.88 0.0216
25.21 60.18 4,93 0.0214 140.45 0.0211
25.13 60.25 5.03 0.0128 136.46 0.0215
25.08 60.19 5.07 0.0076 141.68 0.0218
25.1 60.16 5.12 0.0075 141.8 0.0215
30.06 60.09 5.16 0.0131 191.38 0.0212
30.05 60.11 5.13 0.0071 198.6 0.0216
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Process simulation of TEG dehydration with UGTRA

Tablel0-3. Natural Gas composition in mole fractif369]

Compound Mole fraction
N2 0.00899
CQ 0.02517
CH 0.9174
G 0.04265
nG 5.03E03
-G 4.74E04
n-G 1.92E04
-G 3.50E05
n-G 2.80E05
Gt 3.80E05

F/llb A& Y2RSEtSR Fa y2NXYIt [/
¢KS #taw FyR Dfeo2t tIO1Fr3S FINB I LILXASR 2y
RSOAlI o2y a | NBovmB® JA RSR Ay

Tablel0-4. Predictiorresultsfor the phase equilibriunof the system TEG(O(2YNG(3)
using UMRCPA and glycol package

AARD (%)
Model y(TEG y (H0) X (NG)
Glycol Package 1753.4 4.9 27.0
UMRCPA 883.3 6.2 31.6
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Figurel0-8. Vapor Liquid Equilibrium in TEGO-NG system at P=60 bar, a) water content in
the vapor phase, b) TEG content in the vapor phase, c) mole fraction of NG in the liquid
phase
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Process simulation of TEG dehydration with UGTRA

OFE L2NAI SR® ¢KS U0UelLAOI t 2LISN) ay 3 LINBaadzNb
wo t™n 8
Dry gas Flash gas Vapor
Glycol pump  Glycol cooler
‘ g M [_ Flash drum _i[ Condenser
Contactor =
J.,” — R, Y Regenerator
prrs AN L Filter
Inlet cooler —— P —A — L )1
— Flash valve 5 i
o\ A— —~ Reboll
‘7' : Inlet scrubber Glycol/Glycol =1 e
s Heat exchanger e
Wet natural gas

Stripping gas

Flowchartl0-1. Typical natural gas dehydration unit using glycol as an entr§36&]
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Process simulation of TEG dehydration with UGTRA
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Process simulation of TEG dehydration with UGTRA
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Table10-5. Naturalgas compositiomsed for the process simulati¢i/1]

Component Mole %
Methane 839
Ethane 8.1
Propane 3.5
n-butane 0.8
i-butane 0.5
n-pentane 0.2
i-pentane 0.2
G+ 0.3
N> 1.0
CQ 14
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Process simulation of TEG dehydration with UGTRA

Tablel0-6. Parameters used for process simulation of TEG dehyd{86&

Parameter Value Unit
Dry gas flow rate 11.23 Msm?/day
Lean TEG flow rate 6.1 m3/hr
Flash drum temperature 62 °C
Flash drum pressure 4.9 bar
Rich TEG temperature into

139 °C
regenerator
Condenser temperature 100 °C
Condenser pressure 1.2 bar
Reboiler temperature 206.6 °C
Reboiler pressure 1.23  bar
Stripping gas flow rate 91.2  Snvthr
Stripping gas temperature into 80 -

stripping column
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Appendix B: Helmholtz Energy functions and derivatives for \0@R EoS
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Appendix C: Specific parameters of UMRW for pure nofassociating compounds
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Table GL. Specific parameters of the UMNMEW model for pureon associatingompounds

