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used in natural gas dehydration units, which suggests that both models can
satisfactorily predict the aromatic components distribution.

After the evaluation in the phase equilibrium of binary and multicomponent mixtures,
UMR-PRU is implemented in commercial process simulators, Hysys and Honeywell
UniSim® (Unisim), through the CAPE-Open protocol. As expected, identical results
are obtained in both simulators. Two cases are examined and the results are compared
with those of TST/NRTL; Case I represents a simple absorber, while Case II a simplified
offshore dehydration process. In Case I, UMR-PRU yields the same level of dehydration
as TST/NRTL, while in Case II it is shown that UMR-PRU and TST/NRTL calculate
similar stripping gas rate, TEG purity and circulation rate for achieving the same dry
gas water content. Nevertheless, the two models differ in the calculated TEG loss,
where UMR-PRU is considered to be closer to the real case than TST/NRTL. UMR-PRU
also predicts lower duties in the reboiler, condenser and heat exchangers compared to
TST/NRTL, which is considered more realistic due to better prediction of the aqueous
TEG heat capacities. Furthermore, a sensitivity analysis of several operating
parameters, such as stripping gas rate, operating temperature and pressure of the
columns, is conducted. The qualitative comparisons for several properties predicted in
Case II are consistent with what is theoretically expected.

Based on the observations of the sensitivity analysis, an optimization of the process
parameters in terms of operating cost is performed with the UMR-PRU model, along
with a preliminary economic evaluation for the base and optimized conditions through
the Aspen ICARUS® (Icarus) software and with literature correlations. A relatively low
plant capacity (360 SMcm/y) is considered where it is shown that the optimized
process conditions do not actually affect the fixed capital cost. The calculated capital
cost is in relative good agreement with literature values. For the operating cost, a 6 %
decrease is obtained, which corresponds to a cost reduction of about 37 €/SMcm of
treated wet gas.

In the third part of the thesis, the effect of the mixing rules used in an EoS and the
direct accounting for the hydrogen bonding forces, by application of Wertheim’s first
order perturbation theory on the phase equilibria of natural gas mixtures with
associating compounds is examined. To this end, three versions of the Peng — Robinson
equation of state are evaluated in the prediction of the VLE of ternary and
multicomponent natural gas mixtures that contain water and methanol or MEG. These
are, the cubic Peng - Robinson with conventional van der Waals one fluid (vdWIf)
mixing rules, the UMR-PRU model, which combines PR with UNIFAC through the
Universal Mixing Rules, and the Cubic Plus Association Peng - Robinson (CPA-PR),
which incorporates the Wertheim’s term of statistical mechanics in the PR EoS. It is
shown that both UMR-PRU and CPA-PR provide significant improvement over PR EoS
in the prediction of multicomponent phase equilibrium. Moreover, UMR-PRU and
CPA-PR are able to predict satisfactorily the dew points of natural gas mixtures
containing water and methanol, yielding much better results compared to PR. CPA-PR
yields the best overall results suggesting that the incorporation of the associating term
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is necessary to obtain better prediction of hydrogen bonding mixtures. On the other
hand, the selection of advanced mixing rules for the attractive and co-volume
parameters, also improves the prediction of phase equilibria of complex mixtures
containing natural gas components, water and hydrogen bonding compounds such as
methanol and MEG, yielding satisfactory results.

Based on this observation, a new model, the so-called UMR-CPAPRU, is proposed
which combines the advantages of EoS/GE models with the increased accuracy of the
perturbation theory. It is first validated in the prediction of two ternary mixtures
consisting of methane, water and a hydrate inhibitor (methanol or MEG) and it yields
improved results compared to those of UMR-PRU and CPA-PR. This is more
pronounced for the methane solubility in liquid phase, where the associating effects
are more severe. Very satisfactory correlation results are obtained in the VLE of binary
mixtures, where the model improves the UMR-PRU performance both qualitatively
and quantitatively. For example, UMR-CPAPRU correlates very well the azeotrope
formation in the VLE of hydrocarbons (HC) with methanol yielding substantial
improvement over the UMR-PRU predictions. Also, the new model yields better results
in the LLE of HC/water and HC/methanol mixtures than UMR-PRU. Then, the model
is evaluated in the prediction of the LLE of ternary mixtures, where it yields better
qualitative and quantitative results compared to UMR-PRU. Finally, the UMR-
CPAPRU improves the performance of UMR-PRU in the dew point prediction of
synthetic natural gas mixtures with water and methanol.
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Zuvoyn

Avtikeipevo g mapovoog SiatptBrig outoteei n avamtuén evog povtéAou cuvelopopdg
opadwv pe otoxo v axkpiPr tpofredn g Beppoduvapkng ocuprepidbopdg pypdtwy
TOU TEPLEYOUV EVWOEL] TOU MTOPOUV va oxnpaticovv Jdeopovg uvdpoydvou. H
povtedomoinon TéTolwv pypHdtwy, Omwg ta uvdatikd piypota uvdpoyovavBpdkwv,
amoTeAOUV TPOKANOT] YL TOUG peAetnteg kKabwg gpdoavifouv eddylotn avaupotna,
givat Opw¢ amopaitntn wote va diodaAiotel 1 aodoAng kot amodotiky Aettoupyia
Sadopwv diepyaoctiv otnv cAvoida aéiog tou duoikov aepiov. To vepd amoteAel eva
amd Ta oUOTATIKA Tou duaikol agpiov, 1 Tapouvcio tov omoiov e cCUVSUNGHO pe T
HiKp& popLa, 0mwg dto€eidio tov avBpoaka, vdpdbeto, peBdvio k.o propei va odnyroet
oto oynpotiopo vdpitawv. Ot teAeutaiol Suvavtat va Tapepmodicouv tn por| 1) Kot o€
évroveg ouvBnkeg va dpaouv AN pwg tov aywyod. ['ia to okomod owtod, TOAKE HOPLX TTOU
Tamev®vouy T Beppokpaciot oxNUATIOROU USPITWV, AEITOUPYDVTAS WG TAPEUTOSIOTEG,
mpootiBevtan oe KATAAANAN mocoTTA 0T por} Tou duoikov agpiov. Emmpdobeta, n
EMITPEMOUEVT] TOCOTNTA TOU VEPOU oTo aéplo pubpifetan péow piag Siepyoaciog
aduddtwong. Ltnv TAEOVOTNTA TWV UTEPAKTIWV TAaThOppwy eneepyaciog aepiov
autd emtuyydvetat pe duotkn amoppodnon oe vdatikd SidAvpa YAUKOANG, ouvhBwg
tprauburevoyAukoing (TEG). Zvvenag, 1 akpifric Oeppoduvopukn povredomoinon sivot
Blaitepa onpavtikn og dAa T oTddIx TG mopoaywyng, petadbopdg kou eneepyociog
¢dvowkov aepiov. Ta kAaoowkd Oeppoduvapkd povteda, Omwg eivar ot KuPikég
KOTOOTATIKEG €ELOWOELG, TIOU YPTNOLHOTOOUVTAL KATA KOpov ommd tTn Propnyovia
QTOTUYYAVOUV Vo TepLypdpouv e kavomoum Tkl okpifeia tnv woppomiat Gpdoewv
£VTOVA TTOALK®WV EVWOEWV 1] EVWCEWYV TIOU UITOPOUV vV XN paTiocouy Secpoug udpoydvou
Kol GUVETIWG 1) avdmtuén evog katdAAniov Beppoduvapikolt GoppoAlopol yior tnv
meptypadn] TETOLWV UIYHATWV elvan amapaitnTh.

To pwto pepog NG StaTpiPrig EMKEVTPWOVETAL, AOUTOV, OTNV TELPAUXTIKI] HETPTOT TNG
looppoTiog pacewv ATHWV — UYpov Yl To dvadikd piypa Soéediov tou avBpako/
peboaviov og Beppokpacieq mouv mpooeyyifouv tnv kpioun Oeppokpacio tov dio&eidiov.
Neéa metpoapotikd dedopéva vymAng axpifeiag (3 mK otn Beppokpaoio, 0.02 bar otnv
nieon ko 0.0008 otn ouykévtpwor], oTnV VTOKPICIUN TEPLOYT]) HETPRIONKAV OE TPELG
1000eppeg, Sieuplivovtag €tol to Oeppokpaciakd €Upog OTO OmMoi0 UTOpoUV Vo
epappootolv ta Beppoduvapikd povréda. Endbaon §60nke oty ektipnon tov kpictpov
omnpeiov Tou piypatog to omoio mpoadlopioTtnke HEGw TOU VOHOU KALUEAKWGOTG O 0Toi0g
Siémetan oo TIG apyEG TNG otatiotikng unxavikng. Ta dedopéva mou petprBnxov
aloAoynBnkav oe auykplon pe aAla dedopéva mou ftav Sbsotpa otn PipAoypadia
ytoe T 1060eppn twv 293 K omdte Bpednke wavomomtik} oupdwvio oty vmokpiotun
TEPLOYT). XTI OUVEXELN, T TEPOUNTIKG OeSOopéva OucyeTioTNKAV HE TEOOEPA
Beppoduvapikd povteéAa, ta omoia Siémovton amd Sradopetikeg apyég. [lpdkertan ya
Svo kufikég kataotatikég eflowaoelg pe kavoveg avapdng tov evog peuctov, Omwg
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nmpotdOnkov ortd tov van der Waals kot ovykekpipéva tig e€lomwoeig Peng — Robinson
(PR) kot Soave — Redlich - Kwong (SRK). EmmA¢ov, TpocapuoostnKoy ot Tap&UeTpoL
Tou povrédov (UMR-PRU) mou avrikel otnv katnyopia twv EoS/GE, dniadn e&iccvel
v mepiooela g eAevBepng evépyelog Gibbs, 6mwe aut vmoAoyiletau péow piog
kotaotatikng eéiowong ko ouykekpipéva tny PR, pe aut mou vroAoyiletan amd éva
HOVTEAO TOTIKNG OUCTHONG KOl €V TPOKEIHEVW TO HOVIEAO ouvelodopds opddwv
UNIFAC, odnydvtag oe veoug kavoveg oavapelng, toug Aeyopevoug UMR. TeAog,
emAgéyOnke pia xotaotatikn eiowor, ovwtepng taéng wg mpog tov dyko, 1 omoia
diemetou atd apyeg G otatiotikng Beppoduvapikng, dnAadn n kataotatikn g€icwon
PC-SAFT. OAeg ot umo peAétn €€lowoelq OUCKETIONV HE TOAU KaAN akpifelo to
nelpapotikd dedopéve, 18iwg otnv vmokpion meploxn, eve to poviedo UMR-PRU
0d1yNoe oTIG GUVOAIKA HIKPOTEPES oK AlTELG Kot oTIG dV0 bdoelg, kaBmG kol KHAUTEPT)
npdPAedn tou kpioipov onpeiov.

Yto deutepo pepog g SlatpiPrig mpayparomoleitat 1 eméktaoot tov Beppoduvapikon
povredov UMR-PRU o piypota duowkol aepiov e €vwoel mou HTopouv va
oxnpatioouv deapovg vdpoydvou. [ToAl kadd amoteAéopata cUoYXETIONG Aokt OnKaY
yta ta e€etalOpeva SUadIKA LiyHATo TOCO OTNV LGOPPOTA ATHWV — UYpoU, OGO Kal GTNV
LooppoTia Uypov — uypoul mou epdoaviletat ota vdatikd piypoata vdpoyovavOpdkwy. Ta
QTTOTEAECOTH TOU HOVTEAOU OUYKPIONKoY pe emiTU)iot HE QUTE €VOG HOVTEAOU TTOU
avhkel otnV 8 karnyopia (EoS/GE) kou mpoteivetan amd tov eumopikd TPocouoIwT
Aspen HYSYS® (Hysys) yix tn xprion o€ Siepyacisg dpucikol agpiov mou weptlapuBavouy
TOAIK& OUOTHTIKE, OmwG eiva ot yAukOAeg. MdAwota, amodeixbnke oOtL otig
neplocdtepeg mepimtwoelg to poviedo UMR-PRU Sivel koadutepa amoteAéopata otnv
TMEPIMTWON TWV TMOAIKWV CUOTATIK®WY TOGO WG TPOG TNV oppotia Gpdoswv, 18laitepa
ooov adopd otn StedvtdtnTa twv Papitepwv udpoyovavBpdkwy oty vdatikn ddon.
To povréda aflodoyndnkoav emiong otnv mpoppnon NG ooppomiag dAoewv
TOAUCUOTATIK®WY pIypdTwy pebaviov, apwpatik®v vdpoyovavOpdkwy, vepol kot Tpi-
aBurevoyAukdang (TEG) o€ ouvBrikeq mapOpoleg Pe QUTEG TOU EMIKPATOUV OTN)
diepyaoio aduddtwong, odnywvtag o€ TOAU KOAX OTOTEALOUNTA WG TPOG TIG
KOTOVOHEG TWV CUCTOTIKWYV.

Ev ovuvexeia, to povrédo UMR-PRU eiorjx6n o€ epmopikolg TpocOHOIWTEG HECW TOU
npwtokdArov CAPE-Open 1.1 kou ouykekpipéva otoug Hysys ko Honeywell® UniSim
(Unisim), pe otdxo tnv mpocopoiwon Siepyaciwv adpuddtwong dpuoikol agpiov pe
armoppodnon oe yAukOAn. Onwg nrav avapevdpevo, to povtédo koatéAnée oe
TOVOUOLOTUTIL  TOTEAEGHATH Kot oTOUG SV0 mpocopolwtés. To amoteAéopata
ouykpiOnkav, emmAéov, e qutd mou mpokUTTouy He Xprion tou povtéiov TST/NRTL
OV ovrKeL atny Sl kAdon kot mpoteivetal yla xprion oe diepyoosieg apuddtwong
duakov aepiov pe YAUKOAEG amd tov gpmopikd mpocopolwtr) Hysys. Ao mepurtdroeig
peAetrOnkov. H mpdtn adopd oe piot armAn otiiAn ammoppodnong, evw n devtepn otny
mpocopoiwon piog amAomompévng povadoag aduddtwong ducoikov oepiov e
armoppodnon oe TEG. Amodewkvietar OtL otnv mepimtwon tng amAng oTthAng
anoppodnong, 0mou eivat cuykekpiuevn kat it ) tpododooia oe aéplo kot SlAUT,
Kot T 800 povTEAX 08Myolv o€ Tapdoto TooooTo aduddtwong, evew otn devtepn Kot



mo ovuvbern mepimtwon, Tt V0 HOVIEAN KATAANYOUV Of TOPOHOL por| aEepiou
ATOYUVWOTG, Tapdpola avakuvkAodopio ko kaBapdTnta YAUKOANG yLlal VoL TTETUXOUV
pioe ouykekpipevn mpodiaypadr). Qotdoo, Sadepouv wg mPog TNV EeKTipnon twv
anwAewv oe TEG kat vdpoyovavBpakeg, 6mov to UMR-PRU cuotnpatikd vrtoAoyiet
unAdtepa emtinedo ouykpvopeva pe to TST/NRTL. Avotuywg Sev urdpyouv Sioabéotpa
melpopatikd dedopéva yia tnv dpeon afloAdynon twv povtéAwy, wotdoo Bewpeiton 0Tt
ta anoteréopoata tou UMR-PRU eival kovtivotepa 08 qutd mOU GUVAVTWVTAL OTNV
mpd€n, kobwg meprypddel pe kaAvtepn axpifela Ti¢ SleAvtdnteg ot avtioTo o
Svadikd piypota. EmmnpocBeta, to UMR-PRU ovotnuatikd vroAoyilet yopnAdtepeg
evepyelokeg amoutnoelg oe oyeon pe autég touv TST/NRTL. Kou oe autr) tnv mepintwon,
ekTipdron Ott toe amotedéoparae tov UMR-PRU  mpooeyyifouv koAvtepa thv
TPoypaTIKOTN T, SeSopévou OTL To TeAeutaio meplypadel e peyodivtepn akpifeia tnv
ek Oeppoywpnuikotnta vdatikwv ScAvpdtwy TEG oe oyéon pe to TST/NRTL,
koBwg 1) teAeutaia ototedel TNV ISLOTNTA — KAES YLKt TOV UTTOAOYLOHO TWV EVEPYELAKWV
QUTOUTIOEWV.

‘Emtertac atd ) petady toug aloAdynon, mpaypoaromouidnke pio avéAvon gucucOnoiog
w¢ POG S1dpopeg AEITOUPYIKES TTAPAETPOUG KA HE TA SUO HOVTEAX OTOTE TTPOTABN KOV
aplotomoinuéves ouvOikeg Aeitoupyiong pe otdyo tnv efolkovounon EeVEPYELNG.
[Mpaypoatomow)Bnke, emmAoV, Hio TPOKATAPKTIKT] OLKOVOWKT avdAver tng Siepyaoiog,
1600 amevBeiag péow tou Aoylopikou Aspen ICARUS® (Icarus), 00 Kot pLE YEVIKEUPEVEG
ovoyetioelg mov mpoteivovral artd tn PipAoypadic. Kat ot dvo pebodoAoyieg oSnyouv
o€ MOPOHOL0 TIAYl0 KOOGTOG, Tov eivatl ouykpiowo pe BifAoypadikeg Tipég yoo pio
povéda oxetikd yopnAng Suvopukdtntog (360 SMcm/y). AnodeixBnke, emiong, otL 1
EMAOYT OPLOTOTONHEVWY cuVONKWOV Aettoupyiag dev emnpedlel onpavtikd to mdylo
kéotog. Ev avtiBéoel, n tedeutaioe odnyei oe pio peiwon katd mepimov 6 % tou
Agltoupyikol kdotoug ot etrota Bdor), To omoio avtioToL el o e€okovdpunon mepimou
37 €/SMcm aegpiov vrd eme€epyocio.

Yto teAevtaio pepog tng Srpifrig, peAetiiOnke n emidpoon g emAoyig KavOvVwv
avép€ng ko Tou dpecou UTOAOYIGHOU TwV Suvdpewv SeoHwY VdPoYOvVoU OTwg ctol
umodoyifovtan pe tn Ponbex tng Bewpiog twv Stapoywv TPWTNG TEENG MOV
mpotdOnke amtd tov Wertheim, otnv wooppotia pdoewv prypdrwy pucikol aepiov mou
TEPLEXOUV TTOAKA ouotatikd. 'la to okomd autd emiAéyBnke n katootoatikn e€iowaon
Peng - Robinson kot peAetiinke oe tpeig Stadopetikég exdoxeg. ¢ fdon, emiiéydnke
N KAaooikr) kupikr) ékbpaon pe Toug koavoveg avapéng evdg peuotol tov van der Waals,
EV® 1) EMISPUOT] EVAAAAKTIKWOV KOVOVWY aviyuéng peAetribnke péow tou povtéAou
UMR-PRU, to omnoio ouvdéet tnv PR pe to povreéAo tomikrig cvotaong, UNIFAC. Térog,
egetaotnke n oupmepidpopd g kataotatikng e&icwong CPA-PR, n) onoia cuvdudlet tnv
éxdpaon tg PR ya tov Puowkd 6po twv aAAnAemiSpdoewy, evw epmepLEyeLl Vo
eMTPOcBeTo Opo OV MPOEpyeTaUL Ao T Bewpiat TV SlTApay WV KoL XprolpomToLeiTal
yix tov amevBeiong vmoAoywopd twv aAinAemdpdoewv Secpol udpoydvou petadl
KOTEAANAWY SEOpIK®OV KEVTPpWV Twv Hopiwv. Amodeikvietal 0Tt TOGO 1) €miAoyn
mponypevwy kovovwv avapéng (UMR-PRU) doo kot 1 kataotatikn e€iowon CPA-PR
BeAtidvouv onpavtikd tnv mpdppnon tng ooppotia GACEWV TOAUCUCTATIKWY



pypdTwy duoikol aepiou pe vepO Kot KAKOOAN 1) YAUKOAN, EeKvavtag artd mapdpola
oupmepipopd ot Suadikd piypato. Emmpdobera, toco to UMR-PRU 660 ko 1 CPA-
PR mpofAémouv kavomomtikd ta onpeic §pdoov piypdtwv ductkol aepiou mou
mepLEyouv vepd ko peBoavoAn, odnywvtog oe onpavtiky BeAtiwon tng Tpoppnong g
PR. H CPA-PR odnyei ota kodUtepa cuvoAikd amoteAéopota avadelkviovtag €ToL T
ONHAVTIKOT T TOU amtevBeiag umoAoylopol twv cAAnAemdpdoewyv Seopwv vdpoyovou.
Qotbo0, ) emA0YI TPONYHEVWY KavOvwy avipigng PeAtunvel ta anoteAéopara tng PR
odNYOVTHG oKOUN Kot of eDAUIAAA KTTOTEAETUATH HE OWUTA €VOG HOVTEAOU TOU
amevBeiog uoAoyifel autég TIC AAANAeTIOPATEL]. ZUVEMWG, TOGO OL KOVOVEG AVAIENG
000 Kot 1) TPocHNKN TOU OPOU TWV SECUIKWV XAANAETIOpATEWY PEATIOVOUV OTHOVTIKA
) oupmepidhopd Twv Kataotatikwy e€lonoewy oe piypoata duoikol aepiou pe vepd kot
£VTOVX TTOAIKEG EVWOELS.

Me yvopova ta mapartdvew, mpoteivetal eva véo Beppoduvapikd povrédo, to UMR-
CPAPRU, to omoio cuvduddel tn xprjon mponyHévwy Koavovwy avipiéng yio tov duotkd
0po pe Tov Opo JeopkwV aAANAemSpdoewv mov TpoépyeTon amd T Bswpin Twv
Slatapoy®v TG oTaTIoTIKAG pnxavikng. To mpotevopevo povtédo apyikd afloroyeiton
otnVv mpdppnon g woppotiag Gaoewv SUo TPLASIK®VY HIYHATWYV, (TOTEAOVUHEVWY oTd
pebavio, vepd kau mopepmodioti} udpitav (peboavoAn 1} MEG), omdte amodetkvieton Ot
Sivel BeAtiwpeva anotedéopata oe oUykplon pe to povréAo UMR-PRU aAAd ko tn
CPA-PR xupiwg wg mpog tn SaAvtdtnta tou peboviov otnv uyprn ¢ddon, 6mouv ot
aAAnAemiSpdoelg Seopol vdpoyovou eivau mo oyvpég. To povredo UMR-CPAPRU
odnyei o€ TOAV KOAd AMOTEAEGHATA CUCKETIONG TNG LoOPPOTTinG GATEWV ATHWV — UypOoU
oToU BEATIOVEL OTJHOVTIKA TOOO TOLOTIKA 600 Kot ToooTIK& tnv mpdppnon tov UMR-
PRU povteAov. Autd yivetat iSlaitepa epdoveg otnyv epintwon tng wwopporiag baoswv
ATHWV — VYpoU Suadik®V pypdtwy pefovoAng pe udpoyovavBpokeg dmov avopévetal o
OXNUATIONOG aleoTpOTOU, KAOWG KAl OF OKOMI KOAUTEPK QUTOTEAECUOTH OTIV
looppomiat uypol - uypol UudaTIKWOV puypdtwy udpoyovavBpdkwyv. TToAv kA&
amoteAéopata Tpoppnong kat PeAtiwpéva ot oxeon pe to UMR-PRU AapBdvovtat otnv
LooppOTiX UYPOU — UYpOU TPLaSIK®V HIYHATWwV VdpoyovavOpako pe peBovOAN Kot vePO.
Tédog, mpaypatomoteitat Tpoppnon twv onpeiwv dpdoou pypdtwv dpuaikol aepiou pe
vepo kat pebavoan, 6mouv to UMR-CPAPRU BeAtiwvet tnyv mpoPAeyn tov UMR-PRU.
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Figure 6.1: Experimental VLE data of CO2/CH4 mixture at (a) 270.15 K&, (b) at
28315 K47, (c) at 288.15 K& 7B and (d) at 293.15 K>7.....coovevveeieeeeeeeeeeeeeeeans 81
Figure 6.2: VLE of the CO,/CH, at two isotherms and prediction with the SRK EoS
with ki equal to 0.0956 as suggested by Perez et al.'®. (a) at 223 K. Experimental data
by Donelly et al.®®, Knapp et al.'” and Joffe et al.?° and (b) at 301 K. Experimental data
By BIan € al.%. ..eeieee ettt 82
Figure 6.3: Principal diagram of cell and ancillary apparatus. LS,VS: Liquid and vapor
phase Rolsi™ samplers, respectively. SM: Rolsi™ controller. M: Gear for rotating
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electric motor outside bath. Tos: Top flange SPRT. Tos: Bottom flange SPRT.
(reproduced from Westman et al.?2) ..........cccceeereererereiniriieeee et sssesenaes 83
Figure 6.4: Borescope picture of liquid and vapor interface for 303.15 K and 73.5 bar.

Figure 6.5: Schematic depiction of the pressure measurement system, where the
different contributions affecting the overall pressure are shown."” .............cococvrunnee. 90
Figure 6.6: (a) Pressure standard uncertainty relative to the measured pressure for the
VLE measurements performed, expressed as 100:iu.(p)/ps. Dy stands for the
measured pressure and %, (p) for the standard uncertainty. (b). Temperature deviations
for each VLE measurement from isotherm mean temperature, and temperature
standard uncertainty, expressed together as Ty + @ (T) — isotherm mean temp.,
versus the VLE experimental pressure p;. Ty stands for the VLE experimental mean
temperature and #%.(T) for the standard uncertainty in temperature. Blue colour
indicates the isotherm at the mean temperature of 293.130 K, red colour indicates the
isotherm at the mean temperature of 298.142 K and green colour indicates the
isotherm at the mean temperature of 303.145 K.......cccceceveririneniriineeeneeeeeeeenee 93
Figure 6.7: Error between actual compositions in Table 6.3 and the composition
determined by the GC using the fit of eq. 6.20 - eq. 6.22. Composition analysis
uncertainty u(xco,) = u(¥co,) = s(e) as reported in Table 6.4. ...........cccoorvrurrrnnnnn. 99
Figure 6.8: VLE pressure — composition diagram for the CO2/CHa4 for the different
isotherms measured in this work. Blue colour indicates the liquid phase and red colour
the vapor one. (x) indicates the experimental data measured in this work along with
the estimated uncertainties (black uncertainty bars). (<) Indicates the critical point of
the mixture as estimated by the fitting of the Scaling Law (eq. 6.32). The solid line is
the prediction of GERG-2008. (a). Mean temperature 293.130 K. (©) indicates the data
by Xu et al.%, (A) indicates the data by Nasir et al.’> and (o) indicates the data by
Devlikamov et al.” (b). Mean temperature 298.142 K. (o) indicates the data by
Devlikamov et al.” (c). Mean temperature 303.145 K. Please note that the scaling in (c)
is very narrow due to the proximity in COxz critical temperature. ..........cccoceeevreruenennne 102
Figure 6.9: Pressure — composition phase behavior in the critical region estimated by
the scaling law model in eq. 6.32. (+) indicates the points used for the fitting of the
scaling law (see Table 6.7), (x) indicates the points not used in the fitting of scaling law
and solid line indicates the scaling law correlation. Dashed line indicates a second set
of the scaling law parameters to show the effect of the appropriate selection of data
points used for the fitting of the parameters. Blue colour indicates the liquid phase and
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red colour the vapor one. Please note that the scales of the graphs are very different

from each other. (a) 293.13 K, (b) 298.14 K and (c) 303.15 K. .....ccoecvevvvveeerireeererennnene 12
Figure 6.10: Phase diagram of pure CO: with PC-SAFT using two sets of pure
component parameters. Exp. data are taken from NIST?. ..........ccccceereieivirererererernne. 114
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as a green (<) while the predicted critical point of the models as a (%) of the same
coloring as the respective model. .........ccocviviiirinieiiiree e 16
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the methane/water mixture. Experimental data by Sage et Lacey?®. (0) at 310.93 K, (+)
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Figure 7.13: VLE prediction results for the CO2/TEG/water mixture with UMR-PRU
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CPA-PR (dotted line). Experimental data by Sinyavskaya et al.*?> and Frost et al. 7. Black
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denote methane solubility in liquid, red diamonds methanol in the vapor phase and
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al.??, (b) 46 %, (c) 47 % and (d) 56 %. Exp. data by Kruger et al.®2. ...........ccccoeveunneeee. 244
Figure 10.8: VLE correlation results with UMR-CPAPRU (solid line). Prediction with
UMR-PRU model using the UNIFAC VLE 2 coeff. parameters is also presented (dashed
line). (a) methanol/water. Black circles denote exp. data by Koner et al.?® at 298 K, red
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EL A% ettt ettt ettt et a ettt et s e et et s s neasaes 248
Figure 10.9: VLE correlation results with UMR-CPAPRU model (solid line). Prediction
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Figure 10.10: LLE prediction results of HCs with water with the UMR-CPAPRU and
the UMR-PRU. Blue circles denote HC solubility in aqueous phase, black diamonds
water solubility in HC-rich phase and red diamonds water solubility in vapor phase.
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Elements of NG processing

2.2. A brief history of Natural Gas

The nature of natural gas makes it difficult to handle. As a result, although natural gas
sources have been discovered since ancestry, its use has not been widespread until the
late 1930s. The first mention of the use of natural gas is at about 940 B.C. in China.
The gas piped through hollow bamboo poles has been used to boil ocean water and
collect salt. In other civilizations, temples have been built to honor the “eternal fire”
occurring when natural gas escaped from the ground. In the early 1800s, manufactured
gas produced from coal replaced the scarce and expensive whale oil used for lightning
purposes, transforming, thus, the way of living. The invention of electrical bulb by
Thomas Edison made its use obsolete but the foundations for the use of natural gas
had already been established.

During drilling for water or brine natural gas has been produced accidentally, but it
was regarded as nuisance and only small attempts had been made to use it. It was only
in 1821 when William Hart drilled the first US natural gas well. The produced gas was
transported to nearby residences via wooden pipes. In the following years, a few other
wells had been drilled, but soon were disregarded due to the discovery of oil. The
reason was the much easier transportation of oil in barrels compared to the handling
of natural gas. Gas fields discovered at that time had been uncontrolled and were
allowed to leak or were burned out. Gradually, the increase in the amounts of
discovered gases and the improvements in pipeline technology set the basis for the
industry to begin to grow. The introduction of seamless steel pipe in 1920 made
possible the long - range transportation of natural gas. Its strength allowed the use of
higher pressure and consequently higher quantities, increasing thus the profit margin.
The long - distance transmission of gas, lowered its cost and made it more competitive
with other fuels leading to its gradual introduction to the energy mix.*

2.3. Natural gas value chain

The natural gas value chain includes a variety of facilities and systems from exploration
and production, to the final consumer and it basically consists of three parts; upstream,
midstream and downstream. Exploration involves all the activities, such as seismic
tests, drilling tests etc. which take place before the construction of an oil or gas
production field. Upstream production usually refers to the facilities and processes
required for production and stabilization of oil and gas. Midstream refers to gas
treatment, liquefied natural gas (LNG) production & regasification plants and pipeline
systems. The tip of the midstream affinities is the refining sector, where the major
processing occurs. At the onshore refinery, oil and condensates are fractionized to
marketable products following the required specifications. Furthermore, the produced
gas is processed to meet the downstream, sales gas and pipeline specifications. Finally,
downstream includes the final products and their transportation to the final
consumer.’ A simplified scheme of a typical natural gas value chain is depicted in
Figure 2.2.
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Figure 2.2: Natural gas value chain®

Natural gas has several uses nowadays but the foremost one, due to its simplicity and
efficiency, is as a fuel. Due to its lower calorific value compared to other fossil fuels, it
is usually intended for heating purposes. The end users can be divided in three main
sectors, residential, commercial and industrial while the later years significant increase
has been noted in the transportation and electrical power generation. According to the
statistics provided by the international energy agency’ the use of gas by sector is
generally stable since 1995. It is interesting to note that at the same time, the use of
natural gas for electric power generation showed significant increase. Figure 2.3

presents the natural gas consumption by sector in US for 2011.