Compound C1 C2 C3 o Cs A B
N2 0.4353 -0.01216 0.07426 0.06916 0.0168 -3.77 -4.62
CQ 0.67109 0.00840 0.23931 0.86579 0.716B -1.21 -0.001
CH 0.38658 0.01601 -0.01737 0.01176 0.02079 -4.04 -0.36
GHs 0.49881 0.11557 -0.04078 -0.05779 0.01770 -4.07 -0.33
G 0.60374 0.00402 0.17875 -0.01355 -0.20200 -1.63 -3.83
nG 0.67160 -0.03782 0.20824 0.14810 -0.30679 -1.00 -5.01
nG 0.73522 0.00132 0.23017 0.19656 -0.37119 298 -9.96
nG 0.81470 -0.01200 0.24459 0.30789 -0.58651 6.97 -13.64
nG 0.87266 -0.01725 0.23749 0.56249 -0.76499 7.44 -8.72
nG 0.93768 0.01166 0.04887 0.94555 -0.89636 13.19 -13.47
nG 0.99858 -0.04855 0.17789 0.99352 -1.16604 18.00 -16.00
nGo 1.06779 -0.03401 0.07016 1.25543 -1.41038 23.82 -18.37
nGe 1.16496 0.02298 0.04761 1.57953 -1.89317 33.62 -17.74
nGs 1.23638 -0.01737 -0.10572 2.08493 -2.19352 43.00 -17.00
nGas 1.25450 0.06888 -0.02230 1.79604 -2.50387 50.80 -16.81
nGs 1.31581 0.17361 -0.98663 2.60145 -0.49751 58.01 -18.46
nGs 1.33576 0.30426 -1.15406 2.92504 -0.72768 66.40 -21.44
nGr 1.41288 0.26563 -1.52636 4.49996 -3.31718 75.00 -30.00
nGs 1.47378 0.14170 -0.80293 2.58816 -1.68829 86.63 -38.25
nGo 1.54799 -0.03130 -0.93478 5.02347 -4.43083 98.00 -45.00
nCo 1.62864 0.03987 -2.15931 6.84181 -3.01083 104.87 -52.54

Benzene 0.69062 -0.03173 0.33421 0.17393 -0.15275 1.05 -6.67
toluene 0.77541 -0.14375 0.49924 -0.07638 -0.01183 6.57 -11.33
m-xylene 0.85760 -0.08792 0.07159 0.73027 -0.66915 4.29 -041
Ebenzene 0.81298 -0.03388 0.16204 0.62874 -0.66825 9.45 -11.64
o-xylene 0.84541 -0.14208 0.18092 0.77934 -0.37741 3.06 -1.56
Diphenyl 1.00226 -0.25150 0.07436 0.87391 -0.84474 9.34 -37.20
Phenathrene 1.08856 -0.28455 0.07582 0.99384 -0.75385 65.15 -20.56
Pyrene 1.14637 -0.33437 0.02443 0.91073 -1.59091 90.28 -14.33

i-p-Benzene 0.94318 -0.37009 0.11014 1.28305 0.41459 6.38 -5.77
135tm-Benzene  1.00574 -0.29037 0.06954 1.05467 -0.50056 9.88 -3.98
n-propylBenzene 0.86261 -0.02014 0.12626 0.81764 -0.82730 11.47 -13.21
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Appendix C: Specific parameters of UMRW for pure nofassociating compounds

Compound C C2 C3 G Cs A B

2-m-Naphthalene  0.96398 -0.43357 0.03861 1.63712 2.89492 23.32 -2.59
1-m-Naphthalene  0.76994 0.95766 -2.24032 1.27480 0.92691 15.93 -18.10
n-PentylBenzene 0.93160 0.73844 -2.29558 1.14827 150128 23.67 -23.56

p-xylene 0.89324 -0.26261 -0.28790 1.14905 2.99986 5.76 -1.89
n-Octylbenzene  1.20841 -0.20436 0.15529 1.65585 -1.99845 37.70 -28.56
Tetralin 0.83913 -0.02535 0.46677 -0.13076 -0.02688 3.26 -0.96
Naphthalene 0.83428 -0.17120 0.23997 0.95879 -0.57017 4.24 -2.18
Cy-&a 0.67918 -0.19728 0.10317 0.58787 -0.04096 -8.58 6.53
cy-G 0.65552 0.02103 0.10689 0.34489 -0.28041 -1.25 -3.65
cy-Gs 0.67426 -0.01494 0.45093 -0.20574 -0.27722 -3.90 -2.98
m-cy-Gs 0.70466 0.01231 0.20767 0.33240 -0.39575 -2.30 -1.59
cy-G 0.74792 -0.12071 0.07171 1.13112 0.30916 -3.57 -2.43
M-cy-Gs 0.70932 -0.01129 0.35446 0.37894 -0.35470 -2.08 -3.48
i-p-cy-Gs 0.78035 0.06509 0.49622 0.38178 -0.53060 7.25 -7.36
Cy-Cs 0.85465 -0.36986 0.14633 1.43442 1.09589 4.96 -13.07
e-cy-Gs 0.73629 0.05809 0.24656 0.43551 -0.72349 3.61 4.56
p-Cy-Cs 0.62816 0.94698 -1.03026 -0.29066 1.16301 11.13 -8.45