B
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Figure 2.3: Natural gas use by sector in the USA for the year 2011.7

Note that apart from the industrial use, where a significant part contributes to heating
purposes, a significant percentage (31 %) is attributed to power generation. Of course,



Elements of NG processing

residential use maintains a significant portion of the pie, with 19 % of the total gas
consumption. Finally, although the use of natural gas as a fuel is more convenient, in
the prospect of a “cleaner energy”, the use of natural gas as raw material for the
production of more complex and additive value products shows an increasing trend
and it is expected to gain a higher part of the share of natural gas uses in the near
future.

2.4. Natural Gas Components and Important Impurities

As the natural gas is a product of a series of reactions which depend on the raw
materials, the depth and the conditions of the reservoir, its composition differs
substantially from field to field. Some difference in the composition is also expected
depending on its characterization as an associated gas field or an independent natural
gas reservoir. In a typical natural gas reservoir the main component is methane, while
other gases and heavier hydrocarbons are always present. Apart from the hydrocarbon
components, there usually exist non-hydrocarbon gases and water. Their composition
can vary from a few ppm up to 60 or 70 % of the composition. Such a case is for
example the Natuna gas field in Indonesia. Table 2.1 presents some typical gas
compositions of fields worldwide, where the diversity of the compositions is apparent.

Table 2.1: Typical natural gas compositions (% molar)3

Rio

. . Cliffside
Alberta  Western Southwest Ba;h Ho Ml‘skar Arriba Hill,
Field® Field County .
(Canada) Colorado Kansas . . Amarillo
(Vietnam) (Tunisia) (New
. (Texas)
Mexico)
He 0 0 0.45 0 0 0 1.8
N2 3.2 26.1 14.65 0.21 16.903 0.68 25.6
CO2 1.7 42.66 0 0.06 13.588 0.82 0
HaS 3.3 0 0 0 0.092 0 0
CH4 771 29.98 72.89 70.85 63.901 96.91 65.8
Cc2 6.6 0.55 6.27 13.41 3.349 1.33 3.8
a 3.1 0.28 3.74 7.5 0.960 0.19 1.7
c4 2 0.21 1.38 4.02 0.544 0.05 0.8
C5+ 3 0.25 0.62 2.64 0.630 0.02 0.5

@ The % mol data are in a wet basis (1.3 % molar water)

The diversity either in methane composition, heavier ends or impurities is apparent.
Some reservoirs that contain much amount of heavier components are characterized
as condensate reservoirs. Apart from the above, the gas may include trace pollutants,
such as mercury and chlorides, while apart from hydrogen sulfide, some mercaptans,
such as methanethiol or ethanethiol can be also present.” Water is the most common
impurity in natural gas, usually in the range of 8000 - 10000 ppmv and it is almost
always present at wellhead conditions.® °
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Depending on the content of these compounds, the natural gas can be characterized
in several ways. The most common terms encountered in the natural gas industry and
which will be used in the next chapters are the following:

0 Wet gas is the natural gas saturated with water, as it comes out of the wellhead.

0 Dry gasisraw or treated gas which has been dehydrated up to the specification
of the pipeline. For midstream pipeline transportation in North Europe, this is
about 30 ppm molar.

0 Acid gas is a gas which contains high quantity of acidic gases, such as carbon
dioxide or hydrogen sulfide. The pipeline specification is typically less than
2 % molar.

0 Condensates are a mixture of hydrocarbons, usually of higher molecular
weight, and other natural gas components. Because of the higher quantity of
heavier components, they exist in gaseous form in the well, but they condense
as liquid during the production process, due to the more moderate
temperature and pressure conditions.

Apart from the water that naturally coexists in the reservoir, alternative sources of
water can be several processes in the gas chain which use it as a solvent. A typical such
example is the natural gas sweetening, where a mixture of amines and water is used to
remove carbon dioxide and hydrogen sulfide to the specified concentration.

2.5. Pipeline specifications

The natural gas specifications are a product of mutual agreement between the
producer and the pipeline companies, or the final purchaser. They can also depend on
the geographical altitude, e.g. different specifications of water content are required in
Northern and Southern Europe. Usually, the following specifications are taken under
consideration:

minimum, maximum and nominal delivery pressure

water dew point or water content

maximum condensable hydrocarbon content, or hydrocarbon dew point
minimum heating value

contaminants

maximum delivery temperature.

O O 0O o o O

The above specifications determine the required processes, as well as the operating
conditions.”® To meet the pipeline specifications, several procedures much precede
midstream or downstream transportation. Offshore, such procedures are the
minimum necessary to satisfy secure transportation and involve sweetening, mercury
removal, natural gas liquids (NGL) recovery, hydrocarbon dew point control and
dehydration.

Before the further discussion of the processes, is deemed necessary to define the
terminology related with gas processing. Due to the nature of the specific thesis which

10
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has an interest in associating compounds, emphasis is given in the water - related
processes.

0 Phase envelope for the two-phase region is the boundary of the region where
vapor and liquid coexist in equilibrium. Outside this envelope, the fluid exists
in single phase (vapor, liquid or dense fluid).

0 HC dew point is the temperature, in a specified pressure, where the first drop
of liquid condenses, for a gas of specific composition under cooling.

0 water dew point is the temperature, at a specified pressure, where the first drop
of water spontaneously condenses, for a wet gas of specific composition and
water content under cooling.

0 aqueous dew point is the highest temperature at a specified pressure where a
solution of water and trace chemicals (e.g. methanol, ethylene glycol (MEG)
etc.) can spontaneously condense from the natural gas.

0 frost point is the highest temperature, at a specified pressure, where ice can
spontaneously precipitate from natural gas.

0 hydrate point temperature is the highest temperature, at a specified pressure,
where natural gas hydrate can spontaneously form in a gas mixture.!

= HC dew point
100 | g water dew point 100
=== frost point
80 hydrate point 80
=60 %60
= 2
-9 %
40 40
20 20
0 y - 0 —a
210 230 250 270 210 230 250 270 290

Figure 2.4: Phase behavior of natural gas with traces (40 ppm) of water. Composition (% molar)
on dry basis (a). 85 CI, 10 C2, 4 C3, 0.5 iC4, 0.5 nC4 and (b) 7 N2, 0.5 CO2, 88 C1,3 C2, 0.9 (3, 0.2
iC4, 0.3 nC4, 0.09 iC5, 0.09 nC5, 0.12 nC6, 0.03 nC7 and 0.02 nC8.

Figure 2.4 presents a typical phase behavior of a natural gas, where the different
predicted values of some points of interest as determined above are given. Specifically,
the black line illustrates the hydrocarbon dew point curve, grey line is the water dew
point curve, the green line presents the frost points, where water in the form of ice may
precipitate and the yellow line is the hydrate point line. Two different compositions in
dry basis have been considered, namely a lighter (Figure 2.4a) and a heavier one
(Figure 2.4b). It is shown that in the case of the lighter gas, hydrates, water or ice may
precipitate before the hydrocarbons. Instead, for the heavier one, hydrocarbons are the
first to condense. Yet, if the temperature and pressure conditions are appropriate,
instead of hydrocarbons, hydrate or water may start to precipitate.

1
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For that reason, water and its derivatives, must be monitored and controlled during all
stages of the natural gas value chain.

2.6. Problems encountered due to the presence of water

The principal reasons for water treatment or water removal from the natural gas is the
operational or process problems encountered due to the presence of water. In low
temperature and high pressure conditions, such as those that occur on subsea
transportation pipelines hydrates may form causing flow disruption or even pipeline
blockage. Hydrates are stable structures caused by van der Waals forces, created
between water, which acts like a host molecule and a small molecule, such as CO2 or
methane, which is encapsulated in the water lattice. The hydrate crystals have
complex, three-dimensional structures in which the water molecules form a cage,
where the guest molecules are entrapped.”? The type of gas hydrate depends on the
entrapped molecule, while the most common types encountered in the NG processing
are presented in Figure 2.5.
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Water molecule ‘cage’ @ — carbon dioxide.
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7.3
sge
) s
|89’
%

° 512
o

Gas molecule
(e.g. methane)

Propane, iso-butane,
natural gas....

Methane + neohexane,
methane + cycloheptane....

Figure 2.5: Gas hydrate structures. Image taken from the Institute of Petroleum Engineering.B

Apart from the plugging problems encountered in the case of hydrate formation, if
sufficient water exists in natural gas, at appropriate temperature and pressure
conditions, it may condense, forming a free-water phase. Usually, the long-distance
high - pressure midstream pipelines are designed to operate at one-phase flow. The
presence of the free-water phase disrupts the normal operation of the pipeline causing
plugging problems. Additionally, it can lead to corrosive conditions, especially in the
case of acid gases. That is because hydrogen sulfide and COx, in lesser grade, act like
weak acids, reacting with water. Furthermore, the presence of water vapor in natural
gas increases its volume while it decreases the heating value of the gas. The first leads
to reduced gas capacity of the pipeline, while the latter can cause the final product to
be outside of the required specifications.!*
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2.7. Natural gas moisture control techniques
2.7.1. Inhibitor injection

As it has been mentioned in the previous sections, water is omnipresent from the early
stages of natural gas production. Depending on the process, or the affinity of the stage,
such as upstream, midstream or downstream, different solutions of water treatment
are selected. In the current section, the most commonly industrially used methods for
water control are presented. Emphasis is given in the methods which use a polar
component such as alcohol or glycol to achieve the water content control due to their
relativity with the current thesis. Instead, methods such as adsorption on solids, are
only briefly referenced. In general, there are two different ways to prevent the negative
effects of the presence of water in the natural gas. In the first case, which is usually
applied in upstream processes, some hydrate inhibitor, such as methanol or MEG, is
introduced in the pipeline, in order to affect the hydrate formation temperature. Polar
solvents, such as alcohols, glycols and ionic salts are known to inhibit the formation of
gas hydrates. The inhibition mechanism is based on the reduction of the temperature
or the increase of pressure at which a hydrate will form, shifting thus its phase
equilibrium. For that reason, this type of hydrate inhibitors are called thermodynamic.
To obtain this effect, the inhibitor must be present in some minimum concentration.
For example, for the pipeline considered in Figure 2.6 the minimum concentration of
methanol required to avoid hydrate formation is about 30 %.

4000

Hydrate 30%
Forming MeOH
Region

Pressure (psia)

0
20 30 40 50 60 70 80 90 100 110 120 130 140 150
Temperature (°F)

Figure 2.6: A composite diagram showing the phase boundary of methane hydrate formation as a
function of temperature and pressure. The black lines show the phase boundary line shifting to the
left on the addition of increasing methanol concentration. On the right: the blue region is that
where hydrate crystals are not formed and superimposed over this is a pipeline of about 45 miles
in length containing natural gas.®

Generally, salts are the most effective as hydrate inhibitors. They require significantly
lower concentration, to prevent the hydrate formation. For example, to obtain the

3
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same effect on hydrate inhibition, a solution 5 % in salt is required, compared to a 20 %
solution of methanol.!® Similarly, methanol performs better compared to glycols. Their
inhibiting effect reduces with the increase in molecular weight (MEG>DEG>TEG>
TeEG). Despite the better inhibiting effects of methanol, the latest years its use is
depleted and it is replaced usually by MEG. This occurs due to the significantly lower
vapor pressure of glycols compared to that of methanol, which leads in lower solvent
loss. Furthermore, methanol is highly soluble in water and eventually the methanol
lost in the hydrocarbon streams ends up in the sea, leading to increased environmental
concerns.?

2.7.2. MEG loop

In condensate reservoirs, MEG is usually injected in the wellhead to prevent hydrate
formation and enhance flow assurance by removing the salts. A closed loop procedure
which involves MEG injection in the wellhead and then treatment of the generated
MEG/water and salt mixture occurs. The procedure is referred as MEG loop and it
involves a pre-treatment where the rich MEG containing some gas and hydrocarbon
liquids passes through a three-phase flash separator. There, the gas is flashed and the
recovered liquids are send to separator, while the rich MEG stream is routed to a flash
separator under vacuum conditions. The MEG and water contents of the stream are
flashed out from the top of separator where they are sent to the MEG vacuum
distillation column for further separation. The salt components of the stream
precipitate in the separator. The salt-free lean MEG is pumped to storage for reuse,
while the water is condensed and collected in the flash drum. The salt crystals
precipitated at the separator, are separated by gravity and transferred to the salt tank,
where they are concentrated before their removal at a hydrocyclone.”” A typical MEG
loop is depicted on Figure 2.7.
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Figure 2.7: Full reclamation scheme that removes all the salts to prevent scaling in the pipelines's
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2.7.3. Natural Gas dehydration

273.a.Absorpni angs$dagcaolkt de

The typical procedure to meet the pipeline specification for midstream transportation
is the dehydration by absorption, using some glycol desiccant. In this process, the wet
gas is contacted with a lean solvent, usually triethylene glycol (TEG), producing a rich
solvent stream and a dry gas. The criteria for the selection of the appropriate desiccant
are the following:

0 The solvent must have a strong affinity for water.

0 The hydrocarbon components of natural gas should have a low solubility in
the solvent to minimize hydrocarbon loss.

0 The desiccant should be easily separated from water, usually by heat
application, in order to be regenerated in high concentration.

0 It should have a low vapor pressure, to avoid natural gas contamination with
the solvent, as well as solvent loss.

0 It should exhibit thermal stability, particularly in the high temperatures
encountered in the regenerator.

0 It should not solidify in the temperature range of dehydration and it should
have a proper viscosity to enable unhindered flow.

0 The liquids must be non-corrosive and non-reactive with the natural gas
components.'?

Dry gas Flash gas Water vapor
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Glycol
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Rich

== glycol

Lean

Steam or
hot oil
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gas

Inlet
scrubber
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Figure 2.8: Simplified flowchart of a glycol dehydration plant”®

Most glycols meet the abovementioned criteria, such as diethylene glycol (DEG),
triethylene glycol (TEG) and tetraethylene glycol (TeEG), due to their low vapor
pressure and higher boiling point compared to that of water. They are also highly
hygroscopic and they do not form precipitates with gas constituents. Furthermore,
they are essentially non-soluble in liquid hydrocarbons and are relatively stable in the
presence of hydrogen sulfide and carbon dioxide. Despite this fact, in most
applications TEG is used since it yields the most convenient results in terms of a
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Molecular sieves, are the most expensive of the above - listed materials, but they
possess desirable characteristics, most important of which is their capacity, that justify
the extra cost.?° In order to reduce the size of the molecular sieve unit, a glycol
dehydration unit can be used to obtain a first level of dehydration and then the
adsorption process is used for further decreasing the water content.”? Yet, if this
procedure is used, the gas can be contaminated by traces of glycol, which does not
occur in the case of dehydration by adsorption.!

In the molecular sieve process, the wet gas enters a bed of adsorbent material where
the water adsorbs onto it, producing dry gas. The process is a batched one; once the
bed is saturated with water, it must be regenerated by heating. A hot steam passes
through the bed to strip the water, regenerating thus the bed. Therefore, at least two
beds are required, as it is presented in a simplified flowchart in Figure 2.9.

; a Regen Gas Compressor
Regeneration gas ~ Water

2A ‘[ Knockout
505 - 589 K
=
Y
: Regen Gas
= Cooler
Wet gas
T e Water
e Regenerating Regeneration
Separator & Cooling gas
i 589 K <
Absorbing !

Regen Gas Heater

X ~ VALVE OPEN
Y - VALVE CLOSED Dry gas

Figure 2.9: Simplified flow diagram of dehydration unit by adsorption.?%

273c.Dehydration by refrigeration

Another method used for dehydration is refrigeration, which occurs due to the
different solubility of the water in gas at lower temperature. The usual purpose of the
refrigeration plant is to remove heavy hydrocarbons from the stream, in order to meet
the hydrocarbon dew point specification. In order to prevent the formation of ice or
hydrates, the cold gas is mixed with a polar solvent, usually MEG, because it has better
low-temperature properties compared to other glycols. A typical refrigeration process
can reduce the water content of a gas stream to 1 Ib/MMcf.

A simplified flow chart of the refrigeration process is given in Figure 2.10. The gas
enters a gas/gas heat exchanger where it is precooled, while further cooling is achieved
through refrigeration. The gas enters the reboiler (chiller) of a refrigeration unit, where
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the refrigerant is boiled and the process steam is cooled. In order to prevent freezing
and to pick up condensing water, a glycol is sprayed in both the gas/gas heat exchanger
and the chiller. The mixture enters a low temperature three - phase separator, where
the gas comes out off the top, the liquid hydrocarbon from the middle and a mixture
of glycol and water from the bottom. The hydrocarbon liquids are sent for further
treatment, while the glycol/water mixture is sent to a still column, to regenerate the
glycol in order to be reused. The sales gas outing the top of the three - phase separator
has very low temperature and therefore it is routed to the gas/gas heat exchanger to
precool the feed.

Gas/Gas Gas Chiller water vapor
Exchanger E
;\::t Refrigerant Three — phase
glycol/HC separator Reboiler
HC vapor e
Residue Cond
gas Flash Heating
Rich glycol [ Tank Medium
Lean/Rich
Exchanger

Filter
—
Lean glycol Iﬁl I—_l
Pump Surge Tank

Figure 2.10: Typical flowchart of a refrigeration process.

27.3d.Nov el approaches

Apart from the conventional dehydration methods, as those discussed in the above,
new techniques have been developed in the latest years following other approaches.
These include the use of membranes?" 22 or ionic liquids for hydrate inhibition?* 24,
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Hydrogen bonding interactions

Intermolecular forces of non-spherical molecules depend not only on the center - to -
center distance, but also on the relative orientation of the molecules. The effect of the
molecular shape is most significant at low temperatures and when the intermolecular
distances are small, as in the condensed state. Such an example is the difference in the
boiling points of isomeric alkanes which have the same carbon number; the branched
one always has lower boiling point compared to the straight one. The same effect is
observed in other chemical families as well. This is attributed to the fact that with
branching, the shape of the molecule tends to reach that of a sphere, reducing, thus,
its surface area. Therefore, the intermolecular attraction per pair of molecules becomes
weaker and lower kinetic energy is sufficient. Similarly to the boiling point reduction,
other thermodynamic properties are also affected by branching.!

3.2. Physical Interactions

Electrostatic forces are based on the Coulomb’s law between two point electric charges
of magnitudes ¢i and gj, at a distance r, as per eq. 3.2,

_aw;
4megr? eq.3.2

where F, is the electrostatic force and g, = 8.85419 - 10712C2 - =1 - ,m™! the dielectric
permittivity at vacuum.

Compared to other physical intermolecular energies, the magnitude of the electrostatic
energy is relatively large, while it can be characterized as a long - ranged interaction.
If electrostatic forces between ions are considered, those are inversely proportional to
the square of the separation and therefore they have a much longer range. These forces
make the dominant contribution to the configurational energy of salt crystals causing,
thus, the very high melting points of salts. Apart from the forces between ions,
electrostatic forces can also arise between particles which do not have a net electric
charge. If a particle having two electric charges of the same magnitude, e, but opposite
sign held at a distance, d, is considered, then it has a permanent dipole moment, p,
defined through eq. 3.3.

p=e-d eq.3.3

Asymmetric molecules possess permanent dipoles resulting from an uneven spatial
distribution of electronic charges around the positively charged nuclei. Symmetric
molecules, such as methane or CO2, have zero dipole moment, while those which show
little asymmetry have generally rather small dipole moments.! The common unit for
the dipole moment is the Debye = 1078 esu-cm. All asymmetric non-hydrocarbon
molecules such as ketones, alcohols, ethers, etc. are dipoles since the centers of the
positive and negative charges — because of their asymmetry - do not coincide. Such
molecules are referred to as polar, while those that do not have a dipole moment, as
non-polar. As it has been stated in the previous section, in terms of strength, the
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electrostatic forces can be divided to physical, which are weaker and chemical ones.
The most typical example of the latter are the hydrogen bonding interactions.?

3.2.1. Attractive forces

321.a.Di pgDepol e

In an assembly of polar molecules, their relative orientations depend on the interplay
of two factors; the presence of an electric field set up by the polar molecules which
tends to line up the dipoles and the kinetic energy of the molecules which has the
tension to toss them about in a random manner. Therefore, with the increase of
temperature, the orientations become more random until the average potential energy
due to polarity becomes very small, in the limit of very high temperature'.

The potential energy of two permanent dipoles i and j is obtained by considering the
coulombic forces between the four charges. The energy of interaction depends on the
distance between the dipole centers and on the relative orientations of the dipoles, as
shown schematically in Figure 3.1.
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Figure 3.1: Orientation of two dipoles.!

If the distance between the dipoles, r, is large as compared to their respective
diameters, di and dj, the potential energy is calculated through, eq. 3.4,

Hilt
4megr3

Ly =-— (Zcoseicosej - sin@isinejcos((pi - (p]-)) eq.3.4

where 0 and ¢ are the angles of the dipole axis, as illustrated in Figure 3.1.

In addition to dipole moment, it is possible for molecules to have quadrupole moments
due to the concentration of electric charge at four separate points in the molecule. This
is depicted schematically in Figure 3.2.

cam AL T
PP VY &>

dispersion dipole quadrupole

Figure 3.2: Difference between the different kinds of linear moments appearing at electric neutral
molecules.
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Carbon dioxide is a characteristic example of molecule which does not have a dipole
moment, due to its symmetrical structure, but whose quadrupole moment is
sufficiently strong to affect its thermodynamic properties. That way, the observed
properties of COz are substantially different from those of other non-polar molecules
of similar size and molecular weight. For the simple case, where a linear molecule is
considered, the quadrupole moment, Q, is defined by the summation of the second
moment of charges as per eq. 3.5,

Q= Z ed; eq.3.5

where the charge e; is located at a point distance d; away from some arbitrary origin,
where all charges are on the same straight line. Quadrupole moment is independent
of the position of the origin provided that the molecule has no net charge and dipole
moment. For non-linear quadrupoles or for molecules having permanent dipoles more
complicated expressions are required'.

321b.l nduced dipol es

A non-polar molecule, such as methane, has no permanent dipole moment. Yet, as it
is subjected to an electric field, its electrons are displaced from their original position
and an induced dipole is created. In fields of moderate strength the induced dipole
moment, u', is proportional to the field strength E as per eq. 3.6,

p=a-E eq.3.6

where the proportionality factor, «, is a fundamental property of the substance, the
polarizability. Polarizability, actually, expresses how easily the electrons of a molecule
can be displaced by an electric field and can be calculated through the dielectric
properties of the substance and from index of refraction data. For asymmetric
molecules, it is not constant, but it is a function of the orientation of the molecule
relative to the direction of the field.

When a non-polar molecule, i, is situated in an electric field set up by the presence of
a polar molecule, j, the resulting force between the permanent dipole and the induced
dipole is always attractive. The mean potential energy is given by eq. 3.7, as proposed
by Debye.

2
= a;lj

[i=——J eq.3.7
Y (4mey)2rs 4

Polar as well as non-polar molecules can have induced dipoles in an electric field. The
general Debye formula for the mean potential energy due to induction by permanent
dipoles is given by eq. 3.8.

= _ (“iﬂ,z' + aj:uiz)

= .3.8
Y (4meg)2rs d

At the same consideration with the above, an electric field can also be induced by a
quadrupole. In that case, the induced energy is as well always attractive but is rather
small compared to that of an induced dipole.
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321c.l ntermol ecul ar f-palcaers ée@@empEren non

The concept of polarity has been known for a long time. London in 1930s showed that
a non-polar molecule, such as methane, can show deviations from the ideal gas law at
moderate pressure. If an instantaneous photograph of such a molecule is taken, at a
given instant, the oscillations of the electrons about the nucleus is an arrangement
sufficient to produce temporary dipole moment. This dipole moment, rapidly changing
its magnitude and direction (Figure 3.2), averages zero over a short period of time.
However, these quickly varying dipoles produce an electric field which induces dipoles
in the surrounding molecules, resulting in an attractive force called the induced
dipole - induced dipole force. London showed, using quantum mechanics, that the
potential energy between two simple, spherically symmetrically molecules i and j at
large distance is given by eq. 3.9,

F= 3 a;a; th,ihUOj ed. 3.9
YT 2 (4meg)2re \hvg, + hy 4>

where h is the Plank’s constant and v, is the characteristic electronic frequency for
each molecule in its unexcited state. This is related to the variation of the index of
refraction n with light frequency, v, through eq. 3.10,

Cc
n—lzzi eq310

vZ — v?

with ¢ being a constant. It is a relationship between the index of refraction and the
characteristic frequency that is responsible for the name dispersion for the attractive
force between non-polar molecules. For a molecule i, the product hv,, is almost equal
to its first ionization potential, ;. Thus, the potential energy between non-polar
molecules is independent of the temperature and varies inversely as the sixth power of
their distance. This sharp decline in attractive force as distance increases explains why
it is easier to melt or vaporize a non-polar substance than an ionic one.

3.2.2. Repulsive forces

If the distance r between two molecules i and j becomes very small, their electron
clouds start to overlap leading to strong repulsive forces. Such forces are not well
understood and, while theoretical considerations suggest that the repulsive potential
should be an exponential function of the intermolecular distance?, the following
expression is typically used:

= i eq.3.11

where A is a positive constant and n an exponent deriving from London’s theory.? The
value of n usually takes a value in the range of 8 up to 16%.

26



Hydrogen bonding interactions

3.3. Chemical interactions: hydrogen bond

Numerous types of specific chemical effects are of importance in the thermodynamics
of solutions. Their main difference from the physical forces relies on the criterion of
saturation; chemical forces are saturated while physical ones are not. The saturated
nature of the chemical forces is connected with the theory of the covalent bond and
the law of multiple proportions. The latter suggests that the ratio of atoms in a
molecule is a small, integral number. If, for example, two hydrogen atoms meet, they
have a strong tendency to form a hydrogen molecule, H,. After the formation of the
stable H, molecule, the atoms have no further tendency to form a H; molecule. The
stable H, molecule is thus saturated. Such a criterion does not exist between the
physical forces, e.g. due to coulombic interactions; two hydrogen atoms would be
attracted to each other with the same force regardless of their tendency to attract a
third atom. In gaseous state, doublets are more probable than triplets but that is
because in the dilute state a two-body collision is more probable than a three-body
one.

Chemical effects are classified to the categories of association and solvation. The first
indicates the tendency of some molecules to form polymers. Such a characteristic
example is the formation of acetic acid dimers due to hydrogen bonding. The term
solvation, on the other hand, indicates the tendency of molecules of different species
to form complexes. For example, a solution of sulfur dioxide in water shows strong
solvation by formation of sulfuric acid. This is an intense example, while in most cases
weaker forces are observed, as is the case of acetone with chloroform. Actually,
chloroform has the tendency to solvate with acetone due to the hydrogen bond
formation between the primary hydrogen of the chloroform and the carbonyl oxygen
of the acetone. Yet, this has a profound effect in the properties of the solution, such as
the negative deviations from Raoult’s law. In case of larger molecules, steric hindrance
effects can weaken the effects of solvation, as for example in the case of chloroform
with di-isobutyl-ketone.

Solvation has a profound effect on the thermodynamic properties of the solution, while
the association effects are not always as marked. This is due to the fact that the extend
of association is a strong function of composition, especially in the range of dilution
with respect to the associating component. Such an example is the case of methanol,
which, as a pure component, exists primarily as dimer, trimer or tetramer, but when it
is a component of a mixture, it exists primarily as a monomer, as is the case for
methanol diluted in large excess of n-hexane. As the methanol concentration rises,
more polymers are formed and thus the fraction of molecules that exist in associating
form is strongly dependent on the number of methanol molecules present per unit of
solution. Thus, the fugacity of the associating component, in this case, methanol, is a
highly a non-linear function of its mol fraction.

The ability of a molecule to solvate or associate is related to its electronic structure.
When a molecule has, in the classic formulation of electronic layers, its outer octet of
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electrons completed, then its chemical forces are saturated and therefore has no
tension to associate or solvate. Instead, if the octet is not complete, the molecule has
the tendency to complete the octet either by acting as an electron donor or acceptor.

3.3.1. Hydrogen Bonds

The most common chemical effect encountered in the thermodynamics of solutions is
that due to chemical bonding. While the “normal” valence of hydrogen is unity, many
hydrogen - bonding compounds behave as hydrogen is bivalent. Thus, two sufficiently
negative atoms X and Y (either of the same compound or different ones) may be united
through hydrogen bond of the form X-H-Y under suitable circumstances.
Consequently, molecules containing hydrogen connected to an electronegative atom,
such as oxygen, nitrogen or chlorine show strong tendencies to associate with each
other and solvate with other molecules containing accessible electronegative atoms.
Molecules, thus, containing a hydrogen atom linked to an electronegative one, such as
acids, alcohols, amines and glycols, have a strong tendency to form aggregates with
each other or with other molecules containing accessible electronegative atoms. A
characteristic example of hydrogen bonding is shown in Figure 3.3, where the cluster
formations of water are depicted.

1
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Figure 3.3: Cluster formation between two water molecules. The normal intramolecular covalent
bond is depicted with solid line while the hydrogen bond between the hydrogen of the one molecule
and the oxygen of the other is depicted with dashed line.

The major difference between a hydrogen bond and a covalent bond is actually their
strength. Hydrogen bonds, although they are stronger as compared to physical
intermolecular interactions, are rather weak as compared to the covalent bond. As
such, there is no creation of a new compound with the former but rather the formation
of cluster-like formations. Quantitatively, the bond strength of hydrogen bonds lies in
the region of 8 to 40 kJ-mol”, while the energy of the covalent bond is of the range of
200 - 400 kJ-mol™. Therefore, hydrogen bonds break relatively easily, especially at high
temperatures where the kinetic energy of molecules is sufficient to overcome the one
of the bonds.