cis12-dm-cy-Gs 0.63750 0.51878 -0.04685 -1.18931 1.33709 6.74 9.36
cis14-dm-cy-Gs 0.63673 0.50916 -0.02433 -1.09808 1.15355 12.06 -6.47
cis13-dm-cy-Gs 0.65698 0.42068 0.01389 -0.94193 1.08959 8.10 -8.88
trans13-dm-cy-G 0.63210 0.57875 -0.15916 -1.17988 1.51432 11.67 -5.86
trans-12-dm-cy-Gs 0.65859 0.46317 -0.26341 -0.95283 1.72951 9.72 -6.59

11-dm-cy-Gs 0.67259 0.26408 0.01807 0.32706 -0.75709 8.28 -3.32
trans14-dm-cy-G  0.68129 0.20688 0.42563 -0.79925 0.18800 3.38 -2.48
Bicyclohexyl 1.05935 -0.54629 0.60428 0.17837 1.14615 7.78 3.49
iCa 0.65846 0.02090 0.19829 -0.08700 -0.23928 -0.96 -7.80
iCs 0.70075 -0.00822 0.20624 0.16916 -0.29050 1.32 -10.38
22-dm-G 0.65248 -0.02086 0.25874 0.20676 0.39954 -1.30 -7.50
22-dm-C 0.73284 -0.08583 0.12542 0.59963 -0.25344 -153 -8.53
23-dm-G 0.74245 -0.07944 0.28501 0.38429 -0.30661 -1.70 -3.54
2-m-Gs 0.76235 0.03491 0.21496 0.04753 -0.24504 0.90 -2.23
3-m-G 0.76626 0.01280 0.07669 0.56033 -0.37222 2.36 -9.77
3-m-Gs 0.84314 -0.07360 0.42374 0.03321 -0.30653 0.87 -2.16
2-m-Gs 0.85115 -0.04635 0.13155 0.86633 -0.48599 1.06 -0.74
24-dm-G 0.80683 0.01278 0.13058 0.55743 -0.52670 -0.72 -1.86
23-dm-G 0.79376 0.04281 0.04773 0.39208 -0.43257 -0.93 -2.22
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Appendix C: Specific parameters of UMRW for pure nofassociating compounds

Compound C C2 C3 G Cs A B
33-dm-G 0.76657 -0.05940 0.42368 -0.46789 0.29584 6.41 -21.04
224tm-Gs 0.82264 -0.08733 0.20112 0.72201 -0.43745 4.18 -15.63
2-m-G 0.91407 -0.04764 0.51677 -0.68215 0.58131 4.38 1.78
3-m-C 0.91988 -0.13844 0.51288 -0.08038 0.16481 2.96 1.45
24-dm-Gs 0.87823 -0.08491 0.11297 1.15194 -0.39698 -0.26 -3.31
2-m-3-e-G 0.84994 -0.02673 0.16434 0.66057 -0.66844 0.56 -2.13
3-e-G 0.91085 -0.11099 0.04181 1.33847 -0.40056 -0.72 2.88
33-dm-G 0.83753 -0.03408 0.17180 0.64936 -0.60899 -1.54 1.68
22-dm-Gs 0.86299 -0.05978 0.36256 0.42013 -0.62989 5.99 -11.39
2-m-Gg 0.97136 0.03316 0.39633 -0.64776 0.31872 8.82 -2.46
3-m-G 0.95212 0.07035 -0.08751 0.64850 -0.48687 7.35 -0.98
22-dm-G 0.93121 -0.03374 0.21138 0.90525 -0.85181 8.40 -13.10
26-dm-G 0.91624 0.14921 -0.02183 0.44438 -0.43120 10.98 -10.02
3-m-3-e-G 0.82492 -0.06843 0.08254 0.71402 -0.52307 -1.71 -4.42
233tm-G 0.79848 -0.00856 -0.02792 0.72733 -0.48063 -1.63 -4.63
34-dm-Gs 0.87230 -0.09850 0.19003 0.90073 -0.50340 -2.22 -0.05
2233tm-G 1.01470 0.13757 0.35307 1.20237 -0.99738 -20.84 -1.51
234tm-G 0.83435 -0.02236 0.05516 0.65046 -0.64709 -0.20 -5.20
25-dm-Gs 0.87105 -0.04519 0.30552 0.76295 -0.58665 5.34 -5.95
3-e-C 0.96897 -0.11050 0.57005 -0.46166 -0.37756 12.49 -14.16
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Appendix D: Group interaction parameters of PPR78 and-CGRR models
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Table BL. Group contribution parameters of the PPR78 model