The impact of hydrogen bonding is also experimentally observed, as shown by the
following characteristics. That is that the distances between the atoms of two hydrogen
bonds are substantially smaller compared to the respective van der Waals radius.
Furthermore, the covalent bonds stretching modes are shifted towards lower
frequencies upon hydrogen bond formation, while their polarities increase. The latter
often leads to the formation of complexes whose dipole moment is larger than those
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expected from vectorial addition. During nuclear magnetic resonance testing (NMR),
the chemical shift of protons in hydrogen bonds is substantially smaller compared to
the corresponding isolated molecules. This is in accordance with the reduced electron
densities observed at protons participating in hydrogen bonding. The above effects are
less pronounced in isolated hydrogen bonding dimers than there are in hydrogen
bonding liquids or crystals, indicating thus, the importance of long - range
interactions.!

The formation of hydrogen bonds consequently affects the properties of the
compounds. This influence is more apparent when comparing the properties of a self-
associating substance, such as water, with a non-associating one of the same molecular
weight, such as methane, as observed in Table 3.1. Methane and water are the first
components of their respective homologous series and very close in molecular weight,
so one would expect them to have similar properties. Yet, methane is in gaseous state
at ambient conditions, while water is in liquid form, as it is indicated by their difference
in normal boiling points which is higher than 100 K. Apart from that, the entropy and
enthalpy required to vaporize one mol of water at its normal boiling point is
substantially larger compared to that of methane. This is because of the strength of the
hydrogen bonds; a part of the required energy of vaporization is used to break the
hydrogen bond, so it needs to overcome the energy of the bond, as stated above.

Table 3.1: Phase change properties for water and methane’.

Property Water Methane
Molecular weight (kg-kmol™) 18.0153  16.0425
Normal boiling point (K) 373.17 111.00

Enthalpy of vaporization (kJ-mol®)?  40.66 8.17°¢
Entropy of vaporization (J-mol-K%)® 109.02 88.587

2 The enthalpy and entropy of vaporization correspond to the normal boiling point temperature
of each substance.

As well, the effect of hydrogen bonding can be observed by studying the
thermodynamic properties of a solution of a self-associating molecule diluted in an
inert solute, such as a hydrocarbon. Such an example can be an alcohol, such as
methanol, diluted in n-hexane. In this case, the hydrogen bonds of methanol are
broken and in the limiting case of infinite dilution, all the methanol molecules exist as
monomers rather than aggregates. This is a result of the law of mass action. If we
consider the equilibrium reaction for the formation of aggregates as in eq. 3.12, where
n # 1 is the order of the aggregate, the fraction of monomers, A, increases with the
lowering of the concentration of A molecules. The latter is valid whether the A
molecules are in monomer or polymerized form. As the total concentration of A in the
solution approaches zero, the fraction of all A molecules that are monomers
approaches unity.!

nAde A, eq.3.12
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3.3.2. Electron donors — electron acceptors

Chemical forces can occur for other reasons apart from hydrogen bonding. That is
other bonding forces which may lead to the formation of loose complexes between
electron donors and electron acceptors. These weaker interactions have been
experimentally observed through several methods, either directly or by depending on
the development of an accurate method to determine the concentration of the
complexes. Characteristic examples of this type of interactions are the aromatic
hydrocarbons, such as benzene, which can act as electron donors due to the m-valence
electrons, in the presence of a molecule which can act as an electron acceptor, such as
a polar solvent. The complex stability increases with the number of methyl groups in
the benzene ring, which indicates that the m-electrons are easier displaced with the
number of methyl group, and depend on the nature of the molecule which acts as
electron acceptor. Instead, for saturated hydrocarbons, such as paraffins, Weimer®
found no such complex formation. As a result, the mixture properties of the same polar
solvent with a paraffinic or naphthenic hydrocarbon are expected to be substantially
different from that of an aromatic one.! This explains the higher solubility of aromatic
hydrocarbons in water, alcohols and glycols compared to that of paraffins where the
polar components are actually immiscible. In other cases, such as in the mixture of
tetrahydrofuran with aromatic hydrocarbons the chemical and physical intermolecular
forces are of the same order of magnitude and therefore the sequence of the enthalpy
effects does not necessarily follow the complex stability.

3.3.3.  An example: the anomalous properties of water

Water covers 71 % of Earth and about 70 % of human body consists of water. The
climate and season changing, as well as subsea life, could not occur if it were not for
the anomalous properties of water, which are a result of the strong hydrogen bonding
interactions of its molecules. Although by experience everybody is very familiar with
water and its properties, so that they may not seem obscure, water actually behaves
substantially different compared to other compounds of similar structure. To begin
with, it differs from the other hydrogen chalcogenides, which are compounds with the
chemical formula H2X where X represents any chalcogen (O, S, Se, Te), in the aspect
of being essential for life as we know it, while the rest of the homologous series are
toxic and harmful to humans even in small quantities. Water is odorless, while the rest
have strong unpleasant smells, such as the characteristic smell resembling that of
rotten eggs in the case of hydrogen sulfide.’

As it has been stated in Section 3.3.], the water boiling point is about 100 K higher than
the one of other hydrogen chalcogenides. This is illustrated in Figure 3.4, where the
melting and normal boiling points of hydrogen halides, hydrogen chalcogenides and
metal tetrahydrides of group 14 of the periodic table are presented. The melting points
of hydrogen chalcogenides increase linearly with the period number of X component,
starting from hydrogen sulfide. The same is observed in the case of hydrogen halides,
with the exception of HF. Both water and HF show significantly higher melting points
compared to the expected ones based on a linear approximation of the melting points

30



Hydrogen bonding interactions

of the rest of the components in the homologous series, which is about 98 K for water
and 64 K for HF. It is thus showed that although HF, due to the higher electronegativity
of F compared to that of O, is expected to have stronger hydrogen bonding effects, the
association of water has more intense effect. That is due to the ability of the water
molecule to act both as an electron donor and acceptor.

300 400
280 H,0
260 H,Te 3 330
g 240 % 300 H,Te
£ 220 =
S HF
5 200 HI = 250 HI
£ 180 2
< 160 g 200 pu SnH,
4 I~ - GeH4
140 HCl S 150 & Si
120 ¢ CH, iHa \_ ypr
(a) 100 (b) 100

Figure 3.4: Difference in the properties of water due to hydrogen bonding, in comparison with those
of the other hydrogen chalcogenides. For comparison, the same properties for hydrogen halides
and metal tetrahydrides are also depicted. Dashed line indicates the expected temperature if a
linear approximation of the melting or boiling points of the rest components is assumed (a) melting
points, (b) normal boiling points.

The same observation is made for their melting points. For comparison purposes, the
boiling points of tetrahydrides, which are compounds of the chemical formula XHs,
with X representing any compound of the carbon group, namely C, Si, Ge, Sn etc. In
the case of tetrahydrides which are non-polar molecules due to their pyramidal
structure, a steady increase in the boiling points is observed. Instead, the boiling points
of water and HF are substantially large compared to those of the other compounds of
their respective series, even with those belonging in higher periods. The rest of the
compounds, although polar, follow the pattern of steady increase of the normal boiling
point, proving that the hydrogen bond formation is the dominating one. In this case,
an increase of about 193 K for water and 131 K for HF is observed compared to the
expected one, if the molecules followed a similar pattern as that of the rest of the
compounds in their respective series. So, if it were not for the hydrogen bonding forces,
water would have been in the vapor phase at ambient conditions. The latter would thus
have a huge impact to life as we know it.

Figure 3.5: Liquid (left) vs solid (right) water structure.’”
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Another strange property of water which is attributed to the structure of its bonds is
that it expands upon freezing, in contrast to the other substances, even the hydrogen
bonding ones. Additionally, ice, which is the solid state of water is less dense compared
to its liquid density. Figure 3.5 shows that at liquid phase, the water molecules are in
closer distances to each other. Instead, when ice is formed, the distance in the
crystalline structure increases creating some empty spaces among the molecules. Thus,
the volume occupied by the ice molecules is higher compared to that of water in liquid
state, for example, when water freezes under atmospheric pressure, its volume
increases by about 9 %. That is the very reason why ice floats in water. The obscure
behavior of water density is also expressed in Figure 3.6a, where the characteristic
maximum of the water density at 4 °C is observed. This property of water permits a
constant temperature of about 4 °C to be kept at the seabed all year long, allowing thus
the smooth cycle of aqueous life, as depicted schematically in Figure 3.6b.
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Figure 3.6: (a) Liquid density of water at I bar.> (b) Schematic effect of water temperature at the
bottom of a lake for two different seasons.!!

The high density of liquid water is mainly due to the cohesive nature of the hydrogen -
bonding network, with each water molecule capable of forming four hydrogen bonds.
This reduces the free volume and ensures a relatively high density, partially
compensating for the open nature of the hydrogen bonding network. The normal
phenomenon for liquids is to expand when heated, at all temperatures. Instead, the
anomalous density behavior of water can be explained by the opposing effects of
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increasing temperature, causing both structural collapse that increases density and
thermal expansion that lowers it. Counter - intuitively, the distance between the water
molecules decreases as the density decreases as the supercooling temperature is
lowered. The decrease in density is primarily due to the reduction of its nearest
neighbors and the loss of interstitial water. The change between different cluster
formations as the temperature rises is accompanied by positive changes in both
entropy and enthalpy due to the less ordered structure and greater hydrogen bond
bending, respectively.

Furthermore, water has the highest surface tension of any liquid with the exception of
mercury and a quite large viscosity. Most importantly, water has a high heat capacity.
That is attributed to the fact that it takes quite a lot of energy to break the hydrogen
bonds between the water molecules and therefore water has the capacity to store large
amounts of energy. As a result, sufficiently enough energy in the forms of heat is
required to interfere with the association forces and then increase the water
temperature. This ability of water permits the ocean to act as a thermal reservoir,
ensuring a smooth season change. Finally, water is considered as the global solvent
since it can dilute most polar components, even those salts that are insoluble in other
liquids.’
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List of Symbols
Latin Characters

A c constants

distance between two electric charges of the same magnitude but opposite

polarity
e elementary charge of the electron (e = 1.60218 - 1071°C)
E field strength
F the force between the molecules due to intermolecular interactions
h Plank’s constant (h = 6.62607004 - 1073* - m? - kg - s71)
I ionization potential
n refraction index
r the distance between the nuclei of two molecules
q electric change (c)
Q quadrupole moment (Debye)
v light frequency
v, characteristic electronic frequency of a molecule in its unexcited state
z ionic valence
Greek Characters
a polarizability
r potential energy
r dipole - induced dipole potential energy
£ dielectric permittivity at vacuum (g, = 8.85419-10712 C2-J"1.m™1)

0, ¢ coordinates of the relevant position of the molecules in space (rad)

u dipole moment (Debye)

Superscripts and Subscripts
i,j molecule

n exponent defined by London’s theory
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Chapter 4

4.1. Thermodynamic equilibrium and phase rule

As stated by the steady - state approach, equilibrium is a condition where no changes
occur in the macroscopic properties of a system with time. This implies a balance of all
potentials that may cause change. The thermodynamic equilibrium is rather a dynamic
one, in microscopic level, in the essence that molecules of the substances are
constantly changing phases. For example, at vapor - liquid equilibrium if we consider
n moles of liquid phase that have sufficiently high velocity to leave the interface and
turn into vapor, the same number of (different) moles, n, will condense from the vapor
into liquid state. However, the average rate of transition of molecules is the same in
both directions, and no net interphase transfer of material occurs, leaving the system
thus in equilibrium.!

As a consequence of the second law of thermodynamics, an isolated system approaches
equilibrium by increasing its entropy and the equilibrium state is reached when the
change of entropy is at its maximum.? According to the Duhem’s theorem, the number
of independent variables in a system at equilibrium is defined by the difference
between the total number of variables that characterize the intensive state of the
system and the number of independent equations that can be written connecting the
variables. It is also deprived that for any close system initially formed from given
masses, the equilibrium state is completely determined when any two independent
variables are fixed.! Depending on the selection of the independent variables, different
state function has to be at a minimum (or maximum, in case of entropy) so that the
equilibrium criteria are satisfied. The corresponding pairs of independent variables
and state functions are given in Table 4.1.2

Table 4.1: Equilibrium criteria for a closed system.

Independent variables State function to be minimized

S v, n U
U S norA, T, n v
S, P n H
T, P, n G
T,v,n A
H P, norUv,n -S

In the common industrial practice, it is easier to control temperature and pressure and
therefore they are usually selected as independent variables. Following this
specification, the Gibbs’ free energy should be at a minimum, for the equilibrium
conditions to be satisfied, as it is derived from the 2" law of the thermodynamics
through the relationship of eq. 4.1,

G _ds,

-1 eq. 4.1
dt dt d

where G is the Gibbs free energy and S, the generated entropy.

38



Phase Equilibrium calculations

This indicates that as the system is driven through equilibrium, its Gibbs’ energy
continuously decreases until it reaches a minimum value, where no more change is
possible. The formalization of Gibbs’ energy as the driving force to the equilibrium is
given by its derivatives, as per

eq. 4.2
(aAmixG) _ 0
ox T,P
62AmixG eq. 4.2
O AmixY >0 q. 4.
< 0x? T,P

The requirement of the minimization of the Gibbs’ free energy at equilibrium, of a non-
reacting system between two phases, I and II, when temperature and pressure are the
independent variables, results in the equality of the chemical potentials, y, in the two
phases for each component of the mixture. Although, the chemical potential is a
fundamental criterion for the establishing of phase equilibrium, it is inconvenient for
direct use in calculations, since it is related with internal energy and entropy, for which
absolute values are unknown. Thus, the application of equilibrium criteria is facilitated
by the introduction of fugacity, f, which is a quantity that takes the place of the
chemical potential but avoids the uncertainties associated with the latter. Actually,
fugacity is introduced as the isothermal change in the chemical potential for any
compound in a mixture, as per eq. 4.3,

wo = 1y = u(P T) = (P, T) = RTn (2) eq. 43
where R is the ideal gas constant and T the mixture temperature.

The ratio of the fugacity of a pure compound at pressure P, divided by the same
pressure, P, is defined as the fugacity coefficient (eq. 4.4) which is actually the value
used in the equilibrium calculations.?

f
= — eq.4.4
0=5 q

Therefore, the phase equilibrium of a mixture between two phases, I and IJ, is satisfied
from the equifugacity criterion for each component, i, of the mixture (eq. 4.5).

fl=fH eq. 4.5
The calculation of the fugacity usually occurs through the calculation of the fugacity
coefficient and although more practical compared to chemical potential, still several

approaches exist. The fugacity coefficient is related to the excess Gibbs’ energy through
eq. 4.6,

GI® = G; — GI° = RTIng; eq. 4.6

where the exponent res refers to the residual Gibbs’ energy and IG to that of the ideal
gas at the same conditions.
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In the current thesis, only vapor - liquid and liquid - liquid equilibrium are considered.
As such, two classic approaches are presented for the calculation of the fugacity. The
first one traditionally corresponds to calculations at low pressures and it is obtained
by the use of activity coefficient models, while the latter is through equations of state.

4.2. Phase equilibrium at low pressure

This approach is traditionally used at the low - pressure area, to describe the phase
equilibria of polar mixtures, such as the separation of ethanol/water, in combination
with an activity coefficient model. That is due to the fact that cubic equations of state
(EoS) fail to accurately describe the phase equilibria of such mixtures. The examination
of this approach is separated in two categories. The first involves the vapor - liquid
equilibrium (VLE), the so-called y-¢ approach, while the second refers to the liquid -
liquid equilibrium (LLE), referred as y-y approach.

4.2.1. Vapor — liquid equilibrium

Starting from the equifugacity criterion of eq. 4.5, the vapor phase fugacity is expressed
through eq. 4.7,

fil=yi-P-¢/ eq. 4.7
where y; is the vapor phase solubility of the component i, P the pressure and ¢} the

fugacity coefficient at the vapor phase. The latter can be calculated with sufficient
accuracy by some equation of state, such as the virial.

The liquid phase fugacity is calculated through the standard state approach (f;?), as

per eq. 4.8,
l o S, S v (P—P})

fi=xvi f°=xvi P 'exP<T>
where y; is the activity coefficient, x; the liquid phase composition of the component
i, @i the fugacity coefficient of the saturated pure liquid at temperature T, v; the
average molar volume of the pure liquid i at temperature T from its vapor pressure (P;)
to the system pressure P, and R the ideal gas constant. The exponential term is the
Poynting effect (Pei) and expresses the effect of the pressure in the volume of the
system.

eq. 4.8

Traditionally, the activity coefficient can be calculated with sufficient accuracy by an
activity coefficient model, such as Non - Random Two Liquids* (NRTL) or UNIQUAC>.
The vapor pressure can be calculated through the Antoine expression or any sufficient
correlation, such those proposed by the Design Institute for Physical Properties
(DIPPR).3

4.2.2. Liquid — Liquid Equilibrium

Generally, the effect of pressure in liquids is rather small compared to its effect in the
vapor phase. Yet, the increase of pressure increases the two - phase region and thus is
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unfavorable for the miscibility of two liquids. The criterion for establishing the
equilibrium is again the molar Gibbs’ energy of mixing, AmixG. For the system to reach
equilibrium, the latter at constant temperature, T, and pressure should satisfy the
relations of eq. 4.2 for all concentrations x.

Because 4,,,, G is a function of pressure, under certain conditions a change in the latter
may produce immiscibility in an otherwise miscible system, or the inverse
phenomenon. This effect of pressure in a binary liquid mixture is closely connected to
the volume change at mixing.® When two liquids are immiscible, they ultimately reach
a state where they exist under equilibrium. The conditions to satisfy the equilibrium
are the same of eq. 4.5, with the difference that in this case I and II correspond to the
two immiscible liquid phases. Such an example commonly known from experience is
the liquid - liquid equilibrium of water and oil.

The fugacity of each component in each phase is calculated through eq. 4.8. If each
pure component can exist in the liquid phase at the corresponding temperature and
pressure condition, then f/ = f/! and as such the equifugacity criterion is simplified
into eq. 4.9.!

xl -yl =xl" -yl eq. 4.9
Again, the activity coefficient can be calculated through an appropriate activity
coefficient model.

If a binary mixture at two - phase LLE is considered, in the limiting case of infinite

dilution, e.g. if I is the phase rich in component 1, then lim1 ¥i = 1 and therefore eq.
X1

4.9 is reduced to the following.

yil = i eq. 4.10
xi

This can be used to calculate experimentally the infinite dilution activity coefficient.
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4.4.1. Bubble point calculation

In a bubble point calculation the composition of the liquid phase is known along with
the temperature or pressure. For easier description of the algorithm, a BPP calculation
is assumed, while a similar procedure is followed in the BPT one. An iterative approach
is used, where the first step is to estimate an initial pressure and vapor phase
composition, either by using an experimental one or by some general initialization
method, such as that of Wilson’. The latter actually calculates an estimated K-factor
and thus an initialization of the phase split. Then, with all the variables known, the
fugacity coefficients of each component are calculated in both phases and if they are
equal under a specified accuracy, then these are the corresponding values at
equilibrium. Otherwise, a new value of pressure is calculated through a Newton step
as per eq. 414 and the procedure is repeated until the equifugacity criterion is
satisfied.?>

g
pnew — Pold
ag/ eq. 414

The flowchart of the BP algorithm is illustrated in Figure 4.1.

Guess P (or T)

and y;

A 4

Calculate the fugacity coeff.
For each component in
each phase

A 4

Calculate new
value of P (or T)
through the
Newton step

Report P (or T)
and y;

Figure 4.1: Flowchart of a bubble point calculation algorithm
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4.4.2. Dew point calculation

The dew point calculation, although similar in principle is more complex compared to
the bubble point one and usually requires more iterations. The algorithm is developed
as in the case of bubble point calculation, with the difference that the vapor phase
composition is known. The flowchart is presented in Figure 4.2

Guess P (or T)

and x;

h 4

Calculate the fugacity coeff.
For each component in
each phase

\ A

Calculate new
value of P (or T)
through the
Newton step

Report P (or T)
and x;

Figure 4.2: Flowchart of a dew point calculation algorithm.
4.4.3. Isothermal Flash calculation

If a mixture of F moles with a feed composition z; in the two-phase region at
temperature T and pressure P is considered, then with the isothermal flash the liquid
and vapor phase flows (L and V respectively) and compositions, x;, y; are calculated.
In this type of calculation both the material balance (eq. 4.15) and the equilibrium
equations should be satisfied.

Frzi=L-x+V-y eq. 4.15

The Rachford - Rice® equation is solved to provide the phase split (eq. 4.16), since it
provides a negative derivative, ensuring rapid convergence in the Newton’s step.
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F-z(K;—1)
Q= ZF+V K =D =0 eq. 4.16

For the first iteration, an additional step is required, that is estimation of K;-factors,
through e.g. some empirical method and therefore the calculation of the respective
fugacity coefficients. Then the Rachford - Rice equation is solved again, until

convergence occurs.? 3
Input T,P,F
and z;
A J
45' Estimate initial K-values
A 4
Solve the Rachford-Rice to
produce the phase split and
calculate new vapor and
liquid compositions
Calculate
fugacity coeff. irst iteration ?
through the EoS
r

Check the
convergence
of K-values

REPOI‘t L! Xiy Vi

Figure 4.3: Isothermal (TP) flash algorithm flowchart.
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List of Symbols

Latin Characters

A Helmoltz free energy (J-mol™)
fugacity (bar)
F feed molar rate of a flash (kmol-h™)
g function used for the estimation of new pressure value
G molar Gibbs free energy (J-mol?)

H molar enthalpy (J-kmol™)

Ki partition coefficient of a component i between the two phases in equilibrium
n quantity of matter (mol)

P pressure (bar)

R universal ideal gas constant (83.14 bar-cm3-mol™.K™")

S molar entropy (J-kmol™-K™")

T absolute temperature (K)

U internal energy (J-kmol™)

\ molar volume (cm?-mol™)

1% liquid molar flow of a flash (kmol-h™)

Xi liquid mol fraction of component i
i vapor mol fraction of component i
Zi feed mol fraction of component i

Greek Characters
7 chemical potential (J-mol?)
) fugacity coefficient
Superscripts and Subscripts

g generated
i component in a mixture

L1l phases at equilibrium
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ideal gas

liquid

property of mixing
residual

saturated property
vapor

partial property
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Chapter 5

5.1. Introduction

Mixtures of natural gas components with water and other polar components, such as
alcohols and glycols, are challenging from the thermodynamic modelling aspect. Cubic
equations of state are widely used for the calculation of thermodynamic properties and,
especially, phase equilibrium, of pure components and mixtures both in industry and
academia. Nevertheless, it is well — known that they fail to accurately describe these
complex systems, due to the strong associating forces encountered. This is because
such strong forces cannot be captured by the attractive term of a cubic EoS, especially
if the latter is combined with the van der Waals one fluid mixing rules (vdW1f) for the
extension to mixtures.!

Accurate description of phase equilibrium of such mixtures requires the use of more
sophisticated approaches. Several methods have been proposed in the literature along
the years, with varying success. For systems at low pressure, where the non-ideality of
the vapor phase can be neglected without significant cost in the obtained accuracy,
activity coefficient models, such as UNIQUAC?, NRTL? etc., correlate satisfactorily the
phase equilibrium. In case of natural gas mixtures, high pressure is usually
encountered rendering those models rather inappropriate. Another traditional
approach for the description of associating mixtures is the chemical theory, where the
hydrogen bonds are considered to be new species created in the system as a result of
chemical reactions.*® Although these approaches yield satisfactory results, they are
not easily applied to multicomponent mixtures. Instead, equations of state are rather
attractive, since apart from the phase equilibrium calculations, they are able to predict
directly other properties and they are also applicable to the whole range of conditions
encountered in industrial practice.

An easy way to extend the applicability of a cubic EoS to polar mixtures, while keeping
its cubic character, is to use advanced mixing rules. Such an elegant approach is based
on the idea of Huron and Vidal” to match the excess Gibbs free energy (Gf) of the
mixture as calculated by the EoS with the one calculated by a Gibbs free energy (or
equivalently activity coefficient) model at the system temperature and composition
but at infinite pressure. In this way, if the GF at infinite pressure has finite value, this
corresponds to the co-volume of the EoS. Mollerup® and later Michelsen® 12, suggested
the matching of the excess Gibbs energy of an EoS to that of an activity coefficient
model at zero pressure. They obtained, thus, the direct applicability of the existing
databases of activity coefficient models fitted at low - pressure data without the need
to refit the interaction parameters (IP) of the model. These so-called EoS/GE mixing
rules allow the incorporation of an expression for the activity coefficient inside the EoS,
permitting thus a cubic EoS to be applicable to polar compounds at high pressures as
well. Several models of this class have been suggested in the literature with varying
degrees of success.'oB

A more sophisticated approach, which albeit violates its cubic character, is the
development of an EoS that accounts explicitly for strongly polar and hydrogen
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bonding interactions. The essence of this progress is to use statistical mechanical
methods, such as Wertheim’s first order perturbation theory.'*'” Using a first order
perturbation theory with a potential function that mimics hydrogen bonding,
Wertheim, proposed a statistical mechanical model for systems with a repulsive core
and multiple hydrogen bonding sites. Based on this theory, a variety of models has
been proposed in the literature for the modelling of associating compounds, such as
the statistical associating fluid theory (SAFT)® ', the perturbed chain SAFT (PC-
SAFT)?% 2! and the cubic plus association (CPA)?2.

To overcome the weaknesses and limitations of existing equations of state used in the
natural gas industry, a wide - range EoS for natural gases and other mixtures has been
developed by Group Européen de Recherché Gaziére (GERG). The GERG-2008 EoS, as
it is referred, has been adopted as a standard international reference equation suitable
for all natural gas applications where thermodynamic properties are required and it
has been also adopted as an ISO Standard (ISO 20765-2/3) for natural gases.?* 24

Since the scope of this work is to develop an EoS adequate for the description of
associating compounds, with emphasis given in the mixtures of natural gas
components with water and alcohols or glycols, in the present chapter, the models
which are already proposed in the literature are presented. Furthermore, extension of
the examined models to mixtures containing natural gas components and polar
molecules, where necessary, is also described.

5.2. Cubic EoS with classic mixing rules

The cubic EoS are based on the innovative idea of van der Waals?® who proposed a
semi-empirical approach to relate the volumetric behavior of real fluids with the
temperature and the pressure. In this essence, a family of cubic equations of state has
been proposed ever since. Among them, the Soave - Redlich - Kwong?® 2” (SRK) and
the Peng - Robinson?® 2° (PR), are two of the most successful EoS and are still widely
used in the oil & gas industry due to the fast calculations and the quite accurate
representation of low and high pressure VLE of hydrocarbons and hydrocarbons with
gases.>®

In a generalized form, the cubic EoS are given in eq. 5.1 - eq. 5.5, with the universal
constant r; equal to zero in the case of SRK and 1 in that of the PR. The corresponding
values of the constants for each equation are given in Table 5.1. The temperature
dependency of the attractive term parameter for non-polar compounds is given from
the Soave?” expression as described in eq. 5.2 - eq. 5.3, where T, P, and w are the critical
properties of each substance which for the compounds of interest are presented in
Table 5.2. Actually, the acentric factor is related to the critical properties of the fluid
as suggested by Pitzer® through eq. 5.6. For the temperature dependency of the alpha
function of the polar components, the Matthias - Copeman®? > (MC) expression (eq.
5.7) is utilized since the Soave expression yields poor results."" 34
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The MC parameters considered for the PR EoS have been fitted to vapor pressure data
and are either taken from literature or calculated in this work and they are presented
in Table 5.2 along with the corresponding deviations in vapor pressure and liquid
density.

Table 5.1: Cubic EoS parameters for the SRK and PR used in eq. 5.3 - eq. 5.5.%

do dy da ds dy
SRK 0.48508 1.55171 —0.15613  0.42748 0.08664
PR 0.37464 1.54226 —0.26992  0.45724 0.07780

The extension to mixtures requires the use of mixing rules. One methodology which is
widely employed and is especially successful for hydrocarbon mixtures is the van der
Waals one fluid mixing rules?’, which satisfy the quadratic mixing rule for the second
virial coefficient (eq. 5.8). They are usually accompanied by classical combining rules
which involve a geometric mean rule for the cross-energy parameter that derives from
London theory under specific assumptions (eq. 5.10). That is the assumption of
spherical molecules, under infinite distance. For the cross co-volume parameter, an
arithmetic mean rule is considered. To account for the non-idealities between the
molecules, an interaction parameter, k;; or [;;, is introduced. In the usual case, when
the [;; parameter equals zero, as in the present thesis, the cross co-volume parameter
is simplified to linear dependency, as per eq. 5.9.

RT aca(T)

P = - eq. 5.1

v—>b v(w+b)+nrb(v—D>h)
a(T) = (1+m(1- Tro's))2 eq. 5.2
m=dy+ d,w + dyw? eq. 5.3

RT.)?
a, =d; (RT.) eq. 5.4
Fe
b= d, e 5.5
=dip eq. 5.
w = _IOgPrsat|TT:0.7 -1 eq. 5.6
a(M =[14+c,(A1-T*) +c,(1 —T>5)? +c3(1 —T2%)3)? for T<T,

eq. 5.7

aT) =[1+¢A-T2)]? for T>T.
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n n
a= Z Z xixjay (1 = ki) eq.5.8
T
n

b= Z X;b; eq.5.9

i

aij = (aiaj)l/z eq. 5.10

5.3. Advanced Mixing Rules

As already mentioned, usually cubic EoS fail to satisfactorily predict the phase
equilibria of mixtures containing polar compounds. Instead, activity coefficient models
correlate satisfactorily the VLE of polar mixtures that exhibit high non-ideality in the
liquid phase, but they are limited to low pressure and cannot be extended to the
calculation of other properties. To combine the positive characteristics of both
considerations, Huron and Vidal” matched the excess Gibbs energy calculated from an
EoS to that of an activity coefficient model at infinite pressure and then solved for the
van der Waals attractive parameter, a, as per eq. 5.11.

GE EoS GE act. coeff. model
(ﬁ) - <ﬁ) eq. 5.1
T,Pref,x

T,Pre X

This equality is valid at a specific pressure, P,..r, which is called the reference pressure
and it usually corresponds to infinite or zero pressure. Based on this idea, several
models have been proposed, with the most successful to be based on the modified
Huron - Vidal mixing rules (MHV1) suggested by Michelsen.” !° In this way, an activity
coefficient model can be employed to higher pressures. Among them, the models
which are coupled with UNIFAC are of special interest, because they can be used as a
predictive tool for a variety of mixtures.!> 3”38 In the context of this work, two models
based on this philosophy, the so-called EoS/GE, have been considered: the Universal
Mixing Rules Peng - Robinson UNIFAC (UMR-PRU) and the Twu - Sim - Tassone Non
Random Two Liquid (TST/NRTL).
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5.3.1. UMR-PRU

The UMR-PRU model?* 4° belongs to the EoS/GE class and is actually based on the
MHV1 mixing rules suggested by Michelsen.” !° [t combines the Peng — Robinson EoS
as it is presented in Section 5.2, with the UNIFAC activity coefficient model through
the universal mixing rules (UMR) proposed by Voutsas et al.*? (eq. 5.12 - eq. 5.13).

E,SG, -E,
1 res

G +G
AC AC
-0.53 RT i

pL/2 +b1/2
b= sz ixj bi; with b;; = ( ) eq.5.13

The dimensionless quantity a at eq. 5.12 is the cubic EoS cohesion parameter, which is

Xi )Rt b;RT eq. 5.12

defined asa = ﬁ, where a and b are the mixture attractive and co-volume parameters
of the EoS, respectively; R is the ideal gas constant; and T is the temperature. Similarly,
for the pure component i, the relationship is a; =

UNIFAC combinatorial term is omitted since it results in poor performance in
asymmetric systems.*!

The Staverman — Guggenheim term of the combinatorial part (Gy2¢) and the residual

part (G4e2®) of the excess Gibbs energy (GF) respectively, are calculated from eq. 5.14 -
eq. 5.18,

GE SG . GEres ne
'AC AC i i
=5 Z X;q; ln— RT Z xivll((lnrk - lnl}(‘) eq.5.14
i=
[
Inl, = 1-In Z 0¥ - Y =
k= Qk [ ( m mk) 7 eq.5.15
m m
P o= _idi
For compound i: ¢; T DNETTT eq.5.16
=Xk ViRe, @i = ZRE vie Qi eq.5.17
XmQm — z:l ]
For group m: 6,, = S K0y A Z]va 5 eq.5.18

where m, n, k are referred to UNIFAC groups, NC is the number of components in the
mixture, NG the number of the UNIFAC groups comprising a component, V. is the
number of group k in molecule i, x; the mol fraction of compound i, Rk the van der
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Waals volume parameter of group k, Qk the surface parameter of group k, ¢; the
volume fraction of component i and 6; the surface fraction of component i.

The interaction parameter Wmik between groups m and k is a function of temperature,
and it is calculated through eq. 5.19,

Ak + By (T — 298.15) + C,py (T — 298.15)2
T eq.5.19

Yok =exp|—

where Amk, Bnk and Cmik are binary adjustable interaction parameters. The zero pressure
reference approach permits the use of the already existent UNIFAC tables. In this work
the UNIFAC IPs of Hansen et al.*? are implemented, while the for the gaseous
components, such as methane, ethane etc. the parameters of Louli et al.® are utilized.

The UNIFAC structural surface area and volume parameters (Ri, Qi) used in UMR-PRU
are summarized in Table 5.3.

Table 5.3: UNIFAC structural van der Waals volume (R;) and area (Q,) parameters for group i, used
in the UMR-PRU model.

Group R; Q;
CO:z 1.2960 1.2610
N2 0.9340 0.9850

CHa4 1.1290 1.1240
CoHe 1.8022 1.6960
CHs 0.9011 0.8480
CH:z 0.6744 0.5400

CH 0.4469 0.2280
C 0.2195 0.0000
ACH 0.5313 0.4000
AC 0.3652  0.1200

ACCHs 1.2663 0.9680
ACCHz> 1.0396 0.6600
ACCH 0.8121 0.3480
H2O 0.9200 1.4000
CHsOH 1.4311 1.4320
etOH 2.1054 1.9720
MEG 24088 2.2480
TEG 5.5942 4.8800
OH 1.0000 1.2000

For the polar components with the gaseous groups (CO2, N2, CHs, C2Hs), the UMR-
PRU IPs have been fitted in this work by correlating binary phase equilibrium data.
The analytic procedure and details, such as the database for fitting the IPs, are
presented in Section 7.3 and Appendix A. In order to better describe the liquid - liquid
equilibria of hydrocarbons with water, the UNIFAC parameters between the groups of
hydrocarbons and water are re-estimated. Table 5.4 presents the temperature
dependent IPs of the UMR-PRU model used in this work.
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Table 5.4: UNIFAC group interaction parameters for UMR-PRU following the temperature
dependency of eq. 5.19.

n m Awn(K)  Bum(-)  Cam(K)  Am(K) Bun(-)  Cmn(KY)
CO> CH: 68.56  -0.8739  -0.000080 90.68  -0.5714  0.005770
CO> ACH 1620  -22538 0.001050 9449 15570  0.007850
CO> ACCH  -102.70 -3.0502 0.012000 27436 155931 0.012930
CO> CHe 9220  -0.6847 0 11050  -0.3805 0
N2 CHa4 -141.07 -0.8494 0 19206 07909 0
N2 CHe  -157.17 -0.9411 0 30897 1.0030 0
N2 COz -128.17 -1.6650 0 366.62 15300 0
N2 CHa 83327 -2.5383  0.036193  -190.64 -0.9754  -0.001980
N2 ACH 36368 18010  -0.006569 37.23  -1.2050  -0.001061
N2 ACCH 26419 -3.6140 0.015020 12255 0.5598  -0.003968
CHa COz 8580  -0.1959 0 12621  -0.4439 0
CHa CHe  79.06 02497 0 5601 -0.1798 0
CHa CHa 555.48  2.8287  -0.010592 -26842 -1.2346  0.001094
CHs+ ACH 10899 1.6950  0.000509 -63.53  -1.3050  0.002178
CHs  ACCH 16999 -3.1420 0.010180 -88.33 13930  -0.008429
CHs  CHa -73.88  -0.4092  0.000065 6145  0.1126  0.000955
C:He  ACH  -104.18 0.1872 0 17139  -07241 0
C:He  ACCH  -240.46 -1.2151  -0.000086 674.59  2.5318  0.051615
H.O  CH, 642.84 51182  -0.013506 1439.17 -6.87672 0.018497
H.O  CoHe 54986 3.0874  -0.007000 1490.90 -3.0931  -0.005000
H.0  CO» 23853 25382 0.001723 79450  -4.6872  0.003950
H0  Na 807.57 6.0191  -0.019880 3000.00 0 0
H.O  CH, 42551 23347  -0.010620 1303.83 -43634  0.006676
H0  ACH 26118 10780  -0.005283 820.93  -2.9670  0.002283
H.0  ACCH 21927 32111  -0.015400 113126 -6.6481  0.026300
H.O  CHsOH 2866  4.096 0 -3407  -2069 0
H.0  MEG  -188.03 0.0 0 66.72 0 0
HO  TEG 47257  -14976 0 -36251 03311 0
CHsOH CO: -81.43 07278  0.005110 43859  -1.0752  0.096718
CH;OH N; 157.38  -03731  0.000391 583.38  3.9399  0.000500
CHsOH CH, -1894  1.0329  0.012878  839.66  -6.7000  -0.006070
CH:OH CHe 15675 15900  0.004300 17338  -0.9464  0.000100
CH:OH CHa 2803  -1.1030 0 617.00  3.838 0
CH:OH ACH  -4429 02903 0 59440 -1.204 0
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Table 5.4 (continued)

n m Anm (K)  Bam (-) Cnm (K*) Amn (K)  Bmn (<) Crmn (K")
CHsOH ACCH 217.80 -4.0190 0 548.80 19.55 0

CHsOH MEG 221.00 -44310 O -168.70  6.0080 0

MEG CO:z 21839  -5.6585  0.030200 135.72 8.4768 0.143800
MEG N2 500.41  3.9826 0 635.01 -6.7326 0

MEG CH, 286.83  0.9565 -0.009268 1279.79 -2.5213  -0.005195
MEG CoHe 257.33  1.3800 0.004300 525.04 -4.3369  0.008900
MEG CHz -79.67 2.1360 0 1425.00 11.500 0

MEG ACH 155.60 -0.5324 0 266.70 1.057 0

MEG ACCH  2127.00 -11.9000 0 1714.00 4.024 0

TEG CO:2 -103.95 1.5947 0.004961 372.26 -4.2923  0.007164
TEG N2 59237 -13372 0 347.58 2.6335 0

TEG CH, 225.27  -3.9421 0.011400 194.03 6.0149 0.037400
TEG CaHe 4.06 -0.9091  0.001700 1164.88 -3.6733  0.000200
TEG CHaz 103.84 -0.6775  0.000500 291.99 1.1706 -0.008300
TEG ACH -13.11 -0.8810 0 158.47 1.3927 0

TEG ACCH  -120.77 1.9055 0 966.73 -5.4262 0

5.3.2. TST/NRTL model

Twu et al.** %> developed a cubic EoS/AF mixing rule by combining the Twu - Sim -
Tassone (TST) EoS with the NRTL?> model through zero - pressure mixing rules.*® In
this essence, they describe the non-ideal binaries, such as the TEG/water through the
advanced mixing rules, while for the traditional components, e.g. hydrocarbons, the
model reverts to the TST EoS. eq. 5.20 - eq. 5.24 present the TST EoS, where T, and P,
are the compound critical temperature and pressure. The alpha function of the
attractive term is the one proposed by Twu et al.*’ as described in eq. 5.23, where L, M
and N are compound specific pure component parameters determined by fitting vapor
pressure data.

RT

a
P_v—b_(v+3~b)(v—0.5-b)
a=a. a(T)

(RT.)*

ac = 0470507~

c

a(T) — TrN(M_l)eL(l—T,NM)

b =0.0740740

T

c

eq. 5.20

eq.5.21
eq. 5.22
eq.5.23

eq.5.24
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The zero pressure mixing rules are expressed by eq. 5.25 - eq. 5.30. The TST zero -
pressure mixing rules assume that the excess Helmholtz energy of the van der Waals
fluid at zero pressure, Af 4, can be approximated by the excess Helmholtz energy of
the van der Waals fluid at infinite pressure, A, ,;,,, as per eq. 5.28.

a* = b* ;dw + 1 AE AOvdw

b:,, —0518850\RT  RT eq. 5.25

_ Pa
~ (RT)? eq.5.26

., Pb
b= RT eq.5.27

AO vdw Afo vdw wa
= 2 _ _0.5941 Z
"RT RT —0.59413 - baw + Lb eq.5.28
. b; + b;
b= beaw = szixj by with byj = 2 eq.5.29
U

a = x;xia;; with a;; = Ja;a;(1 —k;;
vdw ZZ | 249 Rt ¥ ] ij i ]( l]) eq. 530

Since A£ in eq. 5.25 is at zero - pressure, its value is identical to the excess Gibbs free
energy GF at zero - pressure. Twu et al.*¢ proposed a multicomponent equation for G*
that has the same structural form with the NRTL activity coefficient model, as shown
in eq. 5.31 - eq. 5.33,

e Z S cq.531
T = % + Bj; eq. 5.32
Gj; = exp(—a;;Tj;) eq. 5.33
where Aj;, Bj;; and a;; are the NRTL interaction parameters. The pure component and

binary interaction parameters for the TEG/water binary mixture are taken from Twu
et al.*%, while for the rest from the Aspen HYSYS® (Hysys) vs 8.8 database.
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where R is the ideal gas constant, T the temperature, P the pressure, p =1/ v the molar
density, g the radial distribution function, x; is the analytical mol fraction of the
component i in the mixture and d(A;) is the number of association sites of type A in
molecule i.

The attractive parameter, a, required for the physical term is calculated by eq. 5.35.
The temperature dependency of the attractive parameter of Boston and Mathias®® and
Mathias et al.”®, as it is proposed by Perakis et al.>* is utilized as per eq. 5.36 - eq. 5.38.

a=aca(T) eq. 5.35
a(T) = [1+m(1 - TS —p(1 —T,)(0.7 =TT, < 1
eq.5.36
a(T) = [exp((1 — 1/d)(1 - T# )%, . >1
m = 0.37464 + 1.54226w — 0.26992w? eq. 537
m
d=1+ > + 0.3p eq.5.38

The parameter, p, is set to zero since the acentric factor has been fitted to experimental
vapor pressure and liquid density data.

Additionally, X! in eq. 5.34 is the mol fraction of the molecule i not bonded at site A,
which is calculated by eq. 5.39.
-1
Xg=(1+p Z z x; XPIAMPI eq.5.39

i Bj

The associating strength A%/ between the associating sites A and B in the components
i and j respectively, is calculated by eq. 5.40,

AiB; SAiBj AiB;
AT =g lexp| — 1| bp™ eq. 5.40

where g is the radial distribution function which derives from the SAFT formulation, b
the co-volume of the EoS, £%% the association energy and %/ the associating
volume between the associating sites A and B in the components i and j.

The radial distribution function, g, in CPA is defined analogically to the SAFT
formulation as that of a hard - sphere fluid, through the Carnahan - Starling EoS>® as
in eq. 5.4],
_(A-y/2)
9= (1-y)3 eq. 5.41
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where y =%p is the reduced packing factor. As discussed in the original CPA

publication??, this approximation is considered in order to use a molecular-based
formulation instead of a segment-based one.
g

In the original CPA formulation three pure component parameters (b, a, and ¢,) are
required for the non-associating compounds. However, the critical temperature (T,) is
also needed, increasing thus by one the number of parameters required. In this work,
the approach suggested by Perakis et al.>* for the attractive term parameters is utilized,
which is the use of three parameters, namely T;, P, and w, for the non-associating
compounds. These correspond to the critical properties of the compounds, where the
prime (‘) states that they are not equal to the experimental values, but they are fitted
to experimental vapor pressure and liquid density data of the pure substance. This way,
the number of the pure component parameters is reduced to three. For the associating
components two additional parameters, connected to the hydrogen bond forces are
required, namely the association energy, 2B, and the associating volume, 45,
between the associating sites A and B of the molecule. The pure component parameters
of the compounds involved in this work are presented on Table 5.5, along with the
corresponding deviation in vapor pressure and liquid density.
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541a.Extensi oifPRoft oCIMA Xt ur es

When CPA-PR is applied to mixtures, the vdWI1f mixing rules are used for the attractive
and co-volume parameters of the physical term, as it is described for the cubic EoS
through eq. 5.8 - eq. 5.10. The associating term is explicitly extended to mixtures,
without the need of any mixing rules.

When cross-associating interactions between the components are present, e.g. for
alcohols or glycols with water, combining rules for the associating term are required
in order to calculate the value of the association strength in eq. 5.40. As it has been
shown in the literature®’, the appropriate selection of combining rules can lead to
various results in the phase equilibrium calculations. Following the results of Voutsas
et al.*® %7 the following combining rules are applied where necessary, as they are
described in eq. 5.42 - eq. 5.43,

B (c_‘AiBi + SAij
e = (1 - 1) 2 eq. 5.42

RAIBI = IBAiBiBAiBj eq.5.43

where [ is an adjustable interaction parameter. Actually, its value is set to zero in all
cases except of the mixtures of CO2 with water and methanol, as proposed by Perakis
et al.>%,

541b.Association sites

The association term of CPA-PR and thus its application to phase equilibria
calculations depends on the choice of an appropriate association scheme. That is
actually the type, e.g. electron donor, electron acceptor, dimer, and the number of
association sites assigned to each associating molecule. In this work, the terminology
of Huang and Randosz® is followed, while the different associating schemes assigned
to water, alcohols and glycols are presented in Table 5.6.

Apart from alcohols, water and glycols which are conventional associating
components, in Table 5.6 it is observed that the 4C associating scheme has been
assigned to COz. This approach is based on the results of Pappa et al.>® and Voutsas et
al.’8, where it is shown that the assigning of the 4C associating scheme to CO2 yields
improved results for the COz/water mixture. The latter is attributed to the quadrupole
moment of the CO2 molecule, which cannot be accurately described using only the
physical term of a cubic EoS. Based on the above, the 4C association scheme is assigned
to water, where the bonding symmetry means that all non-bonded fractions are equal.
The 2B scheme, i.e. one electron donor and electron acceptor site has been attributed
to alcohols. Although the 3B formalism of Huang and Randosz® is in better accordance
with the structural form of alcohols, it has been shown that the 2B scheme, where the
two lone - pair oxygens are considered to be a single site, better describes the phase
equilibria.'®® 30 In Section 9.3, a short investigation of the association schemes for
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glycols occurs. Based on the work of Derawi et al.®® ¢ the 2B and 4C associating
schemes are examined. According to their investigation, although based on their
molecular structure at least six association sites are expected, due to steric hindrance
and intramolecular hydrogen bonding effects, less associating sites should be
considered.

In all examined cases the fraction of monomers (X;) is equal to the product of the
fractions of all non-bonded sites. Due to the symmetrical approach for the 2B and 4C
sites considered in this work, the fraction of non-bonded sites is assumed to be equal
for all site types, as it is shown in Table 5.6.

Table 5.6: Association schemes used in this work based on the terminology of Huang and
Randosz'8.

Species Formula Type Site fractions (X)
— O A B
X=X
alcohols H 2B X, = XAx®
B
A
0~ > 2B X4 =X®
H H X, = X4x*?
B
glycols N
C
@)/\/ AC X4 = xB = X¢ = xP
H H X, = XAXEXCXP
D B
A
BIdZHC XA = xB = xC = xD
water 3 4C X, = XAXBXCXD
D
g ‘ XA=x8=x¢=xP
CO: 8:0=C=0:0o 4c X, = XAXBXCXP
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5.4.2. Perturbed — Chain Statistical Associating Fluid Theory (PC-SAFT)

One of the most successful attempts to correct the weaknesses of cubic equations of
state is the Statistical Associating Fluid Theory (SAFT) family of equations of state,
which is rooted on the perturbation theory of Wertheim'* > and has been originally
developed by Chapman et al.*’. In perturbation theory, the potential energy of a
relatively complex molecular fluid is described as a summation of the potential energy
of a simple reference fluid and a perturbation or correction term. The first term is,
usually, accurately known, while the description of the perturbation term is quite
challenging. In this essence, if a suitable perturbation term is developed, all the
remaining thermodynamic properties can be explicitly calculated using standard
thermodynamic expressions. Thus, SAFT-based EoS are written as summations of the
residual Helmholtz free energy terms, A", which occur due to different types of
molecular interactions in the system. The residual Helmholtz free energy is equal to
the Helmholtz free energy minus that of the ideal gas at the same temperature, T, and
density, p, as per eq. 5.44. This term is usually a function of temperature, density or
pressure, and composition.
€

A™S(T,v,n) = A(T, v,n) — Al9€l(T, v, n) = 4h¢ (m, o, E) + Adisp 4 passoc eq. 5.44

. &€ .
where v is the molar volume and m, o and ~ pure component properties. Exponents hc,

disp and assoc denote the hard - chain, dispersion and association contributions to the
Helmholtz energy, respectively.

One of the most successful modifications of SAFT, is the Perturbed - Chain SAFT,
developed by Gross and Sadowski?® 2" 62, The main difference between original SAFT
and PC-SAFT is the reference fluid used. Specifically, PC-SAFT uses the hard - chain
reference fluid to account for the dispersion interactions unlike SAFT that uses the
hard - sphere reference fluid. In the PC-SAFT equation, for non-associating
compounds, the residual Helmholtz energy A™®*(T,v,n) is given as the summation of
two terms, the hard - chain (4"¢) and the dispersion (44P), each one representing
contributions from the corresponding kind of intermolecular forces. When,

associating components are involved, an extra term is considered, A%$5°€.
The hard - chain term (A") is given by eq. 5.45,
Ahc Ahs
RT "R x;(m; — Dingly* (o) eq. 5.45

i

where m; is the number of segments in a chain of component I and m is the mean
segment number in the mixture (m = }; x;m;).
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The hard - sphere contribution (A") is given by eq. 5.46 - eq. 5.48,

A 1344, &’ ¢
o [ AT <<3 ~to)ma =) ed- 240
T
(n = EPZ xim; dif eq. 5.47
d; = 0, [1 - 0.12exp (- kT)] eq.5.48

where o; is the segment diameter, and ¢; is the depth of the potential for the
component i. The radial distribution function of the hard sphere fluid (g/*) is
calculated from eq. 5.49, where the integrals I; and [, and the compressibility
expression C,; are functions of m and the packing fraction n (or {3), while n is the
reduced density (eq. 5.50) and, N, the Avogadro number.

Adisp
RT

= —2npl,(n,m)m?ec3 — mpmCy(n, M)I;(n, M)m?eg3 eq. 5.49

N,
n=——pd’m eq. 5.50

The dispersion term is extended to mixtures by assuming the van der Waals one fluid
theory approximation, as presented in eq. 5.51 - eq. 5.52.

m2eo3 = Z z X x;m; m] )O-l] eq.5.51
e
m2e2g3 = z Z xXixymm; U) o} eq. 5.52

The parameters for a pair of unlike segments are obtained by the conventional
Berthelot - Lorentz combining rules, as given in eq. 5.53 - eq. 5.54.

1
gij = E(Ui + ;) eq. 5.53

eij = \eig (1 - kyy) eq. 5.54

The binary interaction parameter, ki, is introduced to correct the segment - segment
interactions of unlike chains. Actually, it is a binary adjustable parameter that is
determined by fitting binary phase equilibrium data, similarly to that of cubic EoS.
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The associating term is calculated similarly to that of CPA (eq. 5.55),

Aassoc XAi 1
— Ap _ —M:
w7 = 2K Z X == M eq. 5.55

i

where X“4i is the fraction of molecules i not bonded at site A, which is a function of
density and is calculated through eq. 5.56, as a summation on all association sites over
all components and, M, the number of association sites on each molecule.

-1

Xai = 1+NAVZZPJXBjAAiBj eq. 5.56
i BJ

The association strength, 448/ is calculated by eq. 5.57,

SAiBj

where d;; = (d;; +d;;)/2 is the hard sphere diameter, g, the radial distribution
A{Bj
function, ET, the association energy and x“i®J, the bonding volume.

The radial distribution function for hard spheres, is calculated through the Carnahan -
Starling EoS*® as in eq. 5.58.

__@-m
9= (1—7)3 eq. 5.58

The extension of the associating term to mixtures is straightforward and no mixing
rules are required; yet, for the cross-associating compounds the following combining
rules proposed by Wolbach and Sandler® are used, as per eq. 5.59 - eq. 5.60.

1
AiBj — _ (AiBj A;B;
€ ]—2(8 + &%) eq. 5.59

3

KAiB]' — ,KAiBiKA]-B]- \4 0110-”
= 1 eq. 5.60

5 (oii + o)

The associating schemes considered in PC-SAFT follow the formalism of Huang and
Radosz'®, as proposed in the original PC-SAFT publication?.
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A in Kunz and Wagner? and the critical parameters are listed in Table A5 of the same
work.

The GERG-2008 EoS covers 18 natural gas components, namely methane, nitrogen,
carbon dioxide, ethane, propane, n-butane, isobutane, n-pentane, isopentane, n-
hexane, n-heptane, n-octane, hydrogen, oxygen, carbon monoxide, water, helium, and
argon and is appropriate for various natural gas applications. The EoS satisfies the
demands on the accuracy in the calculation of thermodynamic properties over the
entire fluid region and is has been also adopted as an ISO Standard (ISO 20765-2/3)
for natural gases.
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List of Symbols

Latin Characters

dc

a(T)

A

Aji

Anm, Bnm, Cnm
b

B;i

C1, C2, C3

G

d

dy,
di

dii

9

G

Gij
H

I, I
k

kij, L

L, M,N

attractive term parameter of a cubic EoS (bar-cm®-mol)
constant term of the attractive parameter of a cubic EoS

term that express the temperature dependency of the attractive
parameter of a cubic EoS

residual Helmholtz free energy (J-mol?)

NRTL binary interaction parameters between components i and j (K)
UNIFAC binary interaction parameter between groups n and m
co-volume parameter of a cubic EoS (cm?-mol™)

NRTL binary interaction parameters between components i and j
Mathias - Copeman parameters

compressibility expression

parameter for the Boston - Mathias expression for the attractive term
of an EoS (eq. 5.38)

number of associating sites of type A in molecule i
constants for PR and SRK expressions (i = 0...4)

hard sphere diameter

radial distribution function

molar Gibbs free energy (J-mol™)

NRTL energy parameter between the components i and j
molar enthalpy (J-kmol?)

integrals

a proportion constant connected to the association energy of PC-SAFT
binary interaction parameters

Twu alpha function pure component parameters (eq. 5.23)

Soave parameter for the expression of the temperature dependency of
the attractive term of an EoS
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m mean segment number in a mixture
mi number of segments in a chain of component i
Mi number of associating sites in molecule i

Nav  Avogadro’s number (N, = 6.0221409 - 10%* molecules)

NC total number of components in a mixture
NG total number of groups in a component
p parameter for the Boston — Mathias expression for the attractive term of an

EoS (eq. 5.38)

P pressure (bar)

Ps vapor pressure (bar)

qi relative van der Waals surface area of component i
Qi relative van der Waals surface area of group i

R universal ideal gas constant (83.14 bar-cm3-mol™!-K?)
ri relative van der Waals volume of component i

Ri relative van der Waals volume of group i

T absolute temperature (K)

\ molar volume (cm>?.mol™)

Vi saturated liquid volume (cm?-mol™)

vi the number of group k in molecule i,

Xy, the fraction of moles of molecule i not bonded at site A (eq. 5.39)
x vector of molar composition

Xi liquid mol fraction of component i

y the reduced packing factor (y = bp/4)

i vapor mol fraction of component i

Greek Characters
i NRTL binary interaction parameter between the components i and j

BAB  association volume parameter between site A of component i and site B of
component j
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y activity coefficient

F,l(i) activity of an isolated UNIFAC group n in a solution consisting only of
molecules of type i

A%B associating strength between the sites of types A and B of components i and j
(eq. 5.40)

eAiby association energy parameter between site A of component i and site B of
component j (bar-cm?-mol?)

€ depth of segment of component i
n reduced density (eq. 5.50)
0 UNIFAC surface fraction of component i

kKB bonding volume between site A of component i and site B of component j

p molar density (mol-m?)

i segment diameter of component i (A)

Tji NRTL energy parameter between the components i and j
@i UNIFAC volume fraction of component i

Wnk  binary interaction parameter between the UNIFAC groups m, k for the UMR-
PRU model

w acentric factor

Superscripts and Subscripts
assoc  association
c critical property
Calc  Calculated value
disp dispersion
E excess
Exp Experimental value
hc hard chain
hs hard sphere
Lj component in a mixture

km,n UNIFAC groups
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ref

res

SG

vdw

liquid

properties of ideal gas mixture

points

ideal mixture behavior

reduced value of temperature (T;= T/ Tc)

reference

residual term of the G calculated through UNIFAC

saturation

Staverman - Guggenheim contribution of the combinatorial term of UNIFAC
van der Waals

zero pressure
infinite pressure

reduced property

states that the property is not the experimentally measured one
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Experimental measurement of the VLE of the CO2/CH4 mixture at three isotherms

Vent.

Pump 1

Nz Gas

VP

Pump 3

Pump 2
Bath stirrer & temp
measurement

Gas

Liquid

Pump 4

Nz far
flushing

— Vacuum Pump (VP)

Vent.

1

Figure 6.3: Principal diagram of cell and ancillary apparatus. LS, VS: Liquid and vapor phase Rolsi™

* T™M

samplers, respectively. SM: Rolsi™ controller. M: Gear for rotating permanent magnet below cell,
which rotates stirrer inside cell. Gear connected to electric motor outside bath. Tos: Top flange
SPRT. Tos: Bottom flange SPRT. (reproduced from Westman et al.?

According to Gibbs' phase rule, for a system of two components with two co-existing
phases, only two intensive variables can be independent, in this case the temperature
and the pressure. The equilibrium cell, kept at constant temperature using the
thermostatic bath, has been filled with both CO2 and CHa4 so that the two - phase
region is reached. Then the composition of both the liquid and vapor phases is
determined through an analytical method.

The cell consists of a transparent sapphire cylinder tube placed between two titanium
flanges. The internal volume of the cell is approximately 100 ml. To keep the
temperature constant, the cell is placed in a thermostatic bath kept at the desired
temperature (Fluke Hart Scientific model 6020 with external cooling water for
temperatures above ambient). The temperature of the cell is monitored by two Fluke
model 5686 glass capsule standard platinum resistance thermometers (SPRT) placed
inside the top (To4) and bottom (Tos) flanges.
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The cell pressure is indirectly measured through a Rosemount 1199 diaphragm
connected by an oil-filled circuit to a Rosemount 3051 differential pressure transmitter
with an array of four absolute pressure sensors pi, where i = 1, 2, 3, 4, (Keller model
PAA-33X) with full scales of 10, 30, 100 and 200 bar respectively, on the other side.
The absolute pressure sensor circuit is filled with nitrogen and is maintained at a
pressure such that the differential pressure between this circuit and the cell circuit is
close to zero, using syringe Pump 5 (TOP Industrie, model PMHP 100-500).

COz and methane are injected separately into the cell using syringe pumps. Pump 2 is
dedicated to the COz injection (model PMHP 100-500) while Pump 3 (model PMHP
200-200) is used for the CH4 injection. The surface of the parts of the pump and the
tubing in contact with the fluid has been sulfinert treated in order to minimize
adsorption. Pump 4 (model PMHP 100-500) is out of operation for the specific
measurements since it is objected to injection of fluids in liquid state, such as water.
All three pumps described above could be evacuated through a connection to a vacuum
pump (VP) (Trivac® E 2 from Leybold).

These pumps are connected via tubing to valves integrated in the cell flanges.
Integrated valves have been used in order to minimize the dead volume inside the cell.
An additional integrated valve can be opened to ventilation for the reduction of the
cell pressure. The vacuum pump is connected to an integrated valve, enabling, thus,
the evacuation of the cell before its filling with the gases. A magnetic stirrer (M), with
a maximum rotation speed of 800 rpm, is placed at the bottom of the cell in order to
reduce the time needed to reach equilibrium. A borescope is used for the inspection of
the content of the cell through the transparent sapphire cylinder, to ensure that the
two-phase region is established and that the liquid level is appropriate.

A custom - made National Instruments LabVIEW program is used for data acquisition
of the measured pressure and temperature values, which have been logged every
second. The resistance of the two SPRTSs is measured one at a time through an ASL
SB148 switchbox which change between the two SPRTs, connected to an ASL F650AC
thermometry bridge. A resistance measurement point of one resistor is obtained once
every 20 s when the ASL bridge is set to obtain the most accurate ratio value. The ASL
bridge measured ratio values are obtained by the logging program through a USB
connection. The update rates of the four pressure sensors pi are 400 Hz, and the dead
time of the differential pressure sensor p,; is approximately 45 ms. The measured
pressure values of pi are obtained by the logging program using the digital output of
the sensors through a RS§485 serial connection. The values of p;, are obtained using a
conversion of the analog 4-20 mA DC current output of the sensor to a digital output
read through a RS485 serial connection by the logging program.