Aj ChH Ch CH C CH GHs ACH AC ACf cCH cCH CQ N2 H.S Hz HO
CH 0 7481 2615 3967 3294 8579 9025 628 628 4038 9848 1640 5274 1584 2028 35570
Ch 7481 0 5147 8853 3672 3123 2978 37.8 37.8 127.8 -549 1369 8228 1346 1325 43240
CH 2615 5147 0 -3057 1452 1743 1033 61.8 618 1019 -2265 1843 3654 1939 4152 9714
C 3967 8853  -3057 0 2639 3332 1589 7961 7961 1771 1784 2879 2639 3051 2265 0
CH 3294 3672 1452 2639 0 1304 6726 1393 1393 3637 4015 1373 379 1812 1561 22650
GHs 8579 3123 1743 3332 1304 0 4118 -309  -309 858 1029 1355 6159 1572 1376 23330
ACH 9025 2978 1033 1589 6726 4118 0 -1338 -1338 2917 -2642 1026 1852 2196 2848 22680
AC 628 37.8 61.8 7961 1393 -309 -1338 0 0 3431 -1057 1101 2840 1029 3775 5435
ACf 628 37.8 61.8 7961 1393 -309 -1338 0 0 3431 -1057 2673 7181 1029 5490 13400
cCH 4038 1278 1019 1771 3637 85.8 2917 3431 3431 0 -501 1301 1795 1208 2320 42110
cCH 9848 -549  -2265 1784 4015 1029 -2642 -1057 -1057 -501 0 9128 1009 -1613 -3140 2440
CQ 1640 1369 1843 2879 1373 1355 1026 1101 2673 1301 9128 0 9842 1349 2659 5593
N2 5274 8228 3654 2639 379 6159 1852 2840 7181 1795 1009 9842 0 3195 652 25740
HS 1584 1346 1939 3051 1812 1572 2196 1029 1029 1208 -1613 1349 3195 0 1458 6039
Hz 2028 1325 4152 2265 1561 1376 2848 3775 5490 2320 -3140 2659 652 1458 0 8308
H.O 35570 43240 9714 0 22650 23330 22680 5435 13400 42110 2440 5593 25740 6039 8308 0
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Appendix D: Group interaction parameters of PPR78 and-CGRR models

Bi ChH ChH CH C CH GHs ACH AC ACf cCH cCH CQ N2 H.S Hz H.O
ChH 0 1657 3888 8043  -350 -295 1461 4186 4186 959 2316 2690 8719 2412 3174 111950
ChH 1657 0 7961 3150 1084 8476 5817 1448 1448 2837 -3195 2546 2028 1383 1472 121260
CH 3888 7961 0 -2508 3016 3521 1918 -3397 -3397 -9093 -5147 7621 5219 3078 7264 5676

C 8043 3150 -2508 0 5315 2038 6132 -3260 -3260 6019 -1095 3462 7726 -1431 18120 0
CH -350 1084 3016 5315 0 68.6 1675 4643 4643 2642 2553 1942 372 2889 9299 47220