When equilibrium is established, the compositions of the vapor and liquid phases can
be measured by extracting a sample from each phase using a pneumatic version of
Rolsi™ (Rapid On Line Sampler - Injector) electromagnetic samplers®. The vapor
phase sampling capillary inlet is placed close to the top flange inside the cell, while the
liquid phase capillary inlet can be moved vertically inside the cell so that it is located
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at an appropriate position for the liquid phase sampling. The electromagnetically
controlled valves of the Rolsi™ samplers are opened for a specified time period,
through the LabVIEW software, to let a sample of appropriate size to flow out of the
cell. The sample is routed through the capillaries into a heated gas chromatograph
(GC) helium carrier gas circuit at close to atmospheric pressure. The low - pressure
side of the Rolsi™ valves and piping between the valves and GC are also heated above
the critical temperature of COz (actually at 313.15 K) ensuring, thus, that both the vapor
and liquid samples are in gaseous state. The sample is swept by the carrier gas into the
GC (Agilent 7890A) equipped with a Supelco Carboxen-1010 PLOT Capillary GC
Column (from Sigma - Aldrich, with a column length of 30 m and an internal diameter
0.53 mm) where the CO2 and CH4 are separated. Downstream of the column, a thermal
conductivity detector (TCD) measures the difference in voltage needed to keep the gas
passing the detector at a constant temperature. The detector response is monitored as
a function of time at 5 Hz, resulting in two separate peaks corresponding to CHa and
CO:z. During the sampling, the logging of the detector response is started automatically
through the Agilent OpenLAB CDS EZChrom GC data acquisition and control
software.

When a sample is extracted, Pump 1 is used to apply an increased N2 overpressure,
from the auxiliary circuit, compared to the cell pressure on a plate bellows inside the
cell, to expand the bellows and thereby decrease the cell volume. This way a decrease
in cell pressure after the extraction of each sample is prevented. When the bellows are
fully expanded, they can cause an approximate volume decrease in the cell of
maximum 1 cm’.

The internal diameter of the Rolsi™ capillaries is 150 mm, and the length of the liquid
and vapor phase capillaries are 0.4 and 0.3, respectively. The internal volumes of the
liquid and vapor capillaries correspond to approximately 0.007 and 0.005 % of the cell
volume, respectively. The upper part of both the liquid and the vapor capillaries are
outside the thermostatic bath, and are heated to 313 K to avoid condensation.

As the liquid in the heated upper part of the liquid capillary can boil off, too small
samples can only consist of the boil-off gas with a composition that is not
representative of the liquid phase in the cell. In order to be sure that the true liquid
composition is measured, the number of moles of each liquid sample should at least
be as large as the volume of the whole liquid capillary, at the same density and
composition as the liquid phase inside the cell. As some of the volume of the liquid
sampler is occupied by a vapor phase with lower density than the liquid one, the
calculated liquid sample size is probably an overestimate, but it helps to ensure the
thorough flushing of the liquid capillary for each sample. Because the sample size
should be sufficient to flush the capillaries, the expansion of the bellows is necessary
to prevent a significant change in the cell pressure. For the vapor samples, the first
sample of a series at a pressure/temperature point is of a sufficient size to flush the
vapor capillary. Consecutive sample sizes are set large enough to give a good
repeatability in the composition measurements. The repeatability as a function of
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sample size is determined from the calibration of the GC using the calibration gas
mixtures. Practically, this is translated to an estimation of the sample volumes from
the GC traces. The liquid phase density and composition are calculated using the
GERG-2008 EoS at the cell pressure and temperature. An estimate of the number of
moles in a sample as a function of the peak areas of each component in the GC traces
has been established by injecting each of the components into the GC through a sample
loop with a known volume, kept at ambient temperature and slightly higher than
atmospheric pressure. The densities of the pure components are calculated using the
Span - Wagner?* EoS, which yields very accurately the CO: one, since at the examined
conditions mostly COz is expected in the mixture.

6.2.2. Calibration

The calibration of the temperature and pressure sensors performed by Westman et al.”
has been used to perform the experiments and it has been performed in-house. The
temperature sensors have been calibrated against fixed point cells according to the
International Temperature Scale of 1990 (ITS-90), while the pressure sensors against
arecently calibrated dead weight tester. Details concerning the estimated temperature
and pressure measurement uncertainties are discussed in Section 6.2.4. The GC has
been calibrated against calibration gas mixtures prepared in-house using a custom -
built apparatus for the gravimetric preparation of the mixtures. The manufacturer's
specifications of the purities of these samples are given in Table 6.1, while no further
analysis of the specified purities has been performed. However, as the vapor pressure
measurements of COz have been performed at the different temperatures, it is asserted
that the vapor pressures are in agreement with the calculated vapor pressures from
Span - Wagner EoS, within the combined uncertainty of the pressure measurements
and the EoS calculations.

Table 6.1: Characteristics of pure chemicals used.

Chemical Initial mol Purification Final m ol Analysis
Cas No Source - . fraction
Name fraction purity method . method
purity
COyf 124-38-9 AGA 0.999992 None 0.999992 None
CH¢? 74-82-8 AGA 0.999995 None 0.999995 None
Hec 7440-59-7 AGA 0.999999 None 0.999999 None

@ Maximum specified impurity content by volume is less than 3 ppm H;O, 1 ppm O, 2 ppm N3,
1 ppm and hydrocarbons C,Hp.

b Maximum specified impurity content by volume is less than 2 ppm H>O, 0.5 ppm O, 4 ppm
N3, 1 ppm other hydrocarbons C,Hm, and 0.1 ppm Ha.

¢ GC carrier gas.
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6.2.3. Experimental Procedure

Two different procedures are followed; the first is for the region away of the critical
mixture area, while the second is used in order to estimate the critical point of the
mixture.

6.23a. Away from tédegi emitical

The measurements are performed using an isothermal analytical method with a
variable volume cell with the temperature and the pressure as independent variables,
as described above. The equilibrium cell is kept at constant temperature using a
thermostat bath and is filled with CO2 and a mixture of CO2/CH4 until the target
pressure is obtained. The use of the latter as input is justified in order to avoid the
input of pure methane, which is explosive. Instead, in lower concentration that 40 %
molar in its mixture with COy, it is not considered as explosive and thus no further
certification of the apparatus is required. The coexistence of the two phases is
confirmed visually through a borescope, which is directly connected to a monitor. The
experimental procedure is briefly described in the following. Before the start of a VLE
experiment, the whole system is evacuated through the vacuum pump to ensure no
contamination of the pipelines, the pumps or the equilibrium cell. Specifically, the CO2
pump (Pump 2), the impurity mixture pump (Pump 3) and their respective lines are
evacuated once and then are flushed with their respective gas. The flushing and
evacuation procedure is repeated five times in total to remove any impurities
remaining in the cell. After the final flushing and evacuation, the gases are filled to
their respective lines and pumps and remain at a pressure of at least 5 bar to prevent
any contamination. Then, the same procedure is repeated for the equilibrium cell.
After setting the required temperature of the thermostatic bath, the cell is filled with
COz until the liquid level is about 40 % of the cell volume. The stirrer runs until the
temperature and the pressure are stabilized. If the measured vapor pressure is within
the uncertainty limits of the Span - Wagner EoS, the setting of the bath is deemed
appropriate.

After the COz vapor pressure measurements, methane, in the form of a CO2/CHa4
mixture, is injected to the cell through Pump 3, until the specified pressure is obtained.
The liquid level of the cell is adjusted either by injecting more COxz or by venting out
some liquid from the bottom of the cell. A representative picture taken through the
borescope showing the vapor - liquid interface between the two phases before the
stabilization of equilibrium, is depicted in Figure 6.4. The mixture is stirred to
equilibrium (600 rpm) and when the temperature and the pressure indications are
stabilized for about thirty minutes, the stirrer is turned off and the mixture is left to
settle before the start of the sampling. The settling time ranges from thirty minutes to
three hours, depending on the proximity to the critical region. Specifically, where the
density difference between the vapor and the liquid phase is significant, that is away
from the critical region, the settling time is set to thirty minutes, while when
approaching the critical region the settling time is increased to one hour. During the
settling time, the borescope is inserted into the bath to check the liquid level and then
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is quickly removed to ensure that no additional heat transfer affects the equilibrium.
When the settling period has been completed, the sampling of both phases starts,
beginning with the liquid phase and continuing with the vapor one, by taking six
samples from the liquid phase and seven from the vapor, respectively. The samples are
withdrawn from the cell every 32 minutes, which is sufficient time to capture the whole
COz peak in the chromatogram, as well as for the two phases to settle after the
restoration of equilibrium. During sampling, nitrogen in overpressure from the
auxiliary circuit is injected through Pump 1 to the bellows plate in the cell to
compensate for the decrease in pressure caused from the removal of the sample
volume. This procedure is not followed during the VLE measurements at the isotherm
of 303.15 K, since the use of the bellows seems to have no significant effect. This is
probably due to the high CO2 concentration, as well as the small differences in density
between the two phases. Hence, the bellows’ pressure control system does not work
and the bellows are not used in the measurements. The first sample of each phase is
discarded as flushing sample, while no specific ascending or descending trend has been
observed in the series of the remaining samples, which indicates that there is sufficient
settling time between each sample.

I —

Figure 6.4: Borescope picture of liquid and vapor interface for 303.15 K and 73.5 bar.

The pressure readings are retrieved from the sensors every second and the resistance
values of the temperature sensors are recorded approximately every 20 seconds. The
temperature and pressure measurements from the stable period before the withdrawal
of the first sample until the end of sampling are used to calculate the VLE data set,
following a procedure which is discussed in detail in Section 6.2.5.

6.2.3.b.Cr i t iemd lo nR

A special procedure is followed for pressures close to the critical point of the mixture
for each isotherm, which permits the accurate capturing of the critical area and thus
the overall shape of the phase boundary. In this case, the pressure is first increased
conventionally, by injecting the CO2/CH4 mixture into the cell using Pump 3. The
proximity to the critical point is established by a step - by - step increase of the
pressure up to the point that the supercritical region is temporarily reached and the
mixture reverts to the two - phase region upon reaching the equilibrium. This way, the
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critical pressure is identified within a narrow interval, of the order of 0.1 bar. Having
established the two-phase region at a point close to the critical one, the stirrer runs
from 45 minutes to about one hour and then the mixture is left to settle for 2 - 3 hours.
The increased settling time is justified because of the proximity to the critical region,
where the densities of both phases are very similar and thus the mass transfer
coefficient is lower. After the settling period, five or six samples are taken from the
liquid phase, and seven samples are taken from the vapor phase with a 32 minutes
period between the opening of the Rolsi™ samplers. During sampling, the bellow plate
system is used to compensate for the pressure decrease, with the exception of the
isotherm of 303.15 K where this procedure is not necessary as discussed above. After
the completion of the VLE measurement, the pressure is slightly decreased by taking
samples from the vapor and the liquid phase without using the bellows. The same
procedure, that is stirring to the new equilibrium VLE point, waiting for the two phases
to settle and finally sampling of the liquid and vapor phase, is repeated until the critical
region is sufficiently captured.

6.2.4. Uncertainty Analysis

Special care has been taken to present the results and analysis in accordance with the
IUPAC Guidelines for reporting of phase equilibrium measurements given in the work
by Chirico et al.?>. In particular, a thorough estimation of the standard uncertainties,
as specified in the ISO Guide for the Estimation of Uncertainty in Measurement,
commonly referred to as “GUM”?, is performed.

6.24.a.Def i nitions

The terms and the definitions of the “GUM"? are used in the uncertainty analysis. The
uncertainty components are evaluated as standard uncertainties, with symbol u(y),
where y is the estimate of the measurand, Y, that is the measurement result. s(y) is the
standard deviation calculated from the samples of y, and is the estimate for minimum
contribution to standard uncertainty from random errors in y. The propagation of the
standard uncertainties in the input quantities, Xi, to the standard uncertainty in the
final measurand, Y, is expressed through the combined standard uncertainty, uc(y).

6.24b. Temperature and Pressure

The uncertainty analysis for the pressure and the temperature measurements has been
given in detail by Westman et al.”” and they are only briefly discussed here. When the
contributions cannot be assumed to be independent, the most conservative estimate
is assumed.

As mentioned in the equipment description (Section 6.2.1), the equilibrium pressure
at the vapor - liquid interface, p, is measured indirectly. The setup, along with the
respective regions of interest is shown in Figure 6.5.
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Figure 6.5: Schematic depiction of the pressure measurement system, where the different
contributions affecting the overall pressure are shown.””

The absolute pressure sensor in use for a given experiment is designated as pi, where
the index i = 1, 2, 3, 4 corresponds to the sensor in use, in this case sensor 3, with
increasing full - scale pressure for increasing indices. The differential pressure
transducer, designated pu, is placed at the same elevation as the pi sensors, to avoid a
pressure difference due to a hydrostatic pressure. The differential pressure sensor and
the tubing going down to the cell are heated to a temperature Tio above the cell
temperature, to avoid condensation of the vapor phase in the tubing. Using these
definitions, the pressure on the cell circuit side of the differential pressure sensor can
be stated as po= pi + pu. When equilibrium is reached, the pressure at the vapor - liquid
interface, p, is equal to po plus the hydrostatic pressure of the fluid in the vertical
distance between the position where po is measured and the vapor - liquid interface.
This hydrostatic pressure is designated as pns. The pressure at the vapor - liquid
interface can be then stated as per eq. 6.1.

P =Di + P11 + Phs eq. 6.1

As the hydrostatic pressure, prs, is a function of the absolute pressure, pi, and pu
changes with the change in pi, the three terms can not be deemed as independent. The
details for the calculation of each uncertainty component are given in detail by
Westman et al.” where it is shown that the uncertainty is dominated by the uncertainty
caused by the A/D conversion in pressure p;;. The uncertainty components
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contributing to the standard uncertainty for the measured pressure are of the order of
10 - 10~ bar. In the pressure range of the measurements carried out, the PT-3 sensor
is used, with a corresponding uncertainty equal to 7.64-10 bar. Thus, the combined
standard uncertainty in the cell pressure is calculated through eq. 6.2.

op op op
ue®) = |37 ol + |37 bl + [ s
i 11 hs
= ()| + ()] + ()|

For the temperature the combined uncertainty, u.(T), is given by eq. 6.3

u(T) = /52(7_") + u2(T) eq. 6.3

where s(T) is the standard deviation of a series of samples and u(T), the total
uncertainty in temperature.

eq. 6.2

The sensors Tos and Tos are standard platinum resistance thermometers, whose
temperature is calculated by measuring the resistance of the SPRT at the unknown
temperature and comparing this resistance to the measured resistance at other known
temperatures. The framework used for doing this comparison is the International
Temperature Scale 0f 1990 (ITS-90)%. As the VLE measurements are carried out in the
temperature range of 293.14 K - 303.15 K, the ITS-90 calibrations are performed in the

subrange defined by the triple point of mercury (Too, 234.3156 K), the triple point of
water (Too, 273.16 K) and the melting point of gallium (Too, 302.9146 K). The ITS-

90 deviation function for this subrange is used together with the ITS-90 reference
functions to calculate the ITS-90 temperatures, Too. The extrapolation of this deviation
function to 303.15 K, 0.23 K above the gallium melting point, is assumed to give
negligible contribution to the temperature uncertainty. The resistance of the SPRT at
a certain temperature is measured using an ASL F650AC Thermometry Bridge,
together with an external Tinsley 5685A resistance normal placed inside a Tinsley 5648
temperature - controlled enclosure as reference. The measured input quantity was the
bridge ratio, defined by eq. 6.4,

_ R(Ty)
b R(Tyer) eq. 6.4

where R(Too) is the resistance of the SPRT at the unknown ITS-90 temperature Too,
and Rreris the resistance of the Tinsley resistance normal. The resistance normal has
been calibrated inside the temperature - controlled enclosure by the Norwegian
national metrology service Justervesenet on 2012-04-12. The calibration certificate
stated that Rrs equals 24.998982 Q, with a standard uncertainty u(Rresl) = 6:10° Q.
Taking into account the temperature stability of the enclosure and its effect on the
resistance of the resistance normal and the long term stability of the resistance, the
total standard uncertainty at the time of use is estimated to be u(Rr) = 8.5.10° Q. The
uncertainty u(Too) in the calculated temperature, Too, can be stated as per eq. 6.5.
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0Ty
u(Too) = [u(W;(Too)) W (Tog) eq. 6.5
When the contents of the cell are at VLE, the temperature at the vapor - liquid
interface, designated T, should be somewhere between the temperatures in the top
flange, Tos4, and that of the bottom flange, Tos. This is a reasonable assumption if the
temperature of the thermostatic bath fluid is sufficiently uniform and stable in the heat
transfer regions between the cell and the bath fluid. The uniformity and stability of the
heat transfer in this area can be investigated by measuring the temperature around the
perimeter of the cell seen from above and at different vertical positions ranging from
the position of the top flange to the bottom flange. For that reason, given that the
uniformity and stability in these regions are sufficient, the VLE temperature can be
approximated using the arithmetic mean of the two measured temperatures (eq. 6.6).

_ Tos + Tos

T
2

eq. 6.6
Since Tos and Tos can not be assumed as independent, the uncertainty in T is expressed
through eq. 6.7.

o 7.3 9D a(T)

N 9(Tos)
The calculation of the uncertainty for each of the SPRTs used for the temperature
measurement is based on the combined uncertainties of the resistance measurements
and the calibration points. Additionally, an uncertainty component, u(T,diff), is taken
into account, which is the uncertainty caused by the SPRT being at a temperature other
than the one we want to measure, and this is usually the largest contribution to the
total uncertainty in a temperature measurement. At an unknown temperature during
the VLE experiments, this uncertainty is assumed to be equal to the difference between
the measured temperatures of the two SPRTs and is modeled using a rectangular
distribution, as per eq. 6.8.

_ |U(To4)

|u(Tos)|
2 2

+ [u(ros)

eq. 6.7

|Tos — Tosl
V3

The uncertainty in the resistance is of the order of 10 - 10 Q which corresponds to
u(Th,0) = 0.51 mK and u(Tca) = 0.85 mK.

(T, dif f) = eq. 6.8

The detailed uncertainty results for the mean temperature and pressure values are
reported along with their respective VLE measurements, in Section 6.3. The resulted
standard uncertainties in the pressure measurement are illustrated in Figure 6.6a and
in temperature in Figure 6.6b. As it is observed, the standard uncertainty in pressure
is estimated to be below 0.03 % of the measured pressure. Similarly, from the reported
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values, the maximum uncertainty in pressure is 0.02 bar while in temperature the
maximum uncertainty is 3 mK.

0.004 0.004

a < )

0.002 A (@ g 0.003 A

0 0 { % } % % } } € 0002 4
3

& 0,002 g 0001
= 2 049 @
T}’ -0.004 A =
S 2 -0.001 -
S -0.006 1 ®Isothermmean,293.130K |
" -0.008 - @ [sotherm mean, 298.142 K E -0.002

' @ Isotherm mean, 303.145 K ET -0.003 A1

-0.01 .5 T g B -0.004 . .

%5 5 b bary 7 85 55 65 5, (bar) 75 85

Figure 6.6: (a) Pressure standard uncertainty relative to the measured pressure for the VLE
measurements performed, expressed as 100 - u.(p)/py. Py stands for the measured pressure and
u.(p) for the standard uncertainty. (b). Temperature deviations for each VLE measurement from
isotherm mean temperature, and temperature standard uncertainty, expressed together as Ty +
1. (T) — isotherm mean temperature, versus the VLE experimental pressure py. Ty stands for the
VLE experimental mean temperature and @.(T) for the standard uncertainty in temperature. Blue
colour indicates the isotherm at the mean temperature of 293.130 K, red colour indicates the
isotherm at the mean temperature of 298.142 K and green colour indicates the isotherm at the
mean temperature of 303.145 K.

6.24c.Composi tion

The VLE composition analysis is performed using a GC, which has been calibrated
using gas mixtures with composition known to high accuracy. The calibration mixtures
have been gravimetrically prepared using a custom - built rig at the NTNU and SINTEF
Energy Research Laboratories, with adherence to the ISO standard?®. The uncertainty
of the VLE composition analysis has contributions from a range of sources, including
the impurities of the gases used to prepare the calibration mixtures, the uncertainty in
the molar masses, inaccuracies in the weighed masses, adsorption, repeatability,
uncertainties of the sampling and GC analysis, and finally the consistency between the
GC calibration function and data.

Each calibration gas is filled into the cell using Pump 3, just like when filling the cell
with methane. The cell, pump and lines leading to the cell are kept at 313 K, to ensure
that the calibration gas is in single phase. Using the same procedure with the one for
filling the cell with the respective gases, as described in Section 6.2.3, the pumps and
lines have been first evacuated and then are filled with the calibration gas mixture. The
evacuation and flushing procedure, is repeated five times in total. After the final
evacuation, the calibration gas is filled into Pump 3 and its connected lines, and is
maintained at a pressure of at least 5 bar, to prevent contamination of the gas. The cell
is flushed with the calibration gas and then is evacuated. This procedure is repeated 5
times to remove most of the remaining impurities in the cell. After the final evacuation
of the cell, it is flushed with the calibration gas once more, to minimize the effects of
surface adsorption of the components in the calibration gas. The cell has been filled at
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different pressures in the range of 60 - 80 bar, which is the expected pressure range
for the isotherms of interest, based on the prediction of the GERG-2008 model.
Samples of varying sizes have been withdrawn from the cell at various pressures in
order to form the basis for the calibration of the composition analysis. That way, a
relation between the CO2z mol fractions of the calibration gas mixtures and the GC
detector response is obtained.

6.2.4.c.i. Source gas composition and molar mass

The composition and the corresponding uncertainty of the calibration gas mixtures are
results of the purity and the molar mass of the source gases used for its preparation.
The molar masses of CO2 and CHas are calculated along with their respective
uncertainties from the molar masses of the monoatomic carbon, C, oxygen, O, and
hydrogen, H, as given by Wieser et al.?*3° and are reported in Table 6.2.

Table 6.2: Molar masses of atomic elements and compounds with uncertainties

Component i M; u(M;) Unit
Ce 0.0120108 0.0000003 kg-mol™*
Ch 0.0120108 0.0000001 kg-mol™*
O 0.0159994 0.0000001 kg-mol?
CO2 0.0440096 0.0000003 kg-mol™
CH4 0.0160427 0.0000002 kg-mol™
COz +imp 0.0440095 kg-mol™*
CHg + imp 0.0160427 kg-mol”
COzer 0.0440096 kg-mol”
CHsef 0.0160428 kg-mol”

2 in CO3 molecule
b in CH4 molecule

The minimum certified purities of the source gases are given in Table 6.1, along with
their specifications for certain impurities. Since the source gases are not entirely pure,
estimates for their molar masses, Mco,+imp and McH,+imp, are calculated, by assuming the
hydrocarbon impurity to be formed entirely from methane, in the case of CO2 and
ethane for CHas. Since the composition of the source gases, CO> and CHa, is not
accurately known, it is assumed that completely pure gases and maximum impurity
are equally probable. Specifically, it is assumed that the standard uncertainty of the
purity of the source gases equals half the maximum certified impurity fraction and it
is estimated that the actual purity level is the minimum purity plus this standard
uncertainty. Furthermore, it is assumed that the concentration of each impurity
component is proportional to its maximum fraction provided in the gas specifications.
Since the mol fractions of the different components have been set, the molar mass of
the sample of component i, either CO2 or CHa, can be estimated through eq. 6.9.

Mi+imp = Yi,in sample M; + Z Yj,in sample * Mj eq. 6.9
j
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The molar mass M; of each impurity j is calculated using the data of Wieser et al.?% 30,
as discussed above. The calculated molar masses of CO2 + imp and CHs + imp of the
gas samples are given in Table 6.2. The effective molar mass of each component i,
either COz or CHy, is given on the same table and it is calculated through eq. 6.10 - eq.
6.11.

M. _ Mi+imp - M + (1 — Vi,in sample) ’ Mimp eq 6.10
werf Yi,in sample ' yi,in sample o
Mimp _ Zj Yjin sample Mj eq. 6.11

1- Yiin sample

6.2.4.c.i. Gravimetric Preparation
The calibration gas mixtures are prepared by injecting CO2 and CH4 consecutively into
the calibration gas cylinder and weighing the cylinder accurately using a comparator
with certified weights before and after each gas injection. The resulting masses of each
component i with impurities, are converted into moles excluding impurities, as per eq.
6.12.

_ mi+imp

ng=——— .6.12
Y Mg ed

where n; is mol fraction of component i.

Both the numerator and denominator in eq. 6.12 contribute to the calculated
uncertainty. The uncertainty in mass, m;,ny, is a function of a range of factors,
including the repeatability of the ABBA mass comparisons, the uncertainty in the
buoyancy correction, the uncertainty in the OIML masses, where the repeatability is
the dominating contributor. Using the fact that y¢o,, in sampie is close to unity, it can
be shown that the uncertainty term from the effective molar mass, M; .¢, to the first
order can be estimated by eq. 6.13.

\[4u2 (yi,in sample)Mizmp +u? (M‘) eq. 6.13
M;

u(my, My epf) =ny ¢

where u()’i,in sample) =1- Yi,in sample-
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6.2.4.c.ii. Composition calibration procedure and estimated composition
uncertainty

Each of the two prepared calibration gas mixtures is filled into the cell to calibrate the
GC. The cell is kept at 313.15 K to ensure that the contents of the cell are in a uniform
supercritical state. Samples are extracted from the VLE cell using both the liquid and
vapor Rolsi™ samplers with different opening times to get samples which span the
expected sample size during the VLE experiments. Then, samples of varying sizes are
extracted from the cell in two different pressures, 60 bar and 80 bar respectively, which
are the ranges of the expected pressures at VLE in the isotherms of interest. Seven
samples are taken for each selected combination of calibration gas mixture, sampler,
and sampler opening time. The first two samples are discarded as flushing samples,
leaving thus five valid samples. These samples form the basis for the calibration of the
composition analysis, giving a relation between the CO2 mol fraction of the calibration
gas mixtures and the GC detector response.

The uncertainty contribution from the calibration mixture reaching the GC can be
calculated from eq. 6.14.

uc(yc‘oz,cal) = \/uz (yCOZ,cal'm) +u? (yCOZ,cal'Meff) + u? (}’coz,caz; ads) eq. 6.14

where u(yCOZ,cal' m) and u(ycoz‘cal, Meff) are the contributing uncertainties in the
masses of CO2 and CH4 in the gas mixture and in the effective molar masses (eq. 6.15 -

eq. 6.16).
u(ncoz, m) " ncoz + u(nCH4, m) " nCH4
(nco, + ncn,)?

u(YCOZ,Cal' m) = eq. 6.15

\[uz (nco, Megs) no, +u?(neny Merr) nén, eq. 6.16

(nco, + ncn,)?

u(yCOZ,cal' Meff) =

The term u(yCOZ,calv ads) is the uncertainty contribution from adsorption and is
calculated by assuming higher adsorption of CO2 compared to that of methane. This
is based on the work of Leuenberger et al.*! who performed experiments with mixtures
including CO2 on commercial steel and aluminum gas cylinders, applying no polishing.
Their measurements indicate that COz forms at most a molecular monolayer on steel
bottles using a model ignoring surface roughness. To minimize the adsorption effects,
the pumps and most of the piping have been sulfinert treated. Also, the cell is expected
to have little adsorption. Nevertheless, to consider the worst — case scenario, it is
assumed monolayer adsorption in both the cylinders where the calibration mixtures
have been prepared and in the cell, and the maximum estimated adsorption of COz in
the gas cylinder and cell is calculated through eq. 6.17.

4n -t 6.17
COz,max.ads.cyl AC02 "N, €q. 6.
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A _ Acell
Nco,max.ads.cell = A - N eq. 6.18
Co, YA

Ineq. 6.17 and eq. 6.18, A¢o, * N, denotes the surface area of a monolayer of one mol of
COz. A.y; and Ay, respectively, are the inner surface areas of the gas cylinder and the
cell. The adsorption varies depending on unknown experimental conditions, in
particular the unknown surface roughness of the gas cylinder. For simplicity, the
uncertainty has been estimated based on the adsorption level provided by eq. 6.19.

AnCOZ,max.ads.cyl "MNco,,cyl Ancoz,max.ads.cell "MNco,,cell

u(Yco, car ads) = eq. 6.19

(nCOZ,cyl + nCH4,cyl)2 (nCOZ,cell + nCH4,cell)2
The mol values in the cell are calculated using the GERG-2008 at a pressure equal to
5 bar. As it is observed from Table 6.3, where the uncertainty terms of the calibration
mixtures are presented, the different uncertainty contributions are of the same order
of magnitude. The uncertainty contribution, u(ycoz_cal, Meff), dominates the
combined total uncertainty, uc(ycoz‘cal), but still it is an order of magnitude lower
compared to the uncertainty derived from the calibration function error. Furthermore,
the adsorption contribution should have been order of magnitudes larger to be of
significance to the final VLE data.

Table 6.3: CO2/CHy calibration gas mixtures: CO; mol fractions and corresponding standard
uncertainties.

yCOZ,cal u(YCOZ,calr m) u(YCOZ,cal' Meff) u(J’coz,caz» ads) Ue (yCOZ,cal)
0.850481 3.4-10¢ 6.3-10¢ 2.5-10¢ 7.6 -10-6
0.943293 3.9-10° 7.8-10-¢ 2.8-10¢ 9.1-10¢

6.2.4.c.iv. GC integration and calibration function

The GC column, method and detector are the ones described in Section 6.2.1 using
helium as carrier gas with the supplier specifications given in Table 6.1. The COz and
CHa4 peaks in the GC chromatogram using this setup are very distinct, leading to very
good separation. The areas under the CO: and CH4 GC peaks, Acp, and Acy,
respectively, are obtained for each sample after numerical integration. The GC thermal
conductivity detector response is non-linear with respect to the number of moles of
COz and CHz4 that pass through it. The following calibration function correlates the
area of each component to the mol number passed through the detector.

fico, "k = Aco, + ¢1 - Aco,” eqg. 6.20
ficy, "k = c3* Acy, + ¢4 Acu,™ eq. 6.21
fico,

)7coz,ca1 ==
nCOz + nCH4, eq. 622
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where J¢o, a1 is the estimator of the CO2 mol fraction of a calibration gas mixture given
the corresponding integrated peak areas from the GC chromatogram of a specific
sample and k is a constant factor relating the areas to the number of moles. The value

of k is not of interest since it is eliminated when the mol fraction is calculated, as per
eq. 6.22.

The parameters ci, with i taking values from 1 up to 5 have been fitted per phase by
performing a weighted least squares minimization of the objective function S, as it is
described by eq. 6.23.