GHs -295 8476 3521 2038 68.6 0 5079 1304 1304 7686 -5284 2395 8492 2171 1500 51470
ACH 1461 5817 1918 6132 1675 5079 0 2025 2025 6932 -7892 1613 4906 1750 1750 62180
AC 4186 1448 -3397 -3260 4643 1304 2025 0 0 9539 -2865 6376 18920 12010 12010 4118
ACf 4186 1448 -3397 -3260 4643 1304 2025 0 0 9539 -2865 4444 18920 14760 14760 -6588
cCH 959 2837 -9093 6019 2642 7686 6932 9539 9539 0 -8911 2258 5466 1675 1675 130310
cCH 2316  -3195 -5147 -1095 2553 -5284 -7892 -2865 -2865 -8911 0 8201 2498 -2258 -2258 -6039
CQ 2690 2546 7621 3462 1942 2395 1613 6376 4444 2258 8201 0 2214 2014 2683 2779

N2 8719 2028 5219 7726 372 8492 4906 18920 18920 5466 2498 2214 0 701 701 54900
H.S 2412 1383 3078 -1431 2889 2171 1304 -8579 -8579 1630 -1476 2014 5501 0 8235 5991
H. 3174 1472 7264 18120 9299 1500 1750 12010 14760 1675 -2258 2683 701 8235 0 -1379
HO 111950 121260 5676 0 47220 51470 62180 4118 -6588 130310 -6039 2779 54900 5991 -1379 0
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Appendix D: Group interaction parameters of PPR78 and-CGRR models

Table B2. Group contribution parameters of the new UNIRA model

groupm groupn  Am(K) Bmn Gm(KY) Anm (K) Bm Gm (Kb

UMRNEW
CH CQ 85.8  10.1959 G 126.21  -0.4439 G
CH N2 192.06 0.7909 G £141.07 -0.8494 G
CH GHs 79.06  0.2497 G -56.01  -0.1798 G
CH Ch 555.48 2.8287 -0.010592 -268.42 -1.2346 0.001094

CH ACH 108.99 1.695 0.000509 -63.53 -1.305 0.002178
CH ACCH 169.99 13.1420 0.01018  -88.33 1.393 -0.00843

CH cCH 155.72 -0.4666 0.007538 -119.88 0.0722 -0.00494
CQ N2 366.62 1.53 q -128.17  -1.665 q

CQ GHs 92.2 50.6847 q 110.5 -0.3805 q

CQ ChH 68.56 -0.8739 -0.00008 90.68 -0.5714 0.00577
CQ ACH 16.2 -2.2538 -0.00105 94.49 1.557 0.00785
CQ ACCH -102.7  -3.0502 0.012 274.36 155931  0.01293
CQ cCH 39.01 0.1982 -0.01413 14164 -1.3184 0.020399
N2 GHs -157.17 -0.9411 G 308.97 1.003 G

N2 ChH 833.27 -2.5383 0.036193 -190.64 -0.9754  -0.00198
N2 ACH 363.68 1.801 -0.00657 37.23 -1.205 -0.00106
N2 ACCH 264.19 -3.614 0.01502 12255  0.5598 -0.00397
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Appendix D: Group interaction parameters of PPR78 and-CGRR models

N2 cCH 117.22 -1.2861 -0.00216 -13.69 1.3408  0.000741
G Hs Ch -73.88 -0.4092 0.000065 61.45 0.1126  0.000955
GHs ACH -104.18 0.1872 C 171.39 -0.7241 0
G Hs ACCH  -240.46 -1.2151 -8.6EO5 67459 25318  0.051615
GHs cCH 107.27 0.0615 0.009934 -95.39 -0.3512 -0.00512
Ch ACH 64.45  0.3745 q -6.73 -0.5662 q
ChH ACCH -93.37  -1.103 q 252.5 2.65 q
ACH ACCH -155.4  -1.489 q 366.6 13.22 q
ACH cCH -6.73  -0.5662 q 64.45 0.3745 q
ACCH cCH 252.5 2.65 q -93.37 -1.103 q

' aW t6OEGSYAARY2 262 awa20Al oy

CH H.O -170.28 1.03 -0.0077 528.37 1.83 0.0015
GHes HO -13283 -2.06 -0.0012 37768 5.49 -0.0005
CH HO -235.66 -3.25 0.0008 532.35 7.78 -0.0009
cCH HO -256.00 -3.24 0.0013 395.00 8.40 -0.0002
ACH (solvation) HO 57.70 -1.38 -0.0001 -195.93 0.19 -0.0032
ACCH(solvation) HO -86.49 0.99 -0.0157 -219.68 -0.62 0.0127
CQ (solvation) HO 3.05 0.10 0.0017 -41.39 1.84 -0.0120
ACH H.O 155.00 -2.17 -0.0027 -360.00 0.22 0.0019
ACCH H.O 330.00 3.80 -0.0294 -250.00 1.40 -0.0112
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Appendix D: Group interaction parameters of PPR78 and-CGRR models

CQ H.0 30.01 1.32 -0.0021 -139.91 0.77 -0.0090
N2 H.O -97.34 3.10 -0.0098 575.85 1.80 -0.0077
CH TEG -76.41 0.70 0.0000 406.32 -1.36 0.0000
GHs TEG 287.74 -1.29 0.0000 35.30 0.29 0.0000
CH TEG 121.62 -0.22 0.0000 77.66 -0.03 0.0000
ACH (solvation) TEG 44.87 -0.30 -0.0046 87.52 -0.06 0.0037
ACCH(solvation) TEG 2.44 3.25 -0.0236 -6.17 -0.02 -0.0035
CQ (solvation) TEG -92.05 0.03 0.0000 191.92 -0.09 0.0000
ACH TEG 13.80 0.17 0.0000 -26.00 0.13 0.0000
ACCH TEG 102.38 -0.42 0.0000 231.39 -0.83 0.0000
CQ TEG -123.80 -1.16 0.0000 200.25 1.90 0.0000
N2 TEG 29212 -2.07 0.0000 544.47 0.63 0.0000
TEG HO -223.69 0.88 0.0127 -67.35 -2.51 -0.0145
TEG HO' -357.01 1.29 -0.0128 -3.95 -2.05 0.0187
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Appendix E: Database used to develop the model foramsociating compounds
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Table EL. Database used for development of the UMR NEW model

Compound Saturated liquid Phase Single Phase

Psat v G, G, w,>r v G, G, w,>t Trange (K) Prange (MPa)
G [138] [138] [374] [374] [374] 150550 1-80
G [138] [138] [374] [374] [374] 200-600 1-70
G [138] [138] [374] [374] [374] 200500 1-80
nG a a [374] [374] [374] 200500 1-65
nG é é [374] [374] [374] 200-600 1-80
nG é é [374] [374] [374] 300-600 1-80
nCG a a [374] [374] [374] 200600 1-80
nG é é [374] [374] [374] 300-600 1-80
nG a a - - - -
nCio a a [374] [374] [374] 300600 1-80
nCi2 a a [374] [374] [374] 300600 1-80
nGs a a - - - - -
nGa a a - - - - -
nGs a a - - - - -
nGse a a - [137] - 324523 15110*
nGr a a - - - -
nGs é G - [137] - 325523 7-110*
nGo a a - - - -
nCo a a - [137] - 324521 7-110*
iC a a [374] [374] [374] 200500 1-35
2-m-Gs a a [374] [374] [374] 200600 1-80
iGs é é [374] [374] [374] 200-600 1-80
22-dm-Gs a a - - - - -
22-dm-G a a - - - - -
23-dm-G a a - - - - -
3m-Gs a a - - - - -
2-m-Gs a a - - - - -
24-dm-G a a - - - - -
23-dm-G a a - - - - -
33-dm-G a a - - - - -
2-m-G a a - - - - -
3m-G a a - - - - -
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24-dm-Gs
2-m-3-e-G