Yco,.cal — Ycoy.cal

minS(c;) =

eq. 6.23
ug (yCOZ.cal) + Sz(ycoz.cal)

The mean value, 9o, cq1, Of the estimators calculated for each of the 26 series of 5 valid
samples is fitted to the calibration mixture mol fractions, y¢o, ca;, and the results along
with the standard deviation are presented in Table 6.4. The need for fitting different
values of the parameters for the liquid and the vapor phase is justified due to the fact
that the liquid sampler extracts helium at a slower rate than the vapor sampler. Thus,
the use of the same opening times yields slightly different sample concentration in the
column for the two samplers. As it can be observed from Figure 6.7, the errors between
the calibration gas CO2 mol fraction and the mol fraction measured by the GC,
e = Yco,.cal — Yco,,cal» are randomly scattered around zero for the two values of yco, car»
which indicates that the fit is reasonable. It should be noted, that due to the small
number of calibration gas mixtures, a linear correlation had been initially tested, but
it failed to accurately describe the relation between the areas and the molar
composition of the mixtures, probably due to the high difference in the TCD detector
response of CO2 and CHa. s(e) is about 10 times higher than uc(ycoz_cal), and hence
the former completely dominates the total systematic uncertainty of the composition
measurements.

Table 6.4: Fitted parameters for the vapor and liquid relation between the GC response and the
number of moles, along with the standard uncertainty of composition analysis.

Variable L Rolsi V Rolsi

10%-c; 0.00546 0.00334

c2 2.13036 2.22570

c3 1.49009 1.48217

10%-c4 0.18510 0.22991

cs 1.95232 1.94099

u(xco,) = u(yco,) = s(e) 89.41-10-6 89.41-10-6

n 13 13
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Figure 6.7: Error between actual compositions in Table 6.3 and the composition determined by the
GC using the fit of eq. 6.20 - eq. 6.22. Composition analysis uncertainty u(xcoz) = u(ywz) = s(e)
as reported in Table 6.4.

6.2.4.c.v. Total uncertainty in liquid and vapor mol fractions

For a set of VLE measurements, the uncertainty in the measurement of temperature,
T, and pressure, p, contributes to the total uncertainty in composition at T and p, so
that the final total uncertainty in composition is given by eq. 6.24,

_ 0z¢g 2 _0Z¢p 2
Utor(2co,) = [U(2co,) + <uc(T) aTZ) + (uc(P) apz eq. 6.24

where z¢(, stands for the composition either for the liquid, x¢c,, or the vapor phase,
Yco,» and u (T) and u.(p) are the temperature and pressure uncertainties respectively.

aZCOZ

The derivatives of the composition with regard to temperature and pressure, and

aZCOZ
ap
fitted to the data of each isotherm. For data close to the critical region, the calculation

azcsz, is calculated analytically from the

, have been calculated numerically from the UMR-PRU thermodynamic model

of the derivatives with respect to pressure,

fitted scaling law, since the latter better describes the experimental data in this
particular region.

6.2.5. Data Reduction

As mentioned in the description of the experimental procedure, there is a small
pressure drop after each sample withdrawal from the cell. So, a pressure compensation
is used by increasing the volume of the bellow inside the cell. The latter is not required
for the isotherm of 303.15 K. Thus, for the isotherms of 293.13 K and 298.14 K, the
bellows restore and stabilize the pressure 1 to 3 minutes after the extraction of the
sample. For the isotherm of 303.15 K, where the use of the bellows is not required, the
pressure returns to its original value after 1 - 3 minutes, probably due to the high
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concentration of COz. After the return to its original value, the pressure remains stable
for 25 to 27 minutes, until the withdrawal of the next sample. In each series of
consecutive liquid or vapor composition samples, xco, Or Yco,, at a nominal
temperature and pressure, it is assumed that each composition sample has the
equilibrium composition at the temperature, T, and pressure, p, just before the sample
has been extracted.

For each sample, the equilibrium pressure and temperature are assumed to be
represented by the pressure and temperature measurements averaged over a time
period equal to 75 % of the sampling period ending just before the sample extraction
starts, denoted p and T, respectively. During this time period, no systematic trends in
pressure and temperature are observed.

The standard systematic uncertainty of these mean values, u(p) and u(T), are assumed
to be equal to the arithmetic mean values of the standard systematic uncertainties of
the pi and Ti measurements, u.(p) and u.(T) used to calculate the mean pressure and
temperature, as per eq. 6.2 and eq. 6.7. The combined standard uncertainty of the
mean values p and T is given as per eq. 6.25 - eq. 6.26.

uc(p) = /s%(p) + u?(p) eq. 6.25

u.(T) = /52(7_") + u?(T) eq. 6.26

For each of these series of samples, the average mean values of the temperature and
pressure and the trimmed mean values for the liquid and vapor phase compositions
are calculated, denoted as Ty, p, Xco,» and ¥¢o, , respectively. The subscript fis used to
differentiate between the temperature and pressure values associated with each
composition sample, xco, Or Yco,, and of those associated with the average
compositions, X¢g, Or Yo, Thus, i, (p), 1.(T), ﬁwt(xcoz) and atot()’coz) are calculated
as the mean and trimmed mean values of u.(p), u.(T), umt(xcoz) and utot(ywz) in
each series, respectively. The propagation of uncertainty is calculated as per eq. 6.27 -
eq. 6.30, with s(ﬁf), S(Tf), S(J?COZ) and s(ycoz) calculated as per eq. 6.3,

u(py) = [s2(py) + w2 () eq. 6.27
u(Ty) = [s2(Ty) + u2(T) eq. 6.28
uc(%co,) = \/Sz(fcoz) + Ueoe (Xco,) eq. 6.29
ue(Yeo,) = \/52()_’602) + T (Vco,) eq. 630

s(z) = eq. 6.31

where z corresponds to each of the previously referred measurants.
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6.3. VLE Experimental Results

VLE measurements at three isotherms of the CO2/CH4 binary system at the average
temperature of 293.13 K, 298.14 K and 303.15 K have been conducted. Both the dew
point and bubble point curves are mapped, starting from COz vapor pressure up to the
critical point of the mixture.

The data for each series of samples are given in terms of mean temperature, Ty, mean
pressure, pr, and mean mol fractions for the liquid phase, ¥¢,,, or the vapor phase,
Vco, in Table 6.5 and Table 6.6, respectively. These averaged VLE data are plotted in

Figure 6.8 along with the other available experimental data close in temperature,
where available, and the predictions of the GERG-2008 model.

The temperature, T, pressure, p, and mol fractions for the liquid phase, Xco,» and the
vapor phase, yco,, for each individual sample are given in Tables S.I and S.2 in the
Supplementary Material of the respective publication (Appendix F.2), together with

axcoz
op

their uncertainty estimates. The composition derivatives with respect to pressure,

a . S .
d ycpoz, along with the total standard uncertainties in the composition of the

samples, utot(xcoz) and utot(ycoz), are also reported there.
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6.3.1. Summary and Analysis of Uncertainty Estimates

As it can be retrieved from Table 6.5, the maximum and average standard deviation of
the measurements in terms of CO2 composition in the liquid phase is 2.5-10%5 and
9.6:10°°, respectively. For the vapor phase, as it can be extracted from Table 6.6, the
maximum and average standard deviation is 1.7-10# and 1.5-10”, which indicates that
there is higher dispersion in the vapor phase compared to the liquid one. Except for
the maximum values, the estimated standard deviation in the mean mol fractions is
significantly lower than the systematic uncertainty of the composition measurement.
It is also apparent from Figure 6.8, that the relative uncertainty in composition is low
for the isotherms of 293.13 K and 298.14 K, while it is higher for the isotherm of
303.15 K, where the CH4 solubility in COsz is extremely low. Still, even if we take into
account the uncertainty estimates, the data provide a very good description of the
phase boundary.

The estimated standard uncertainty of the VLE measurement in terms of mol fractions,
utot(fcoz) and uwt(ycoz), shows an increasing trend with pressure in general for each
isotherm. The maximum of utot(fcoz) is 8.2.10 for the series in the critical region,
and approximately 1.2-10 for the series outside the critical region. umt(j_/wz), has a
maximum value of 7.9-10* in the critical region, and approximately 1.4-10* for the
series outside the critical region.

The combined standard uncertainty of the measured pressure, u.(p), has an average
value of 0.011 bar, with a maximum value equal to 0.012 bar. This corresponds to
approximately 0.02 % for the lowest measured pressure and 0.01 % for the highest one.

6.3.2. Critical Point Estimation

For binary mixtures the critical point in terms of pressure and temperature is
dependent on the composition. For a given temperature, the composition, if any,
where the critical point is attained, is denoted as Z¢g, ¢- The critical composition and
pressure, pc, are identified as the maximum pressure point in closed isothermal
pressure — composition phase envelopes of binary mixtures. The thermodynamic
behavior around critical points in a range of different systems, including VLE, has been
estimated using scaling laws from statistical mechanics®?>*. For binary mixtures, the

following scaling law, proposed by Lachet et al.*® can be applied, as per eq. 6.32.
_ A 1 AZ A u. B
Zco, = Zeoyc M+ £ (B —p) + 55(1% -p) eq. 6.32

Here, € equals 1 for bubble points and -1 for dew points, z¢, is the bubble point or dew
point composition at pressure p measured in an area close to the critical point, Z¢o, ¢
is the estimated composition in the critical point, p. the estimated critical point
pressure and 4, 1,, ;£ and f3 the scaling law parameters.
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According to Sengers et al.?® a constant value of 8 equal to 0.325 is appropriate, leaving
three parameters, 1, A, and y to be fitted to the data of each isotherm. The regression
has been performed to the VLE data indicated in Table 6.7, along with the estimated
results, using the ordinary unweighted least squares method.

The uncertainty in the estimated critical composition and pressure, u(ZACOZ‘C) and u(p.)
respectively, are calculated according to eq. 6.33 - eq. 6.34 and it is based on the
uncertainties in the composition and pressure of the VLE data used for the fitting, as
well as the standard errors of regression for the critical pressure and
composition, S;(A:) and SE(chZ,C). These uncertainty estimates are considered
conservative in the essence that it is assumed that the measurement errors are
systematic, while the uncertainty estimates of the critical points do not fully take into
account possible model errors.

p
1
u(Zco,c) = 552(2002,c) + n_z uc(Zico,) eq. 633
i=1
A 27(.A 1 Np _ 2
u@®c) = [Sg(@Bc) + azizluc(pi,f) eq. 6.34

The total uncertainty in the composition is calculated, as mentioned beforehands,
using the derivatives of the composition with respect to pressure, which are calculated
numerically by utilizing the scaling law.

The estimated critical point pressure and composition are given along with their
respective uncertainties in Table 6.7 and are presented graphically in Figure 6.9.

Although the fitting of the scaling law is straightforward, one parameter of importance
is the selection of the experimental points close to the critical area to be included in
the fitting. Although different sets of scaling law parameters have been tested for the
estimation of the critical point, all VLE measurements close to the critical area are
included in order to better attain the trend of the experimental data. As shown in
Figure 6.9¢, only a single vapor phase point has been excluded from the fitting, since
it appears to be somewhat of an outlier. The deviations obtained are within the
observed uncertainty.
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Figure 6.9: Pressure — composition phase behavior in the critical region estimated by the scaling
law model in eq. 6.32. (+) indicates the points used for the fitting of the scaling law (see Table 6.7),
(x) indicates the points not used in the fitting of scaling law and solid line indicates the scaling law
correlation. Dashed line indicates a second set of the scaling law parameters to show the effect of
the appropriate selection of data points used for the fitting of the parameters. Blue colour indicates
the liquid phase and red colour the vapor one. Please note that the scales of the graphs are very
different from each other. (a) 293.13 K, (b) 298.14 K and (c) 303.15 K.

12



Experimental measurement of the VLE of the CO2/CH4 mixture at three isotherms

6.3.3. Comparison with literature data and GERG-2008 prediction

As it is has been stated in the above, very few and mostly inconsistent experimental
data are available at the temperatures of interest. The isotherm of 293.15 K, where three
data sets, namely those of Xu et al.%, Nasir et al.> and Devlikamov et al.”, are available
is used to validate the obtained measurements. To that purpose, they are plotted along
with the measurements of this work in Figure 6.8a. In general, fairly good agreement
is observed between the data of Xu et al.® and our measurements, especially in the
vapor phase, in the areas away of the critical. It should be noted that the uncertainties
reported by Xu et al.® are an order of magnitude higher than those in this work, namely,
0.01 K in temperature, 0.2 bar in pressure and 0.001 in the composition. Furthermore,
much scattering is observed especially for the vapor phase measurements, indicating
that at those points the uncertainty is much higher. For the liquid phase, although
there is generally good agreement between the datasets, Xu et al.® systematically report
slightly lower CO2 mol fraction in the liquid phase compared to this work. The most
distinctive differences are reported in the vicinity of the critical area, where Xu et al.®
report significantly lower CO2 mol fraction. Maybe this can be attributed to the
difference in the purity between the source chemicals used; that is 99.95 % for
methane and 99.97 % for CO2, compared to 99.9995 % for methane and 99.9992 %
for CO2 used in this work. This difference in the pure chemicals may cause this shift of
the phase boundary to lower COz concentrations in both phases due to the existence
of higher molecular weight compounds, rendering the VLE data measured in this work
more accurate. Nasir et al.” recently reported three VLE measurements at the isotherm
of 293.65 K. As it is observed in Figure 6.8a, our data are in agreement with the
reported measurements of Nasir et al.> in both phases. Furthermore, the data by
Devlikamov et al.” for pressure higher than 70 bar, show significantly lower methane
content in the liquid phase as compared to the data by Xu et al.®, Nasir et al.?, the data
measured in this work, as well as the predictions of the GERG-2008 model. Similar
behavior is observed at the isotherm of 283.15 K for the bubble point measurements of
Devlikamov et al.”, where they present lower methane solubility compared to the data
measured by Kaminishi et al.* and Nasir et al.> (Figure 6.1b). For the above mentioned
reasons, the data by Devlikamov et al.” are considered inaccurate. Finally, for the non-
critical area, the experimental data obtained in this work are in good agreement with
the predictions of the GERG-2008 model.

At the mean temperature of 298.14 K, only the data by Devlikamov et al.” for the liquid
phase exist, which, as discussed above, are generally considered inaccurate and thus
cannot be used to evaluate the data obtained in our work. Therefore, the only
comparison of value can occur with the prediction of an accurate thermodynamic
model. As it is presented in Figure 6.8b, the obtained data are in good agreement with
the prediction of GERG-2008 and thus are considered to be of reasonable accuracy.

VLE data at 303.15 K for the CO2/CH4 mixture have not been presented in the literature
and thus, the comparison of the data obtained in this work is limited to the prediction
of the GERG-2008 model. As it is observed in Figure 6.8c, the GERG-2008 prediction
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Chapter 6

The binary interaction parameters of the models have been determined by fitting the
bubble point pressure experimental data presented in Table 6.5, using the objective
function of eq. 6.35. The respective results for each isotherm along with the absolute
average deviation are tabulated in Table 6.9.

1 "' b exp __ calc
abs(p;” —pi™")

S=—) 100 eq. 635

where S is the objective function to be minimized, n, the number of experimental data
points used for the fitting of the parameters, p;*?, the experimental pressure of a VLE

point, as determined in Table 6.5 and p{*¢ the bubble point pressure calculated from
the thermodynamic model.

O This work PR
- == SRK  meee-e PC-SAFT
UMR-PRU
85
80 +

~
o1
1

Pressure (bar)
~
o
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60
55 : : |
0.85 0.90 0.95 1.00
(a) xCO,, yCO,
80 76
76 75 1
= =
S 72 - S 74
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2 68 - z /3
£ 8
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(b) xCO,, yCO, (c)

Figure 6.11: Binary VLE correlation results for the CO»/CH4; mixture at (a) 293.13 K, (b) 298.14 K
and (c) 303.15 K, with the: PR (blue solid line), SRK (green long dashed line), PC-SAFT (grey dotted
line) and UMR-PRU (black solid line). (©) denotes the experimental data of this work as presented
in Table 6.5 and Table 6.6. Note that the critical point estimated through the scaling law from the
experimental data is marked as a green (<) while the predicted critical point of the models as a
(*) of the same coloring as the respective model.
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As it can be observed from the results presented in Table 6.9 and Figure 6.11, all models
describe accurately the bubble point pressure even at 303.15 K, which is close to the
critical temperature of pure COz. The more theoretically strong PC-SAFT equation of
state does not pose any advantage compared to the cubic EoSs. Instead, it requires
refitting of the pure component parameters in order to be able to describe accurately
the COz2 vapor pressure in the critical area. This can be attributed to the fact that the
potential and reference fluid used in PC-SAFT had been initially developed for
polymers and thus it is more accurate for larger, chain-like molecules, while both CO2
and CH4 deviate from this consideration. SRK and PR combined with the vdW1f mixing
rules, on the other hand, result in an overall absolute average relative deviation
(AARD) equal to 0.34 % and 0.38 % respectively, which is lower than the one expressed
by PC-SAFT EoS, namely 0.42 %. It should be noted that although the vapor phase has
been not included in the fitting of the models’ parameters, very satisfactory results are
obtained for all the examined models. Finally, UMR-PRU yields the best correlation
results especially with reference to the critical point estimation. This can be attributed
to the fact that UMR-PRU has two adjustable parameters, unm and umn, due to the local
composition nature of UNIFAC, which provides more flexibility as compared to the
one ki value required for the cubic EoSs and PC-SAFT. Table 6.10 presents the
deviations of the UMR-PRU model, which provides the most accurate results with
respect to the critical point, against the critical pressure and composition values
estimated with the scaling law. The maximum deviation in critical pressure obtained
with the UMR-PRU model is 2.37 % and in the critical point composition 1.73 %. Since
the UMR-PRU model yields the lower deviation compared to the experimental data, it
is used for the calculation of the derivative of the composition with respect to
temperature and pressure in order to calculate the total uncertainty in composition.

Table 6.10: Deviations of the UMR-PRU model from the estimated by the scaling law critical point
data.

29313 K 298.14 K 303.15K

Pc (bar) ZCOz,C Pc (bar) ZCOz,C [ (bar) ZCOz,C
Exp. 79.33 0.8829 77.02 0.9350 74.35 0.98895
UMR-PRU 81.21 0.8676 78.24 0.9258 74.86 0.98625
% AARD* 2.37 1.73 1.59 0.97 0.69 0.27

np |xexp_ xcalc|

a9 AARD =100 -—Y , where x represents the critical point pressure, p., or the

np i=1 xexp

composition at the critical point, z¢, .
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6.5. Conclusions

Vapor - liquid equilibrium data for the CO2/CHa binary mixture have been measured
at the mean temperatures of 293.13 K, 298.14 K and 303.15 K. The reported data map
both the bubble point and dew point curves for each isotherm, ranging from the CO2
vapor pressure up to the critical point of the mixture, with emphasis given to the
critical region. The critical point of the mixture has been estimated for each isotherm
by fitting the scaling law to the VLE data obtained in the proximity of the critical area.
The vapor pressure of the pure COxz is consistent with the values calculated with the
Span - Wagner equation of state, which is a reference EoS for CO2 properties. Due to
the lack of experimental data in the measured isotherms, comparison with other data
available in literature has been only possible for the isotherm of 293.13 K. It is shown
that the performed measurements are in fairly good agreement with the reported
literature data. Very good agreement between the GERG-2008 predictions and the
measurements of this work in the vapor and liquid phase for the non-critical area is
also observed.

New binary interaction parameters have been fitted to the experimental data of each
isotherm for four models; the cubic EoSs SRK and PR combined with the classic vdW1f
mixing rules, the PC-SAFT EoS and the UMR-PRU model. Very satisfactory correlation
results have been obtained for all models outside the critical region. In the bubble
point pressure, PR yields an overall deviation at the three examined isotherms equal
to 0.34 %, the corresponding number for SRK is 0.38 %, PC-SAFT yields slightly higher
deviation equal to 0.42 %, while UMR-PRU results in a 0.18 % deviation. In the
prediction of the vapor phase composition, all examined models yield satisfactory and
similar results. Specifically, PR yields a deviation equal to 0.55 %, SRK 0.58 %, PC-
SAFT 0.52 %, while again UMR-PRU gives the lowest deviation equal to 0.43 %.
Finally, the accuracy of the models has been also evaluated in the prediction of the
critical point of the mixture, where PR, SRK and PC-SAFT yield similar results, while
UMR-PRU predicts slightly better the critical point both in terms of critical point
pressure and composition with an overall deviation equal to 1.15% and 0.99 %
respectively.

As a concluding remark, the obtained data improve the data situation for the CO2/CHa4
mixture at temperatures of interest to natural gas applications, and can be also used as
a basis for extending the applicability of several thermodynamic models.
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List of Symbols

A;

Ci

M;

mi

np

Ri

Latin Characters

area covered in the GC chromatogram for the component i, derived after
numerical integration

fitted parameters to relate the area covered in the GC chromatogram to
number of moles passed through the detector, i=1to 5

error between the calibration gas CO2 mol fraction and the mol fraction
calculated through the GC adaptation

height (m)

constant factor relating the areas to the number of moles in eq. 6.20 - eq.
6.21

binary interaction parameter between the components i and j for the
attractive term of SRK and PR EoS and the segment - segment interaction
of unlike chains in the Berthelot — Lorentz mixing rules in PC-SAFT EoS.

magnetic stirrer
molar mass of component i (kg-kmol™)
PC-SAFT segment number of component i

number of data series used to relate the area covered in the GC
chromatogram to number of moles passed through the detector

number of data points used for the fitting of model parameters used in
eq. 6.35

pressure at VLE (bar)

estimated critical pressure (bar)

pressure at VLE: mean pressure before one composition sample (bar)
absolute pressure sensors (i = 1to 4)

pressure at VLE: mean of the pressures p for a series of composition
samples in Table 6.5 and Table 6.6 (bar)

relative van der Waals surface area of group i
universal ideal gas constant (83.14 bar cm® mol™ K)
resistance (Q)

relative van der Waals volume of group i
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s(z)
s(2)
S

Xco,

xCOZ,calC

Yco,

Yco,

yCOZ,calc

Zco,

ZC0,,c

sample standard deviation of variable z

sample standard deviation of the mean of variable z
model fitting objective function to be minimized.
standard error of regression.

ITS-90 temperature at VLE: mean temperature before one composition
sample (K)

ITS-90 temperature at VLE: mean of the temperatures T for a series of
composition samples in Table 6.5 and Table 6.6 (K)

standard uncertainty of variable z

combined standard uncertainty of variable z

UNIFAC binary interaction parameter between groups n and m
total standard uncertainty of variable z = x¢, or yco,

bridge ratio (eq. 6.4)

liquid phase CO: mol fraction at VLE given in Table S.1 in the
Supplementary Material.

liquid phase COz mol fraction at VLE: mean mol fraction for a series of
composition samples in Table 6.5.

liquid phase CO2 mol fraction at VLE, calculated from the fitted UMR-
PRU.

vapor phase CO2 mol fraction at VLE.

vapor phase COz mol fraction at VLE: mean mol fraction for a series of
composition samples in Table 6.6.

vapor phase CO2 mol fraction at VLE, calculated from the fitted UMR-
PRU

liquid or vapor phase CO2 mol fraction

estimated critical composition in terms of CO2 mol fraction.

Greek Characters

B

£

&ilk

universal critical exponent of scaling law in eq. 6.32
scaling law parameter in eq. 6.32

PC-SAFT segment energy parameter of component i (K)
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Ai scaling law parameter in eq. 6.32, i =1 to 2 (bar™)
u scaling law parameter in eq. 6.32 (bar?)
oi PC-SAFT segment diameter of component i (A)

Superscripts and Subscripts

ads adsorption

c critical property

c combined

Calc calculated

cyl cylinder

eff effective

Exp experimental

f subscript to denote the average mean value of temperature and pressure

for a VLE measurement

hs hydrostatic

imp impurity

max maximum

m, n UNIFAC groups
p points

r reduced property
ref reference

res residual
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Chapter 7

7.1. Introduction

The major advantage of UMR-PRU is its attractive ability to predict the phase equilibria
of various mixtures due to the group - contribution nature of UNIFAC. However, in
the case of natural gas mixtures, where components which are in gaseous phase at
ambient conditions such as methane are encountered, there are no available UNIFAC
interaction parameters. The latter is due to the fact that UNIFAC, as an activity
coefficient model, is developed for compounds existing in the liquid phase. So, in order
to extend the applicability of the UMR-PRU model for natural gas mixtures with polar
components, new interaction parameters are required. Several approaches exist to this
purpose, depending on the application of interest, since in general, it is well — known
that thermodynamic models cannot describe with sufficient accuracy all kind of
properties using the same interaction parameters. For example, parameters fitted only
to vapor - liquid equilibrium data usually are not adequate enough to capture the
liquid - liquid equilibria of the same mixture.! Following this consideration, since the
objective of this work is to develop a thermodynamic framework for the accurate
description of natural gas mixtures, while keeping as much as possible the predictive
nature of the model, the interaction parameters are fitted only to binary phase
equilibria data, in a temperature and pressure range appropriate for handling natural
gas processing and transportation.

Emphasis is given in the phase equilibria of water, where the existing CH2 - H20
UNIFAC IPs are re-estimated. This is due to the fact that these IPs have been actually
fitted to alcohol/water mixtures, which exhibit very different phase equilibria behavior
compared to the highly immiscible water/hydrocarbon ones.? This becomes apparent
in Figure 7.1 where the LLE of the n-hexane/water mixture is presented, using two sets
of interaction parameters; the VLE 2 coeff. as exist in the UNIFAC tables of Hansen et
al.? and the parameters obtained in this work fitted to alkane/water data.

1.E+0

(e] Exp. Pts., aqueous phase
¢ Exp. Pts, HC-rich phase
1E-1 J= = =VLE 2 coeff
fitted

5 1E2 1
S 1E-3 4
3

1.E-4 A

LE-5 1

LE-6 T T T

288 338 383 438 488
T(K)

Figure 7.1: VLE prediction of the n-hexane/water mixture with UMR-PRU using two sets of IPs.
Dashed line indicates the VLE 2 coeff. IPs of the original UNIFAC while solid line the IPs fitted to
hydrocarbon/water LLE data. Experimental data by Tsonopoulos et al.%.
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UMR-PRU vyields an overall AARD in TEG heat capacity equal to 9.4 %, while
TST/NRTL 23.1 %. TST/NRTL systematically overestimates the ¢, of TEG, erroneously
predicting a minimum at 353 K. UMR-PRU satisfactorily predicts the experimental
data both qualitatively and quantitatively, although it gives a relatively higher effect of
temperature on c,. Especially for the temperature range of 373.15 K - 473.15 K where
the reboiler of the still column of a dehydration unit operates, and determines more
than 25 % of the overall energy requirements of the dehydration unit, the AARD is 5 %
for the UMR-PRU while it is over 14 % for the TST/NRTL model. For water, both
models yield good results with TST/NRTL to be superior to UMR-PRU. Specifically,
the corresponding errors are 3.5 % for UMR-PRU and 1.7 % for TST/NRTL.

7.3. Binary mixtures

The presentation of the binary phase equilibrium results is separated in two categories.
The first involves the VLE of light gases with polar components while the second deals
with the LLE of hydrocarbons with water.

7.3.1.  Vapor — Liquid Equilibrium

731a.Correl ation resul ts

The UNIFAC interaction parameters for the light gases with water, methanol, MEG
and TEG, as well as for the HC groups with TEG which are required for the UMR-PRU
model, have been fitted to experimental binary VLE data taken from the literature. The
detailed list of the references of the experimental data is given in Appendix A. The
objective function (S) that has been minimized is given by eq. 7.3, where X corresponds
to bubble point pressure, P, or bubble point temperature, T, depending on the type of
calculation.

abs(X{P — X£4)
14
= _Z 100~ X P eq.7.3

i

In eq. 7.3 exponent exp refers to the experimental measured T or P, while calc refers to
the values calculated with the UMR-PRU model and nj is the number of experimental
data points used for parameter fitting. The detailed binary VLE correlation results for
the UMR-PRU model are presented in Table 7.2, where for comparison purposes
prediction with TST/NRTL is also given. For the latter, the default IPs of Aspen Hysys
vs 8.8 are utilized.
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Extension of UMR-PRU to natural gas mixtures containing polar components

As it is apparent from the above, the MEG/water IPs are also re-estimated. This is
because the IPs from the UNIFAC tables fail to capture well the VLE of the mixture,
especially in the low temperature area which is of special interest to the natural gas
industry. This is better illustrated in Figure 7.4, where the original IPs of UNIFAC are
compared to the fitted ones. Actually, the first result in negative deviation from
Raoult’s law, while experimentally an almost ideal behavior is observed.

0.14

<o Gonzales et al.

0.12 fitted

— = yl]e 2 coeff

0.10 A
= 0.08 4
[+
=
a. 0.06 A

0.04 A

0.02 A

0.00

0 02 04 06 038 1
x MEG, y MEG

Figure 7.4: MEG/water VLE at 323.15 K with UMR-PRU using two different sets of interaction
parameters. Solid line presents the fitted IPs and dotted line the prediction using the UNIFAC VLE
2 coeff. Experimental data by Gonzales et al. >

The correlation results are very satisfactory, while a very good prediction of the
solubility in vapor phase is obtained, with parameters fitted only in liquid phase
experimental data. For comparison purposes, the results with TST/NRTL model, which
is suggested by Hysys for the modelling of dehydration processes are also presented.
The results are of special interest for the mixtures with water and TEG, for which the
parameters of the model are fitted to accurately simulate such a process. Instead, in
mixtures with e.g. methanol the TST/NRTL model under circumstances fails to even
accurately predict the phase split. For example, in the methane/methanol mixture it
predicts LLE instead of the experimentally observed VLE, while in the ethane/
methanol it yields only single - phase region where two phases are experimentally
observed. Nevertheless, the prediction of the model is presented for completeness.

Some representative VLE results for the liquid phase of methane with polar chemicals
are given in Figure 7.5. It is observed that apart from the very good deviation in terms
of AARD and AAD, UMR-PRU correlates very satisfactorily both qualitatively and
quantitatively the VLE of methane with water and polar chemicals. Another
observation is that TST/NRTL yields very good results for the mixtures of methane
with water and TEG but fails to predict even qualitative its VLE with methanol and
MEG.
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Figure 7.5: VLE correlation results with UMR-PRU (solid) line for methane with polar chemicals.
Prediction results with TST/NRTL are also given (dashed line). (a) methane/water; black colour
denotes 274.15 K, red 298.15 K and green 313.15 K2427.30 (b) methane/methanol; blue colour denotes
273.15 K, red 298.15 K and green 313.15 K?>30.36.53 (¢) liquid phase of methane/MEG; black colour
denotes 298.15 K, red 323.15 K, green 373.15 K and blue 398.15 K*4 48 and (d) methane/TEG (liquid
phase); black colour denotes 298.15 K, red 323.15 K and blue 373.15 K#% %0,

Another mixture of interest, not only for the natural gas industry but also for carbon
capture and storage is the COz/water, which is very difficult to handle even with more
advanced models. This is due to the obscure behavior of the water solubility in vapor
phase, where with the increase of pressure a minimum in the solubility is observed due
to the encountered minimum of the water density. Figure 7.6 shows that UMR-PRU
predicts very accurately the minimum of the water solubility in COz-rich phase, in a
wide range of temperature and pressure. The interactions attributed to hydrogen
bonds leading to this effect are absorbed in the fitting of the interaction parameters.