3-e-G

33-dm-G
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Benzene
Toluene
m-xylene
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o-xylene
Diphenyl
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pyrene
i-p-Benzene
135tm-Benzene
n-propylBenzene
124tm-Benzene
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Appendix E: Database used to develop the model foramsociating compounds
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Appendix F: Database used to extend the model to associating fluids

l LIWISYBAEHI 6 a8 dzaSR G2 SEGSYR GKS Y2RSt G2
A

¢tKS RIGIOolI&S dzeaf Al SR F2NJ OF f OdztAlya 2oyt S2 T LIdzNJ

D
Table FL. Database of the studied pure compound thermodynamic properties
Reference ({K)range/) 0)
Sat.liquid Sat.vapor Subcooled liquid  Supercritical
0  DIPPR - - -
(273-634/29)
a NIST NIST (280,500/22) NIST
(273:634/29) (700/11)
H.O ; L ) ) )
0 bL{¢ o0duv a a a
0 a a a a
0 a a a a
‘ a a a a
0 DIPPR - - -
(251-501/26)
” a NIST NIST (250,450/22) NIST
(251-501/26) (600/13)
MeoH 0 bL{¢ o6a0 - a a
0 a - a a
o a a a a
a a a a
0 DIPPR - - -
(260-690/26)
A - - -
4 - - - -
MEG
6 DIPPR - - -
(260-484/14)
0 - - - -

ft NBdadz2NE NI} y3ISa FNRBY wm G2 wmnannn o6F NJ
¢KS RIGFEOolI&aS dzASR F2NJ GKS OFf OdAtlt @8y @F YA
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Appendix F: Database used to extend the model to associating fluids

Table F2. Database of the mixtures thermodynamic propersasgdiedin this work

System Reference Property “Y(K) 0 (bar) 00

MeOH(1)+H0 (2) Mikhail & Kime[282] " 298323 1 0.001.00 60
Kuroki et al[375] 300400 4-200 0.001.00 250
Clifford & Campbe[283] 298 1 0.001.00 10
Friedman & Scheradd76] 274323 1 0.001.00 17
Kikuchi et al[286] 283323 1 0.060.83 45
Yergovich et a[377] 163283 1 0.360.99 63
Kubota et al[284] 288343 1-2215 0.001.00 178
Xiao et al[378] 323573 1-135 0.100.89 99
Sentenac et a[379] 250440 11405 0.11-:0.91 934
Osada et al[380] 320420 1-2000 0.50 150
Yokoyama & Uematg381] 320420 1-2000 0.200.80 326
Coquelef285] 283353 1 0.040.92 180
Kuroki et al[375] o) 300400 4-200 0.001.00 218
Katayama & KagaKkg93] 0 283353 1 0.051.00 35
Tanaka et a[294] 280360 1-150 0.050.79 60
Arce et al[298] 0 298 1 0.401.00 7
Kushare et a[299] 298 1 0.971.00 12

MEG(1)+H,0(2) Ray & Nemethy382] ” 298312 1 0.001.00 41
Morenas & Douheref287] 288308 1 0.001.00 31
Tan et al[290] 228393 1 0.030.72 151
Bohne et al[383] 264424 1 0.091.00 38
Huot et al [295] 278318 1 0.001.00 74
Lee et al[292] 283303 1 0.000.87 87
Sun & Tej§384] 296446 1 0.250.75 30
Guignon et al[385] 288 493-3502 0.75 21
Moosavi & RostanjR88] 288318 1 0.001.00 133
Yang et al[289] 273353 1 0.001.00 77
Nan, Liu & Taf97] o) 273373 1 0.001.00 231
Yang et al[289] 273353 1 0.001.00 95
Tan et al[290] 234373 1 0.071.00 359
Huot et al [295] 278318 1 0.001.00 74
Douheret et al[296] 298 1 0.041.00 17
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Reddy et al[300] 0 308 1 0.001.00 11
Douheret el al[296] 298 1 0.01:0.96 23
MEG(1)+MeOH Lee et al[292] 8 283303 1 0.020.92 87
2) Albuguerque et al[386] 298 1 0.051.00 8
Orge et al[301] 298 1 0.050.94 11
Gurung & Roy387] 298318 1 0.30 3
Song et al[291] 288303 1 0.030.92 43
Roy et al[388] 293303 1 0.000.61 10
Tsierkezos & Molino[B889] 293 1 0.001.00 18
Orge et al[301] 0 298 1 0.050.94 11