In that mixture, TST/NRTL yields also very good results, which are actually better for
the vapor phase. Instead, in the liquid one it yields almost double AARD compared to
UMR-PRU.
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Figure 7.6: VLE of CO; with water and polar chemicals with UMR-PRU (solid line) and TST/NRTL
(dashed line). (a) CO>/H>O (liquid phase). Exp. data by '8 %, (b) CO./HO (vapor phase). Exp. data
by 185455, (c) COz/methanol. Exp. data by 3, (d) CO2/MEG. Exp. data by 485, (e) CO,/TEG
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corresponds to the same temperature with the experimental points.

135









Chapter 7

Very good VLE results are obtained by UMR-PRU and TST/NRTL for the binary
mixtures with TEG (Table 7.2 and Figure 7.8). Both models are able to capture the cross
of the solubility lines of light gases with increasing temperature at the liquid phase,
Figure 7.8c and d. UMR-PRU and TST/NRTL describe also very well the VLE of heavier
hydrocarbons with TEG (Figure 7.8 e and f). Overall, the results in the VLE of binary
mixtures with TEG are comparable with those calculated with the CPA EoS® that
explicitly accounts for the association effects.

731b.Prediction resul ts

To verify the good performance of the model, prediction of the VLE in different data
than the ones included in the database used for parameter fitting has been performed.
The detailed results are presented in Table 7.3 and in some cases they also include
extrapolation of the temperature range outside the one used for the correlation.

[t is shown that very good results are obtained with both models in the mixtures with
TEG and water. In the case of methanol, the results with UMR-PRU seem rather
disappointing if the overall range is examined. That is because the higher temperatures
have been excluded from the database of the parameter fitting and actually correspond
to wrong prediction of the critical point of the mixture. If the extrapolation results are
omitted, then the deviation decreases and is overall similar with the one encountered
for the correlation results. Furthermore, TST/NRTL yields 13 rejected points, due to
wrong calculation of the phase split.
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Chapter 7

Finally, Figure 7.9f compares the predicted heat capacities with the experimental ones
for the TEG/water mixture. Fairly good predictions are obtained with the UMR-PRU
model for the examined mixtures especially at the lower TEG concentrations, while
TST/NRTL model systematically overestimates the experimental values predicting also
an opposite temperature dependency than the experimentally observed one. Overall,
UMR-PRU vyields an overall AARD equal to 7.3 % and TST/NRTL 19.8 %, while detailed
results for various TEG/water compositions are presented in Table 7.4.

Table 7.4: Prediction results of aqueous TEG heat capacity with UMR-PRU and TST/NRTL.
Experimental data by Li et al.'6

XTEG
0.2 0.4 0.5 0.6 0.8 overall

UMR-PRU 52 37 67 92 120 73
TST/NRTL 129 185 204 219 254 1938

In natural gas processing the Joule - Thomson (JT) valves are usually used to enhance
NGL recovery, since hydrocarbons exhibit a positive Joule - Thomson coefficient.
According to Satyro et al.”, liquid TEG and water show a reverse behavior, i.e. negative
JT coefficients, which result in temperature increase during expansion. Satyro et al.”
experimentally measured the temperature in the outlet of a Joule - Thomson valve,
after the rich TEG stream exiting the contactor. They studied pure water and TEG as
well as their mixture and they showed that a temperature increase occurs in all cases.
In this work, the predictions of TST/NRTL and UMR-PRU model in the conditions
tested by Satyro et al.”” are compared with the experimental data and the respective
results are tabulated in Table 7.5.

Table 7.5: Temperature effect of decompression valve with the UMR-PRU and TST/NRTL models.
Experimental data by Satyro et al.”?

Mixture Inlet T (K) P (bar) é)z; (KL)JMR—PRU TST/NRTL
Pure water 292.7 4.4 1.4 1.43 1.42
TEG 99 % pure 291.9 4.4 2.4 3.43 1.93
Aqueous TEG (1 % wt.) 292.8 4.4 2.1 3.41 1.92

9AT = Toue-Tin, where in stands for the rich TEG stream exiting the contactor which is routed to
the isenthalpic valve and out stands for the stream exiting the valve.

It is observed that both UMR-PRU and TST/NRTL predict positive JT coefficient in all
cases, in accordance with the experimental data. Both models yield almost the same
AT for pure water, while for pure and aqueous TEG TST/NRTL underestimates the
temperature increase while UMR-PRU overestimates it.
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Extension of UMR-PRU to natural gas mixtures containing polar components

7.3.2. Liquid — Liquid Equilibrium

As stated in the previous, in order to obtain better description of the difficult to model
hydrocarbon/water equilibria, the UNIFAC interaction parameters are re-estimated.
The detailed database used for this purpose is given in Appendix A, while the
procedure followed is described in the following subsections. Furthermore, prediction
results for the LLE of binary hydrocarbon/TEG mixtures are also presented based on
the interaction parameters fitted to VLE data. The detailed results are tabulated in
Table 7.6.
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732a.Hydrocarbons/ water

The IPs between water with HCs groups, have been fitted to LLE data of water/
hydrocarbon binary mixtures of the database presented in Appendix A using the same
objective function as in eq. 7.3, but in this case X stands for the solubility of water in
the hydrocarbon-rich phase or for the solubility of hydrocarbon in the aqueous phase.
The CH2 - H20 IP is fitted to binary data of n-pentane, n-hexane, n-heptane and n-
octane with water, while for the other mixtures the results presented in Table 7.6 are
actually predictions.

Figure 7.10 presents a comparison between the predicted and the experimental mutual
solubilities for six representative binary water/hydrocarbon mixtures. In the case of
water/propane mixture, water vapor phase compositions are also included. The UMR-
PRU model gives very good description of the LLE behavior of the water/hydrocarbon
mixtures, with the higher errors encountered for propane and n-butane. This is
rational, since they are quite smaller compared to the HCs used for the parameter
fitting and thus different behavior is expected. Taking into consideration the well -
known challenge of modelling the water/HCs LLE due to their high immiscibility and
the asymmetry of the solubilities in each phase, the results presented here, using the
group - contribution approach to describe a range of HCs from propane to n-decane,
are considered very good. Additionally, using the same IPs obtained from normal
alkanes, the UMR-PRU model is able to predict accurately the LLE of naphthenic HCs
and branched alkanes with water. Furthermore, it captures well the minimum of the
HC solubility with the temperature in the aqueous phase. On the other hand,
TST/NRLT gives good results only for the relatively light hydrocarbons, propane and
n-butane, while it yields poor ones for the higher molecular weight HCs, especially for
the solubility of the HC in the aqueous phase. Apart from the quantitative results,
TST/NRTL predicts an ascending behavior with the temperature for the HCs solubility
in aqueous phase, which is rational given that it uses only linear temperature
dependency in its IPs.

For the aromatic hydrocarbons, it is shown that UMR-PRU predicts very satisfactorily
the LLE of xylenes which are important from the environmental aspect, using
parameters fitted only to benzene/water mixture.
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Extension of UMR-PRU to natural gas mixtures containing polar components

7.4.2. Multicomponent mixtures containing BTEX components

For environmental purposes the control of the emissions of certain hydrocarbons is
very important. During the process of natural gas dehydration, the most important
ones are the aromatic compounds which have significantly higher solubility in water
and glycols compared for example to paraffins, as discussed in Section 3.3.2. Similarly,
glycols present significantly higher solubility in aromatic compounds due to the donor
- acceptor interactions encountered at the free electrons of the m-valence. Among
them, the most important ones are benzene and its derivatives, namely toluene, ethyl-
benzene and several xylenes, which in industrial practice are commonly referred as
BTEX, as taken from their initials. To this purpose, the UMR-PRU model is evaluated
in the prediction of multicomponent aqueous mixtures of methane and TEG with
BTEX compounds. The available experimental data of Ng et al.'” are close to the
conditions encountered in the flash drum, the contactor and the regenerator of a
typical TEG dehydration process. Representative prediction results with UMR-PRU
and TST/NRTL are presented in Figure 7.15. Both models predict very accurately the
distributions of the BTEX components, as it is proved by the proximity of the points to
the diagonal line. As for the methane and TEG distribution, both models yield accurate
results with the UMR-PRU to be slightly superior than TST/NRTL.
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7.5. Conclusions

The UMR-PRU model has been successfully extended to the modelling of natural gas
components with water and polar chemicals, namely methanol, MEG and TEG, which
are encountered in several steps of the natural gas value chain.

Satisfactory correlation results have been obtained in all cases. Special interest presents
the TEG solubility in methane vapor phase, which is of utmost importance for the
accurate calculation of TEG loss during the dehydration process. Also, for the LLE in
binary mixtures of hydrocarbons with water, UMR-PRU is able to accurately describe
the mutual solubilities. The obtained results are comparable with those of TST/NRTL
which is proposed by Hysys for application in the simulation of dehydration processes,
for the mixtures with water and TEG. Instead, for the mixtures with methanol and
MEG, UMR-PRU presents superior results, possibly due to the lack of specifically fitted
parameters in the case of TST/NRTL.

The performance of the models is further evaluated in the prediction of
multicomponent mixtures, with overall satisfactory results. The mixtures tested
include light hydrocarbons with water and TEG. The models also showed very good
results in the distribution of BTEX in conditions relevant to those which occur at TEG
dehydration. Finally, quite satisfactory results are obtained for the dew point lines of
synthetic NG mixtures. Therefore, the UMR-PRU is an accurate model for application
in mixtures of natural gas components with polar chemicals and can be further used
for natural gas process simulation purposes.
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List of Symbols

Latin Characters

a-e constants for the DIPPR-101 equation for vapor pressure calculation
Cp specific heat capacity of a component (kJ-kmol™-K™)

H molar enthalpy (J-kmol?)

Ki partition coefficient of a component i between the two phases in equilibrium
n number of moles (mol)

np number of datapoints

P pressure (bar)

S model fitting objective function to be minimized (eq. 7.3)

T absolute temperature (K)

Xi liquid mol fraction of component i

yi vapor mol fraction of component i

Greek Characters

w acentric factor

Superscripts and Subscripts
b boiling
c critical
calc calculated
exp experimental

L1l phases at equilibrium

i,j molecule in a mixture
p points
0o infinite
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Simulation of a natural gas TEG dehydration unit

correlation for sizing the absorbers of a TEG dehydration system. Moreover, they
correlated the water removing efficiency of a contactor as a function of TEG purity and
TEG circulation rate for varying operating temperatures. Their proposed correlations
have been evaluated against the reported Gas Processing Association (GPA) data for
the contactor conditions, with satisfactory results. Gandhidasan® has proposed
empirical correlations for the parametric analysis of a TEG dehydration plant, with
which the lean TEG circulation rate, the column inner diameter and the number of
trays required to obtain certain dehydration levels can be easily estimated. He
concluded that the wet gas temperature has almost no effect on the required number
of trays but it severely affects the TEG circulation rate, while when operating at higher
temperatures the increase of the number of trays can result in lower TEG circulation
rate. Furthermore, the increase of operating pressure results in a decrease of the TEG
circulation rate as well as of the inner contactor diameter. Ghiasi et al.® developed a
method to determine the TEG purity in terms of stripping gas flow rate and reboiler
temperature. To this purpose, they used a multilayer preceptor and a least squares
support vector machine resulting in TEG purity predictions with good accuracy as
compared to the experimental data. Ahmadi et al.” employed particle swarm
optimization to specify the optimum values of the interconnection weights throughout
feed - forward neural network to predict equilibrium water dew point temperature of
a natural gas stream with a TEG solution at different concentrations. Their modeling
results confirmed the integrity and showed the ability of the suggested hybrid model
for the estimation of water dew point with adequate precision compared to the
experimental data existing in the open literature. Jacob’ developed a Hysys simulation
to optimize the natural gas dehydration process. His analysis has focused on the
number of stages of the contactor, the effect of the reboiler temperature and the
stripping gas required for the design of a TEG dehydration plant, although no reference
is given to the thermodynamic properties package used. Neagu et al.!® simulated a basic
glycol dehydration unit in Honeywell UniSim® (Unisim) using the PR EoS. In their
work, they compared a base operation without any glycol enrichment with one where
stripping gas is used. They, also, conducted a preliminary economic evaluation and
they resulted that, as expected, the process involving stripping gas is a more effective
way to increase the lean TEG purity, despite its increased cost. Holoboff and
Khoshkbarchi'® compared the Hysys simulation software and the GRI-GLYCcalc
simulation tools to predict benzene emissions from glycol dehydration systems. They
concluded that Hysys with the optimized parameters of the Glycol Package predicts
more accurately the dry gas water content, while Hysys-PR is generally better in
predicting the methane equilibrium in flash tank conditions. They have also concluded
that Hysys Glycol package yields a reasonable match of the TEG circulation rate.
Overall, Hysys exhibits better performance as a simulator tool compared with the GRI-
GLYCcalc software, especially since the latter does not enable rigorous calculations for
the regenerator. Nassar et al.” investigated the solubility of hydrocarbons in several
physical solvents used as dehydrating agents with the PROSIM software and they
concluded that it matches the experimental data very accurately in a range of
temperature and pressure similar to the typical absorber conditions. They also
concluded that TEG is a good dehydration agent and its use with low circulation rate
can reduce the emission of volatile organic compounds into the atmosphere.
Hernandez - Valencia et al.?° have also employed PROSIM for the TEG dehydration
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simulation by using the number of contactor trays, stripping gas rate and reboiler
temperature as independent variables. They concluded that an increase in the number
of absorber trays decreases the glycol circulation rate, while the use of a three - stage
absorber yields a typical TEG circulation rate as the one encountered in most plants.
Additionally they have demonstrated that the reboiler temperature of the regenerator
affects the water content by changing the glycol purity. They also showed that the
increase of the reboiler temperature results in higher TEG purity, but the effect of
stripping gas, even in small amounts, is more pronounced. Finally, they concluded that
the increase of CO, concentration results in a small increase of water content for the
same TEG circulation rate.

Darwish et al.? exploited the effect of the implemented thermodynamic model for the
simulation of a typical TEG dehydration plant in Aspen plus with emphasis given in
VOCs emissions in the regenerator. They examined two classic EoS, the PR and SRK
combined with different mixing rules. They have employed both EoS with the classical
vdWI1f mixing rules and the Boston - Mathias expression for the alpha function of the
attractive term, with a predictive mixing rule based on the Huron - Vidal (HV), with
the modified Huron - Vidal mixing rule (MHV2) and with the Wong - Sandler (WS)
mixing rule. They also examined the predictive SRK model commonly known as PSRK.
For all cases, the default interaction parameters existing in Aspen plus database were
utilized. They concluded that no EoS has an overall advantage, while the use of the
same mixing rules yield similar results with both examined EoS. PSRK and MHV2
mixing rules yield the more rational results in terms of volatile organic compounds
(VOCs) emissions while they predict a quite accurate dehydration rate.

King et al.? convicted a parametric analysis with emphasis given in the water content

in the dry gas, the TEG loss and the BTEX emissions, using the PR EoS. Then, they
examined alternative configurations of the TEG recycling process with emphasis given
in the minimization of BTEX compounds emissions. Their study first concluded to an
optimum TEG flowrate to balance the dry gas water content, TEG loss and BTEX
emissions. Then, this optimum rate has been used to explore the recycle configuration.
They showed that the different configurations do not improve the water content or
substantially decrease the BTEX emissions. Instead, the modification of the process
requires significant increase in the capital and operational costs. Rouzbahani et al.®
investigated the optimization of a DEG dehydration unit in Aspen plus and they have
concluded that the most accurate thermodynamic models to be used for that purpose
are cubic EoSs combined with the MHV2 mixing rules. Among them, SRK combined
with modified UNIFAC-Lyngby yields the more accurate results. They showed that
VOCs emission is extremely sensitive to an increase in the purity or molar flowrate of
DEG. As for the process optimization, they concluded that a 10 % increase in solvent
molar flow rate can reduce the dry gas water content up to 6 % without a significant
rise in the total energy consumption and VOCs emission from the dehydration unit.

Despite the promising results obtained in most of the abovementioned works, no
reference has been made to the behavior of the examined models, in the phase
equilibria prediction of the involved binary mixtures. Based on their previous results
in terms of the appropriate selection of thermodynamic models??, Amouei
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Torkmahalleh et al.” used a combination of models, namely PR with the MHV2 mixing

rules and PSRK, to perform a sensitivity analysis in the BTEX and CO2 emissions of an
existing dehydration plant in Abu Dhabi. They showed that the combination of two
different thermodynamic models results in consistent responses among the unit
operations and that by manipulating several operating parameters the BTEX emissions
can be reduced by 40 %. Nevertheless, the decrease in the emissions results in an
increase of the moisture in the gas.

Arya et al.?* evaluated the performance of the CPA EoS as incorporated in a process
simulator through the CAPE-Open protocol. They have satisfactorily correlated
various binary mixtures and predicted multicomponent ones, showing that CPA EoS
can be accurately used for the design of a dehydration system. In the same context, dos
Santos et al.? validated CPA EoS by incorporating the model in the PETROX-Petrobras
simulator. They investigated the CPA prediction in binary mixtures of hydrocarbons
with alcohols (methanol, ethanol) and glycols (MEG, TEG) and they obtained
satisfactory results. Finally, they evaluated the proposed model in an industrial
application, in terms of modelling a TEG absorber, as well as a typical dehydration
process. They validated their results through comparison with those obtained with the
proposed models for use with the dehydration process in two commercial simulators;
that is Twu - Sim - Tassone for Aspen and SRKM for PRO II. They showed that the
results obtained by implementing CPA on PETROX are similar to those obtained by
Aspen Plus and PRO II, concluding thus that their model is as reliable as the currently
available thermodynamic packages proposed for glycol applications. A thorough
literature review, up to 2017, concerning natural gas dehydration processes has been
conducted by Zong - Yang et al.®.

8.3. Process description

The typical glycol dehydration unit comprises of two columns, as it is illustrated in
Figure 8.1. The first one is the absorber (Contactor) where the actual dehydration
occurs, while the second is a still column which is used to regenerate the glycol
(Regenerator). After an inlet scrubber, which ensures that only saturated with water
gas enters the absorber, the wet gas stream enters at its bottom. The lean (in water)
glycol enters on the top of the Contactor, counter - current to the gas flow. Glycol -
gas contact occurs on tray or packing, but the lack of space in offshore units justifies
the use of the more expensive structured packing. At the top of the absorber leaves the
dry gas stream, while at its bottom, exits the rich (in water) glycol. The rich glycol
exiting the absorber flows to a reflux condenser at the top of the still column and then
it enters a flash tank where most of the volatile components are vaporized. The typical
operating pressure of the flash tank ranges between 3 to 7 bar. !
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Figure 8.1: Typical TEG dehydration unit!
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Apart from the light hydrocarbons removal, the flash tank also separates any liquid
hydrocarbons from the glycol, preventing thus the fouling and foaming in the reboiler
of the Regenerator. Furthermore, an amount of sour compounds is removed which
reacts to some degree with glycols. This degassing of the sour compounds acts auxiliary
to mitigate corrosion in the regenerator and it is more efficient if the glycol is first
preheated. After the flash tank, the rich glycol passes through the glycol filters where
the solid remnants and other impurities, such as salts, are removed from the glycol
stream to ensure that liquid only enters the still column. According to Campbell! good
filtration is critical for satisfactory performance, because it can improve dehydration
efficiency while it minimizes foaming which is a major cause of glycol loss. He also
recommends the use of a carbon purifier after the filter to increase the performance.
The rich glycol then enters in the bottom of the still column, where water is separated
from the glycol through distillation. Typically, the regenerator is designed to operate
at prevailing atmospheric pressure, while the reboiler operating temperature is
dictated by the decomposition temperature of the used glycol.

Table 8.1: Glycol decomposition temperature and corresponding lean glycol concentration
calculated through Campbell’s correlations'.

Lean glycol® Equilibrium

al Decomposition . b .
ycol Temperature (K) concentration water” dew point
(% wt.) (K)
MEG 438.15 96.0 276.15
DEG 437.15 97.1 276.15
TEG 479.15 98.7 265.15
TeEG 511.15 >99 255.15

@ Equilibrium concentration at decomposition temperature and 1.013 bar
b Calculated at the respective lean glycol concentration

Table 8.1 presents the temperatures at which significant glycol decomposition starts to
occur in the presence of air. Although the decomposition temperature should increase
with the increase of molecular weight, DEG deviates from the rest of the glycols and it
actually decomposes at temperature similar to that of MEG. That occurs due to the fact
that DEG pyrolyzes in contact with the carbon steel. Industrial practice has showed
that at typical units, in oxygen - free environment, the reboiler can operate at
temperatures very close to the decomposition one. Thus, the maximum concentration
of the lean glycol is dictated by its equilibrium composition at the reboiler pressure. If
higher concentration is required in the lean glycol in order to achieve the required dry
gas water content, then further increase of the glycol content must be incorporated to
the unit. Several methodologies have been suggested, which actually lower the partial
pressure of water in the glycol solution either by the introduction of a stripping gas or
by lowering the operating pressure. The most common solution used in the natural gas
industry is that of stripping gas, since gas is readily available. The process alternatives
are briefly presented in Section 8.3.1.!

After achieving the required purity, the lean glycol should reach the contactor
conditions by passing through the glycol pumps and the glycol/glycol heat exchangers.
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Actually, it is a basic heat exchanger, the efficiency of which has a direct effect on the
reboiler heat load. The rich glycol usually has a temperature 5 - 13 K higher compared
to that of the inlet wet gas due to the condenser duty, while the lean glycol a
temperature close to its decomposition one, e.g. about 479 K in the case of TEG. The
exchanger is designed so as the exiting lean TEG temperature does not exceed the
range of 333 - 338 K, while in most cases a 15 - 20 K approach is desirable. In most
cases, the necessary cooling of lean glycol in the glycol/glycol heat exchanger is not
adequate to meet the Contactor specifications and thus further cooling is required, in
the glycol cooler.!

8.3.1. Gilycol purity enhancing alternatives

The lean glycol purity is enhanced either by the introduction of a stripping gas or by
lowering the regenerator operating pressure. Three popular alternatives of stripping
gas use are discussed in the following.

83.1.a.Typical stripping gas system

Any inert gas is suitable to be used as a stripping agent. In industrial practice, a cut-off
of the produced dry natural gas can be used for this purpose. Pure methane or the gases
exiting the flash tank and the regenerator can also be used. An attractive alternative is
the use of COy, especially if the unit is combined with CCS technologies.

Vent Gases to Flare or
Recycle Flue Gas

é: A

-— —

still

Rich 3 Column
TEG

( )‘_—_‘oirm
- Feed
Reboiler o
Stripping
Gas
) '
Surge Tank
*— 'A'Glycol
Jot, PUmp

Figure 8.2: Typical stripping gas unit structure.!

The stripping gas can be introduced either directly into the reboiler of the stripping
column, or after it passes through a packed stripping column between the reboiler and
the surge tank, as shown in Figure 8.2. Theoretically, its introduction to an initial
stripping column should increase the efficiency leading thus to lower stripping gas
rates.
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831b.DRI 0 ocess

Another alternative, with the additional advantage of handling the BTEX components
leading to reduced emissions is the so-called DRIZO® process, illustrated schematically
in Figure 8.3a.

(a) Flue Gas (b) WVent Gases to Flare or
P Recycle Flue Gas
’ IL
EW: Vent
still
Rich Rich d
TECG Column TIIEG — StlIII
Column
Reboiler DRIZO®
SEPARATOR
(— =
(i e T
Feed  Sovent Water Fe":d
/\/ - Reboiler
) = 10

Ll )N 4 Cooling Medium

Solvent

Vaporise!
Surge Tank PONSEE: ™ e Water Rich TEG
(—’_‘ ‘-‘] Sokvent Mixture Ta 5till

) TA' Column
)
Glycol Pump Glyl;;:llfl:ump

Figure 8.3: Alternative methods of glycol enrichment: (a) the DRIZO® process, (b) the coldfinger®
process

In this process, the stripping gas loop is closed, while a material as iso-octane is used
as the stripping agent. The latter vaporizes at reboiler temperature but it can be
condensed and separated from the water in a three - phase separator. After the
separation, the stripping agent is routed back to the regenerator to close the stripping
loop. This process modification has the additional advantage of providing high
stripping gas rates with little or no venting of hydrocarbons and can thus achieve glycol
concentrations higher than 99.99 % wt. Furthermore, the aromatic hydrocarbons from
the still column overhead are recovered and condensed.

83.1c.COLDFI N@GERCess

A third alternative is the COLDFINGER® process, which achieves the glycol
enrichment by passing a cooling medium through a cool finger inserted in the surge
tank vapor space (Figure 8.3b). The cooling medium is usually the rich glycol resulting
thus in the condensation of a TEG/water mixture, which is rich in water. The mixture
is drawn out of the surge tank by the use of a trough below the coldfinger and is
recycled back to the regenerator. The water partial pressure in the surge tank is thus
lowered which leads to increased glycol concentration. This procedure can result to
lean TEG concentrations of the order of 99.5 - 99.9 % wt. without the use of stripping
gas. Nevertheless, a small amount of gas is introduced to the surge tank to balance the
pressure.
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8.4. Incorporation of the UMR-PRU in process simulators

One of the main strengths of modern commercial process simulators is their flexibility
and ability to make different kinds of thermodynamic calculations. Since 2001, the CO-
LaN (CAPE-Open Laboratories Network) organization has promoted the creation of
the CAPE-Open standards?’, where a set of free - to — use non-proprietary rules and
interfaces are defined, that allow CAPE (Computer - Aided Process Engineering)
applications or components to interoperate. As such, the UMR-PRU model, which is
not available as a built-in model in commercial process simulators such as Hysys, is
implemented instead of the thermodynamic models available as built-in in the process
simulators. Most commercial simulator tools nowadays are compatible with the CAPE
Open standard maintained by the co-LAN consortium, which enables the
communication between an external property package and a simulator.

The CAPE-Open standard?’ defines different properties which can be interfaced from
the simulator. The properties currently supported by the UMR-PRU property package
are presented in Table 8.2. In this work, the UMR-PRU model is implemented through
the CAPE-Open 1.1 protocol to the Aspen HYSYS® and Honeywell UniSim® process
simulators.

Table 8.2: Compound specific properties and properties calculated through the CAPE OPEN
standard.

Property Unit
Input Property

Molecular weight (MW) kg-kmol™
Critical temperature (Tc) K
Critical pressure (Pc) bar
Acentric factor (w) -)
Mathias-Copeman parameters (cq, C,, C3) (-)
Normal boiling point K
Liquid density at 298.15 K mol-m3
Ideal gas Gibbs Energy of formation at 298.15 K J-mol”
Ideal gas Enthalpy of formation at 298.15 K J-mol™
UNIFAC group IDs (-)
relative van der Waals volume of group i (R;) )

relative van der Waals surface area of group i (Qi)  (-)
UNIFAC group interaction parameters
Calculated Properties

Compressibility factor (Zc) (-
Fugacity coefficient and its derivatives under

constant pressure, temperature and composition (-
Natural logarithm of fugacity coefficients (-
Fraction of a fluid in a given phase (-
Partition coefficient between the phases (k-factor) (-

~— — ~— ~ ~
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Table 8.2 (continued)

Molar volume and its derivatives under constant

. m>-mol™*
pressure, temperature and composition
Heat capacity at constant pressure J-mol*-K*
Enthalpy J-mol*
Entropy J-mol™
Gibbs free energy J-mol™
Molar mass of mixture kg-kmol™

8.5. Simulation Results

The phase equilibrium and derivative property calculations of pure components and
multicomponent mixtures prove that UMR-PRU is a quite accurate thermodynamic
model to describe natural gas mixtures with water and polar chemicals. In fact, the
predictions of the model in such terms are similar with those of the model proposed
by Hysys for use in the simulation of such processes. Therefore, in the following, the
UMR-PRU model is validated in the simulation of a natural gas dehydration unit by
absorption, using TEG as the liquid desiccant. To this purpose, it is implemented
through the CAPE-Open 1.1 protocol to Hysys and Unisim process simulators. Since
there are no available real field data, the model is validated against the predictions of
the TST/NRTL model in Hysys. Two cases have been considered: Case I is a simple
absorber, and Case II simulates a simplified offshore dehydration unit.

8.5.1. C a s ethe kimple absorber

A dehydration unit has a number of variables that affect its efficiency, such as the lean
TEG purity, TEG circulation rate, number of trays in the absorber and the regenerator,
as well as the operating conditions. As a first step, a simple absorber is considered,
where the feed and operating conditions are fixed, approximately at 40 bar and 305 K.
The schematic diagram of the absorber, consisting of three ideal trays, is presented in
Figure 8.4. The wet gas feed enters at the bottom of the absorber (contactor) and the
solvent that is lean (in water) TEG, enters at the top and flows countercurrent to the
gas. The dry gas product exits at the top of the contactor, while the rich (in water) TEG
leaves at the bottom of the column. The composition of the wet gas used as feed to the
absorber and of the lean TEG used as solvent is taken from the work of dos Santos et
al.’> and contains hydrocarbons up to n-hexane.