Total NP 4328
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Appendix G: Database used for modelling TEG dehydration systems

| LILIS YA Hi | 0 FRYNIRSE t Ay3d ¢9D RSKE@RNIazy
Table GL. VaporLiquid Equilibrium (VLE) data usedmodelling TEG dehydration systems
System NDP Ndy Trange(K) Prange (bar) xirange y1range Ref.
H20O (1) with
CH 251 89 273.2-603.2 0.07-1029.70 0.94-1.00 0.000220.8322 wom A O 2m /o m
CoHe 113 184 2743-5732 1.01-1000.00 0.98-0.99 0.00022-0.6294 woHNZXZ mmdy
CQ 674 286 274.0-5982 0.13-1499.98 0.01-0.99 0.0007-0.9844 WHMCT nmi®@
N2 150 16 2742-633.0 1.00-1690.00 0.93-1.00 0.00069-0.8555 womwmpPy X
TEQ1)with
CH 148 12 2732-4450 1.09-202.00 0.92-0.9 0000003 wondz opr
0.000001 nnneé
CoHe 59 - 298.1-398.1 1.10-204.80 0.85-0.99 - won os
CQ 57 - 2732-398.1 1.05-374.00 0.51-0.99 - wondaoz
TEGH0 MH| Tn oppr@pap ndpmdn, ndmdnan n dnagvd nn wnmpT 6
Table G2. LiquidLiquid Equilibrium (LLE) data useddelling TEG dehydration systems
System NDP T range(K) x1'' range X' range Ref.
H>O (1) with
nG 7 287.8-369.9 1.37e4-9.95e3 3.66e4-2.73e4 WO H (B
i 12 280.1-363.2 8.98e5-2.69e4 9.60e5 - 1.05e4 [335-337]
iG 8 273.1-333.1 1.12e4-2.34e3 1.81e5-1.98e5 [336, 338, 339]
nG 8 298.2-448.2 4.41e4-5.97e2 2.41e6-7.35e5 woone
nG 8 298.2-473.2 5.16e4-1.15el 1.05e7-2.69e5 [331]
nGo 6 296.2-475.2 2.83e4-1.18el 2.00e7-1.40e6 [332-334]
Benzene 21 279.2-490.8 1.67e3-2.58el 3.97e4-8.57e3 wooni
Toluene 17 283.2-473.5 1.69e3-1.59e1 1.14e4-2.59e3 [332, 343, 348]
m-xylene 10 290.0-502.0 2.08e3-2.36el 2.70e5-2.14e3 [347]
ethylbenzene 7 273.2-494.0 1.20e3-2.06el 3.38e5-1.89e3 [347]
cG 16 278.3-473.1 1.60e4-7.89e2 1.84e5-3.92e4 WoNnNogz MO
m-cG 32 293.7-446.0 5.70e4-5.13e2 2.90e6-7.08e5 [333, 344346]
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Appendix G: Database used for modelling TEG dehydration systems

TEG (1yvith

nG 6
Benzene 30
Toluene 26

Ethylbenzene 16

m-xylene 20

309.35-350.95
279.65- 303.05
293.00- 358.75
298.15- 384.55
293.15-397.95

6.10e4 - 2.62e3
1.08e1-5.25el
1.86e2-6.70el
8.70e2-8.20el
1.10e2-8.20el

1.12e2-1.95e2

*

*

*

*

wo Mp8

wopneé

WMMHZ O

wopneé

wopneé

L yGQl yyolLiSBasy® RIal 27

¢t9D az2fdzoAfAsaSa

Table G3. VLE data of ternary systems studied in this work

g AlGK?2dzi

System T range (K) P range (bar) NP Ref.
TEGHO-CH 298-303 59.4125.2 17 [448]
TEGHO-CQ 297-322 13.7-80.3 24 [357, 358]
TEGH.O-Toluene 372-413 0.9 17 [352]
TEGCH-GHs 303-323 7.885.9 10 [356]
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Appendix H: Phase envelopes and liquid dropout of petroleum fluids
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Appendix H: Phase envelopes and liquid dropout of petroleum fluids
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Figure FL. Phase envelopes of synthetic natural gas mistuselid red line: UMREW, solid blue
line: PPR78
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PPR78
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Figure F3. Phase envelopes of real natural gas mixtuse$id red line: UMRIEW, solid blue line:
PPR78dashed green line: High P Stat

282





