Table 8.3 summarizes the simulation results obtained with UMR-PRU implemented in
Hysys and Unisim and those obtained by TST/NRTL with Hysys. Also, Figure 8.5
presents a graphical comparison of the predicted molar compositions of the
components in dry gas and rich TEG streams. The first observation is that, as expected,
identical results are obtained with UMR-PRU in Hysys and Unisim.
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Table 8.3: Simulation Results for Case I with UMR-PRU model in two different simulators (Hysys,
Unisim) and TST/NRTL model in Hysys

Lean TEG Wet gas

UMRPRU TST/NRTL —OMRPRU__ TST/NRTL

Hysys Unisim Hysys Unisim
Molar flow (kmol/h)
CO: 0.0 0.0 0.0 69.3 69.3 69.3
Nitrogen 0.0 0.0 0.0 277.3 277.3 277.3
Methane 0.0 0.0 0.0 16292.0  16292.0 16292.0
Ethane 0.0 0.0 0.0 468.0 468.0 468.0
Propane 0.0 0.0 0.0 133.5 133.5 133.5
n-Butane 0.0 0.0 0.0 433 43.3 433
n-Pentane 0.0 0.0 0.0 13.9 13.9 13.9
n-Hexane 0.0 0.0 0.0 10.4 10.4 10.4
TEG 84.6 84.6 84.6 0.0 0.0 0.0
H.O 0.4 0.4 0.4 24.3 24.3 24.3
total flow o0 85.0 85.0 173320 173320 17332.0
(kmol/h)
T (K) 314.0 314.0 314.0 303.0 303.0 303.0
P (bar) 41.0 41.0 41.0 34.0 34.0 34.0
Enthalpy = o5 7930  810.0 76.0 76.0 76.0
(kJ-kmol™)

Rich TEG Dry gas

UMRPRU TST/NRTL —MRPRU__ TST/NRTL

Hysys Unisim Hysys Unisim
Molar flow (kmol/h)
CO 0.089 0.089 0.066 69.2 69.2 69.3
Nitrogen 0.003 0.003 0.004 277.3 277.3 277.3
Methane 1.519 1.519 0.619 16290.5  16290.5 16291.4
Ethane 0.171 0.171 0.045 467.8 467.8 467.9
Propane 0.103 0.103 0.046 133.4 133.4 133.4
n-Butane 0.063 0.063 0.021 433 433 433
n-Pentane  0.035 0.035 0.019 13.8 13.8 13.8
n-Hexane 0.044 0.044 0.00002 10.4 10.4 10.4
TEG 84.6 84.6 84.6 0.006 0.006 0.002
H.O 24.5 24.5 24.5 0.159 0.159 0.139
total flow 1 1111 109.9 173058 173058 17307.0
(kmol/h)
T (K) 303.9 303.9 303.8 304.5 304.5 304.5
P (bar) 34.47 34.47 34.47 34.47 34.47 34.47
Enthalpy — -, 673 694 76 76 76

(kJ-kmol™)
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For the same purity and lean TEG circulation rate, UMR-PRU yields about 9 ppm
(molar) of water in the dry gas, while TST/NRTL yields 8 ppm. This difference is
actually due to the slight difference of the models’ prediction in the methane/water
binary, as it is depicted in Figure 7.5a. TST/NRTL yields also lower concentration of
TEG in the dry gas than UMR-PRU. This behavior is attributed to the fact that
TST/NRTL underpredicts the vapor phase solubility of water (Figure 7.7a) and TEG
(Figure 7.8b) in their mixtures with methane, which is the major natural gas
component, while UMR-PRU gives results that are in better agreement with the
experimental data. UMR-PRU and TST/NRTL predict similarly the natural gas
components distribution in the dry gas and rich TEG streams. In the rich TEG stream,
instead, TST/NRTL predicts lower solubility of the HCs compared to UMR-PRU. This
difference is higher in the case of n-hexane, which is the heavier component of the
specific gas. This behavior is attributed to the difference in the HCs distribution in the
polar phase of the binary mixtures. As presented in Figure 7.10, TST/NRTL
systematically underpredicts the HC solubility in the aqueous phase with the exception
of cyclohexane, while the opposite is valid for the distribution of n-heptane in TEG
(Figure 7.11). It seems that despite the higher TEG content of the rich TEG stream
examined here, the dominating factor is the solubility of HCs in water. Finally, both
models calculate similar energy values for the gaseous streams, while this is not the
case for the TEG-rich ones. This difference is attributed to the different heat capacities
(cp) of the TEG/water mixture predicted with the two models. As it has been shown in
Section 7.2, at the specific operating conditions, UMR-PRU predicts this property
better than TST/NRTL, which systematically overpredicts the experimental data.
Furthermore, the simulation results for the absorber are in good agreement with the
simulations of dos Santos et al.?’>, where the CPA EoS has been evaluated.

8.5.2. Ca s eSinhplified TEG dehydration unit

The process flowsheet, as simulated in Hysys, is presented in Figure 8.6. Of course,
many variables affect the dehydration operation, such as the number of stages in the
columns, the lean TEG circulation rate and its purity, the selected operating
conditions, the sort of the configuration used to increase the lean TEG purity such as
stripping gas or vacuum etc. To examine the behavior of the models initially typical
values of the operating variables are used, which are kept constant during the
simulations. The input composition of the saturated wet gas feed (Table 8.4) is taken
by the work of dos Santos et al.”* and is typical for units operating in Brazil. The
contactor is simulated by an absorber unit sub-flowsheet, consisting of three ideal
trays. The contactor operates essentially isothermally at high pressure and low
temperature conditions, at about 56 bar and 303 K. Since the mass of water and TEG
is small as compared to the gas flow, the inlet wet gas controls the absorber
temperature'. The specified parameters for the contactor are presented in Table 8.5.
The dry gas exits at the top of the contactor, with a concentration in water
approximately 30 ppm molar. At the bottom of the contactor exits the rich TEG.
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Figure 8.6: Process flowchart of Case II, as constructed in the Hysys environment.
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Table 8.4: Simulation results in Hysys for the streams connected to the Contactor of Case II with
UMR-PRU and TST/NRTL.

Lean TEG Wet gas

UMR-PRU TST/NRTL UMR-PRU TST/NRTL
molar flow (kmol/h)
CO2 0.012 0.013 26.5127 26.5127
Methane 0.006 0.007 1711.96 1711.96
Ethane 0.00353 0.00263 124.503 124.503
Propane 0.00023 0.00012 33.2332 33.2332
n-Butane 0.0002 0.00003 4.6422 4.6422
n-Pentane 0.0002 0.00005 1.379 1.379
n-Hexane 0.0004 0.00001 1.0489 1.0489
H:20 1.67 1.64 0.75 0.75
TEG 32.57 33.16 0 0
total flow (kmol/h) 34.26 34.82 1904.03 1904.03
Temperature (K) 328.83 328.40 299.82 299.82
Pressure (bar) 51.65 51.65 51.65 51.65
Enthalpy (kJ-mol?) 765 781 82 82
Entropy (J-mol'K?) 171 136 149 152
Heat Flow (kW) 7283 7553 43290 43307

Rich TEG Dry gas

UMR-PRU TST/NRTL UMR-PRU TST/NRTL
molar flow (kmol/h)
CO2 0.166 0.156 26.359 26.370
Methane 0.747 0.600 1711.220 1711.367
Ethane 0.202 0.137 124.305 124.368
Propane 0.106 0.076 33.128 33.158
n-Butane 0.026 0.012 4.616 4.630
n-Pentane 0.013 0.008 1.366 1.371
n-Hexane 0.016 0.002 1.034 1.047
H20 2.365 2.331 0.055 0.055
TEG 32.571 33.157 0.0008 0.0003
total flow (kmol/h) 36.21 36.48 1902.08 1902.37
Temperature (K) 299.74 299.82 303.01 304.73
Pressure (bar) 50.66 50.66 50.66 50.66
Enthalpy (kJ-mol?) 742 766 82 82
Entropy (J-mol'K")  141.92 97.41 149.20 152.98

Heat Flow (kW) 7283.32 7553.19 43112.35 43095.78
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Table 8.5: Specifications for the columns used in Case II.

Contactor Regenerator
Column type Absorber Distillation Column
Ideal trays 3 3
Reboiler - 1
Condenser - 1
Efficiency 1 1
Degrees of freedom 0 2
Condenser temperature (K) - 373.15
Reboiler temperature (K) - 477.15
Feed Lean TEG (1)@ SG2 (3)®

Wet gas (3) S4 (3)

@ numbers in parenthesis denote the stage (counting from the top) where the feed is inserted to
the column.
b The labeling of the inlet streams refers to the names indicated in Figure 8.6.

The regenerator is usually a stripper, but for simulation purposes a distillation column
is used. It operates at atmospheric or close to atmospheric pressure and high
temperature, due to the high TEG boiling point, c.a. 540 K28, The rich TEG stream from
the contactor is decompressed to 5.1 bar, before it enters the glycol/glycol Heat
Exchangers (HE-1, HE-2). In the real process, the Rich TEG stream passes through the
top of the regenerator, condensing the vapor stream, while it is preheated. For
simulation purposes, a heater is added after the decompression valve and before the
HE-1, where its energy duty is set equal to the condenser duty at the top of the
regenerator. Furthermore, the glycol filters are omitted and their effect is added as a
pressure drop equal to 100 kPa in each Glycol/Glycol Heat Exchanger. The preheated
rich TEG (S3) exiting HE-1 is routed to an isothermal flash to exhaust the diluted
hydrocarbons, which can be either mixed with other streams for HC recovery or it is
sent to the flair. The liquid outlet stream (S4) enters the HE-2, and then, after its pre-
heat from the lean TEG stream (S8), it enters at the bottom of the Regenerator.
Stripping gas (SG) is used to increase the TEG purity, which for simplicity reasons, is
considered to enter the regenerator directly, at the bottom tray, along with the rich
TEG inlet. The operating conditions of the regenerator are determined by the glycol
decomposition temperature, which for TEG is approximately 479.15 K. In industrial
practice, at the regenerator where no air is present, no noticeable decomposition is
observed for temperatures close to the decomposition one and as such the lean glycol
composition is determined by the bubble point composition at the regenerator
pressure. In order to increase the purity of lean TEG, a decrease of the partial pressure
of the glycol solution is required which in the specific simulation is achieved by the
introduction of a stripping gas. A make-up stream is added to account for the TEG loss
in the process. Finally, the pressure increase is achieved through glycol pumps P-1and
P-2, in order to reach the contactor conditions.

The specification to be met in the simulations is the water content of the dry gas, which
is set to approximately 30 ppm molar. The independent variable that is used to control
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Table 8.7: Simulation Results in Hysys for the streams connected to the flash tank for Case Il with
UMR-PRU and TST/NRTL.

S3 S4 vapor

UMR-  TST/ UMR- TST/ UMR- TST/

PRU NRTL PRU NRTL PRU NRTL
Molar flow (kmol/h)
CO2 0.166 0.156 0.046  0.047 0.120 0.105
Methane 0.747 0.600 0.036  0.037 0.711 0.570
Ethane 0.202 0.137 0.029 0.030 0.173 0.119
Propane 0.106 0.076 0.026  0.027 0.080 0.057
n-Butane 0.026 0.012 0.010 0.010 0.016 0.008
n-Pentane 0.013 0.008 0.007  0.007 0.006 0.004
n-Hexane 0.016 0.002 0.010 0.010 0.006 0.001
H20 2.36 2.33 2.36 2.49 0.007 0.005
TEG 32.57 33.16 32.57 33.71 0.00005 0.00002
total flow (kmol/h)  36.21 36.48 35.09 36.37 27.44 20.82
Vapor fraction 0.03 0.02 0.00 0.00 1.00 1.00
T (K) 348.15 348.15 348.15 348.15 348.15 348.15
P (bar) 3.15 3.15 3.15 3.15 3.15 3.15
Enthalpy (kJ-mol™) 729 747 748 748 113 116
Entropy (J-mol’K?) 186 160 186 186 179 188
Heat flow (kW) 7330 7566 7295 7554 35 28

Table 8.8: Simulation results in Hysys for Case II, with UMR-PRU and TST/NRTL.

UMR-PRU  TST/NRTL

dry gas water content (ppm) 201 29.1
purity lean TEG (% wt.) 994 99.4
lean TEG (kmol-h) 34.3 34.8
TEG circulation rate (kg TEG/kg absorbed water) 1.2 1.2
total TEG loss (kmol/h) 0.006 0.004
% TEG loss of the total in the regenerator® 86.4 90.6
Stripping gas rate (kmol-h) 9.0 9.7

%% TEG loss in Regenerator = 100 - abs (

moles TEG in vapor )
moles TEG in dry gas+moles TEG in flash gas+moles TEG in vapor,

UMR-PRU and TST/NRTL calculate similar TEG circulating rate and purity of lean
TEG. TST/NRTL requires slightly higher stripping gas rate as compared to UMR-PRU,
which leads to a slightly higher lean TEG flow. On the other hand, the calculated TEG
circulation rate per kg of absorbed water is almost the same for the two models. As it
is illustrated in Figure 8.7, the composition of the obtained dry gas is also similar for
all components except for TEG where TST/NRTL yields lower concentration than
UMR-PRU, which is attributed to the difference of the models in the description of the
VLE of methane/TEG binary.
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8.7. Process Optimization

Following the results of the sensitivity analysis, a preliminary study for the process
optimization in terms of the required heat duties is conducted for the UMR-PRU
model. According to the results shown in Figure 8.12 and Figure 8.13, the increase in
the temperature of the rich TEG stream entering the Regenerator and the temperature
of the flash tank result in lower dry gas water content while the required duty of the
reboiler decreases. As such, they are used as the manipulated variables to lead in the
process optimization. A specification of 30 ppm water in the dry gas is defined, which
is met by utilizing the stripping gas rate as the independent variable. The optimized
input parameters and their comparison with the base case are tabulated in Table 8.10.

Table 8.10: Operating parameters for base and optimized simulation

base optimized
Feed (S5) T (K)  403.15 410.15
Flash tank T (K) 348.15 363.15

Table 8.11 summarizes the results of base and optimized simulations. The first
observation is that the required stripping gas rate is quite lower compared to the base
conditions and actually by about 22 %. The obtained lean TEG purity is the same with
the base case, while the dry gas water content is similar. The TEG loss is also lower
compared to the base conditions, while the TEG circulation rate is similar with that of
the base case.

Table 8.11: Simulation results for base and optimized conditions with UMR-PRU

base optimized

dry gas water content (ppm) 29.1 29.8
dry gas TEG content (ppm) 0.4 0.4

purity lean TEG (% wt.) 99.4 99.4
lean TEG (kmol-h) 34.3 35.5
TEG circulation rate (kg TEG/kg absorbed water) 1.19 1.18
total TEG loss (kmol-h™) 0.006 0.005
% TEG loss of the total in the regenerator® 86.4 81.5
Stripping gas rate (kmol-h) 9.0 7.0

* % TEG loss in Regenerator = 100 - abs (moles TEG in dry gas+:o(;leZSTTEEGGiLnf;/:sI:lO;as+moles TEG in Vapor)

The optimization was based on the minimization of the required duties, which are
presented along with their relative deviations from the base case in Table 8.12. It is
observed that the increase in the flash tank temperature results in an about 40 %
increase in the duty of the first heat exchanger. Instead, the duty of the second heat
exchanger decreases by about 9 %. For the reboiler of the still column, which consists
the majority of the required duties of the whole process, a 5 % decrease is observed.
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The duty of the cooler also decreases, due to the lower exit temperature of the lean
TEG stream.

Table 8.12: Simulation results in Hysys concerning the Energy Requirements of the optimized
simulation, with UMR-PRU and TST/NRTL and comparison with the base case scenario.

Duties (kW)

base optimized
HE1 127 179
HE 2 174 158
Glycol Cooler 202 182
Reboiler 284 269
Condenser 3.4 3.6

8.8. Economic Evaluation

Following the optimization of the process in terms of energy requirements, a
preliminary economic evaluation of the unit is conducted. To this purpose, the Aspen
ICARUS® (Icarus) Economic evaluator is used with the parameters set as presented in
Appendix B. The examined plant is based on Case II and has a relatively small capacity,
about 360 SMcmy. In order to evaluate the results of Icarus, the required installation
costs are calculated through correlations taken from the literature's 3!,

The use of stainless steel is justified according to Campbell! in the parts that get in
contact with the rich TEG stream and especially in the regenerator to avoid corrosion.
Following the work of Neagu et al.”® the fixed capital and operating cost of the unit are
calculated without considering any detailed investment parameters.

8.8.1. Capital Cost

The main parts of the unit are considered for this calculation which are the Contactor,
the flash tank, the Regenerator, the glycol cooler, the two glycol/glycol heat exchangers
and the two pumps. The heater which precedes the heat exchanger is not taken into
consideration for the cost estimation since it is an assumption made for simulation
purposes rather than an actual unit. For the contactor, the cost is calculated separately
for the vessel and the trays. The same is valid for the regenerator, where the cost of the
reboiler is also calculated as that of a heat exchanger. The pumps are considered to be
centrifugal, consisting of a mechanical part (rotor) and an electrical motor, while for
the heat exchangers a counter - current shell and tube model is considered.

The preliminary analysis, focused on the calculation of the fixed capital cost (c). This
is based on an estimate of the equipment cost required for the process and other costs
such as structural work, piping, automatic process control units etc. are estimated as a
percentage of the equipment cost (C,) based on a hand factor (f), as presented in eq.
81,

195



Chapter 8

M
C=ZF-C€ eq. 8.1
i

where M is the number of the major equipment items. The equipment cost is
calculated through eq. 8.2, where S is a sizing factor.

C&S=a+b-S" eq. 8.2

The parameters a, b and exponent n are taken from the work of Towler and Sinnott
for the year 2006 and they are presented along with the type of the required sizing
parameter S for each type of equipment on Table 8.13. The exponent CS denotes that
the cost is calculated for carbon steel.

To calculate the equipment cost for different materials, in this case stainless steel,
where required, a correction material factor (f;,;) equal to 1.3 is used as per eq. 8.3.

C,=C5 - fn, eq. 83

The Chemical Engineering Plant Cost Index (CEPCI) from Chemical Engineering
Magazine*? is used to update the prices to those of 2017, according to eq. 8.4,

Cost i A= Cost i B Cost Index in year A 8.4
ost in year A = Cost in year B - ——————— year B eq. 8.

where cost in year A relates to year 2017, cost in year B relates to year 2006. The average
cost index in 2017 is 567.5 while in 2006 equals 478.6. All monetary values are given
in US dollars ($).

Table 8.13: Cost parameters for the calculation of the equipment costs for the major pieces of
equipment (eq. 8.2) and the hand factor for eq. 8.1.

S a b n F

Vertical,

Vessels carbon steel shell mass (kg) 400 230 0.6
condenser area (m?) 500 1100 1

Trays Sieve diameter (m) 100 120 2 25
U-tube, shell 5

Heat Exchangers area (m?) 10000 88 1 35
& tube
thermosiphon . (112 13000 95 1
reboiler
Single - stage a

Pumps centrifugal flow (1-s7) 3300 48 12 4
Explosion- Power (kW) 920 600 0.7
proof motor

It is interesting to note that the equipment cost calculated through Icarus is higher by
about 1.5 % at optimised conditions, while it decrases by about 0.8 % if the correlations
are used. In both cases, the difference is relative small and it is actually shown that the
change of the opertaing conditions does not affect the equipment cost. This
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observation is more apparent if the fixed capital cost is considered, where the
difference between base and optimized conditions is about 0.6 % with both ways of
calculation.

There is a significant difference for the equipment cost calculated through Icarus and
the generalized correlations, as presented in Table 8.14. Yet, this difference is not
reflected in the fixed capital cost. The detailed results of the economic evaluation of
the base (Case II) and optimized case are presented on Table 8.15.

Table 8.14: Total equipment and fixed capital costs calculated with UMR-PRU for base and
optimized conditions based on Aspen Icarus and literature correlations.

C, (€) C (€) % ARD?

Icarus Corr. Icarus Corr. C, C
Base 165070 185810 738070 695970 13 -6
Opt. 167560 184330 742560 691180 10 -7

@04 ARD = Seor=Cicarss . 100 where C stands for equipment (C,) or capital cost (C).

Icarus

The next step is to compare the calculated fixed capital cost with actual data.
Tannehil®® provided a correlation of the capital cost of TEG dehydration plants,
without including the gas sweetening costs, based on actual data of real plants. The
graph is reproduced in Figure 8.17.
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Figure 8.17: Capital cost of a TEG dehydration plant for year 2008 as a function of the capacity of
the plant.>

The capacity of the examined unit is about 38 MMcfd which corresponds to a capital
cost of 53300 € in year 2008. The latter is updated to late 2017 according to eq. 8.4
and equals 604400 €. This corresponds to an AAD about +23 % deviation from the
optimized simulation using Icarus and a +14 %, if the literature correlations are
utilized. According to Carroll* a 30 % uncertainty is expected in the graphs presented
by Tannehill®® and thus the calculated costs are acceptable.
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8.8.2. Operating cost

Next, the operating cost is estimated by considering the major units which are the
reboiler of the still column, the glycol cooler and the glycol pumps. For the first two
units, the operating cost is calculated in terms of heating/cooling utilities, that is high -
pressure steam for the reboiler and cooling water for the cooler, while for the pumps
the electricity cost is considered. The costing parameters for each derivative are taken
from literature and are presented on Table 8.16, along with the calculated costs.

Table 8.16: Operating cost for base and optimized process with UMR-PRU.

Reduced cost Operating cost (ke/yr)

Value wunit base Opt. % ARD“
HP steam 26.73¢ €/tn 1323 1214 -8.2
Cool. H2O 0.077 €/tn 21.4 18.8 -12.2
Electricity 0.06® €/kW 558  55.8 0.0
total 209.5 196.0 -6.4

“%ARD = w - 100, where C stands for the operating cost.

base

The cost is calculated through eq. 8.5, where the required rate is obtained directly from
Hysys and is presented on Table 8.17.

Coper = Tate - Coed, eq. 8.5
where C,,., denotes the operating cost in annual base, exponent red denotes the
reduced value of the operating cost and rate the determined need for utilities or
electricity as calculated by Hysys.

Table 8.17: Calculated required rates in terms of utilities and electricity by Hysys for base and
optimized process with UMR-PRU.

UMR-PRU

base opt.
HP steam (kg/h) 619 568
Cool. water (kg/h) 35850 31472
Electricity (kW) 106 106

As expected, the optimized simulation results in reduced operating cost by about 6 %.
If the total cost values are considered they correspond to a saving of about 15000 $
annually. This difference seems rather small for an industrial procedure, but since the
considered capacity is relatively small (360 SMcmy), this corresponds to 7 % of the
annual operating cost, which is a cost reduction of about 37 €/SMcm of treated wet
gas.
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8.9. Conclusions

The UMR-PRU model is evaluated in the simulation of a natural gas dehydration unit
using TEG as absorbent. To obtain this, the model is implemented into Hysys and
Unisim through the CAPE Open 1.1 protocol and is then evaluated in the simulation of
the dehydration process. The obtained results are compared with the ones of the
TST/NRTL model, which is proposed by Hysys for application in such processes.

In Case I that represents a simple absorber, UMR-PRU yields the same level of
dehydration as TST/NRTL. In Case II that represents a simplified offshore dehydration
process, it is shown that UMR-PRU and TST/NRTL calculate similar stripping gas rate,
TEG purity and circulation rate to achieve the same dehydration level in the dry gas.
The two models differ in the calculated TEG loss, where UMR-PRU is considered to be
closer to the real case than TST/NRTL. UMR-PRU also predicts lower duties in the
reboiler, condenser and heat exchangers compared to TST/NRTL, which is considered
more realistic due to the better prediction of the TEG/water heat capacities.

Furthermore, a sensitivity analysis of several operating parameters, such as stripping
gas rate, operating temperature and pressure of the columns, is conducted and is
concluded that both models yield similar trends while the relative comparisons
predicted in Case II, are consistent with the change of the operating parameters. Based
on the observations of the sensitivity analysis, an optimization of the operating
parameters of the process in terms of the operating cost took place, which led to the
increase of the operating temperature of the flash tank and the feed to the regenerator.

Then, a preliminary economic evaluation of the base and optimized process has been
conducted. The capital cost has been estimated based on Aspen Icarus software and
on literature correlations and is in good accordance with literature values. It is shown
that the change in the operating parameters does not actually affect the capital cost.
Instead, the optimized simulation results in a reduction operating cost by about 6 %,
which is corresponding to a saving of about 37 €/SMcm of treated wet gas.

Based on the abovementioned results, it is concluded that the UMR-PRU model can
be used to accurately simulate natural gas TEG dehydration units.
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List of Symbols
Latin Characters
a, b,n generalized equipment cost parameters (eq. 8.2)
C cost ($)
ci, ¢2, c3 Mathias - Copeman parameters
F hand factor
fm correction material factor (eq. 8.3)

MW molecular weight (kg-kmol™)

P pressure (bar)

Qi relative van der Waals surface area of group i
Ri relative van der Waals volume of group i

S sizing factor (eq. 8.2)

T absolute temperature (K)

VA compressibility factor

Greek Characters

w acentric factor

Superscripts and Subscripts

c critical property
cs carbon steel

e equipment

m material

oper  operating
opt optimized

red reduced property

201






Simulation of a natural gas TEG dehydration unit

(18) Neagu M., Cursaru D.L., Technical and economic evaluations of the triethylene
glycol regeneration processes in natural gas dehydration plants. Journal of Natural Gas
Science and Engineering 2017, 37, 327-340.

(19) Nassar V.L., Bullin J.A., Lyddon L.G., Solubility of Hydrocarbons in Physical
Solvents. Bryan Research and Engineering, Inc. Technical Papers 2000.

(20) Hernandez-Valencia V.N., Hlavinka M.W., Bullin J., In Design glycol units for
maximum efficiency, presented on Proceedings of the Seventy-First GPA Annual
Convention., Tulsa, OK, 1992

(21) Kong Z.Y., Mahmoud A., Liu S., Sunarso ]., A Parametric Study of Different
Recycling Configurations for the Natural Gas Dehydration Process Via Absorption
Using Triethylene Glycol. Process Integration and Optimization for Sustainability 2018.
(22) Amouei Torkmahalleh M., Magazova G., Magazova A., Hassani Rad S.J,
Simulation of environmental impact of an existing natural gas dehydration plant using
a combination of thermodynamic models. Process Safety and Environmental Protection
2016, 104, 38-47.

(23) Amouei Torkmahalleh M., Assanova Z., Baimaganbetova M., Zinetullina A., A
study to reduce atmospheric emissions of an existing natural gas dehydration plant using
multiple thermodynamic models. 2018.

(24) Arya A., Maribo-Mogensen B., Tsivintzelis 1., Kontogeorgis G.M., Process Design
of Industrial Triethylene Glycol Processes Using the Cubic-Plus-Association (CPA)
Equation of State. Industrial & engineering chemistry research 2014, 53, (29), 11766-
1778.

(25) dos Santos L.C., Abunahman S.S., Tavares F.W., Ruiz Ahén V.R.Kontogeorgis
G.M,, Cubic Plus Association Equation of State for Flow Assurance Projects. Industrial
& engineering chemistry research 2015, 54, (26), 6812-6824.

(26) Kong Z.Y., Mahmoud A., Liu S., Sunarso J., Revamping existing glycol technologies
in natural gas dehydration to improve the purity and absorption efficiency: Available
methods and recent developments. 2018, Vol. 56.

(27) Breil M.P., Kontogeorgis G.M., Von Solms N., Stenby E.H., CAPE-OPEN: An
international standard for process simulation. Chemical Engineering 2007, 114, (13), 52.
(28) NIST Thermophysical Properties of Fluid Systems, http://webbook.nist.gov/
chemistry/fluid/, accessed on 01/09/2017.

(29) Braek A.M., Almehaideb R.A., Darwish N.,Hughes R., Optimization of Process
Parameters for Glycol Unit to Mitigate the Emission of BTEX/VOCs. Process Safety and
Environmental Protection 2001, 79, (4), 218-232.

(30) Waals J.v.d., Platteeuw J., Clathrate solutions. Advances in chemical physics 1958,
1-57.

(31) Towler G., Sinnott R.K., Chemical engineering design: principles, practice and
economics of plant and process design. Elsevier: 2012.

(32) Chemical Engineering Magazine, http://www.chemengonline.com/pci-home,
accessed on 01/06/2018.

(33) Tannehill C., In Budget Estimate Capital Cost Curves for Gas Conditioning and
Processing - Updated, presented on GPA Annual Convention, Atlanta Georgia (Mar
2009). S, 2009

(34) Carroll J., Natural Gas Hydrates: A Guide for Engineers. Gulf Professional
Publishing, Elsevier: USA, 2003.

203


http://webbook.nist.gov/%20chemistry/fluid/
http://webbook.nist.gov/%20chemistry/fluid/
http://www.chemengonline.com/pci-home







Chapter 9

9.1. Introduction

As it has been stated in the previous chapters, water is one of the impurities
encountered in natural gas coming from reservoir. To prevent hydrate formation, a
certain amount of hydrate inhibitor, such as methanol or MEG, is injected into the flow
in order to shift the hydrate formation curve outside the pipeline operating conditions.
Additionally, a dehydration process typically precedes the further processing of natural
gas and its distribution in onshore pipelines. Thus, the availability of a sufficient
thermodynamic framework that is able to accurately predict the phase equilibria of
mixtures containing hydrocarbons and polar compounds, such as water, methanol and
MEQG, is vital for the simulation of such operations in order to ensure product quality,
safe and economic production and transportation, as well as to comply with the
environmental legislation.!

In the following, the effect of advanced mixing rules and explicit accounting for the
association on a cubic equation of state is examined. To this purpose, the Peng -
Robinson EoS is selected and is coupled with: (a) the conventional van der Waals one
fluid mixing rules?, (b) the universal mixing rules leading to the so-called UMR-PRU?
model, and (c) the associating term of Wertheim* > leading to CPA-PR EoS°. Initially,
the VLE of two ternary systems, methane/water/methanol and methane/water/MEG
is examined, while next, the dew point curves of synthetic natural gases (SNG)
mixtures with water and methanol are investigated. In order to ensure a fair
comparison between the models, their interaction parameters are fitted to the same
database of binary phase equilibrium experimental data.

9.2. Literature review

Much work has been conducted in the literature concerning the modelling of these
challenging mixtures such as those involving hydrogen bonding compounds. The
difficulty of the modelling is enhanced when non-polar and asymmetric components
are involved, such as those comprising the natural gas. In order to evaluate the
performance of the models, accurate experimental data are necessary. Relatively
recently, an increasing number of studies concerning the phase equilibrium of
common natural gas components with alcohols or glycols and water have been
published in the literature, involving new measurements or evaluation of existing ones.
Frost et al.” evaluated some of the existing VLE data of the methane/water/methanol
ternary mixture and its respective binaries and conducted new experimental
measurements. Folas et al.® measured new experimental data for the binary methane/
MEG and the ternary methane/MEG/water with emphasis given to the water solubility
measurements in the vapor phase. They used CPA and SRK, combined with both the
conventional vdwlf mixing rules? and the Huron Vidal® ones, and concluded that both
models, the latter with Huron - Vidal mixing rules (SRK-HV), perform satisfactorily
for the prediction of MEG and water solubility in the vapor phase. According to the
authors, CPA has an advantage over the other models.
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In another communication, Folas et al.l applied the CPA and the SRK-HV to predict
the multiphase equilibria of ternary, MEG/water/aromatic HCs, and quaternary
mixtures, water/methane/toluene/MEG. Chapoy et al.'» 12 focused on the hydrate
forming conditions of natural gas mixtures; to that end, they evaluated the existing
phase equilibrium data and measured the solubility of methane and water near hydrate
forming conditions. Li and Englezos® employed the SAFT EoS to predict the phase
equilibria of nine hydrocarbon/water/alcohol ternary systems, among them the
methane/water/methanol and methane/water/MEG, using binary interaction
parameters fitted to the respective binaries. Overall, a satisfactory agreement between
the model predictions and experimental data has been found, except for the
methane/water/methanol mixture.

Unfortunately, only very few experimental data are available in the open literature
concerning phase equilibrium of natural gas mixtures with water, methanol or MEG
and, consequently, the performance of the thermodynamic models is ambiguous. In a
series of publications, Avila et al.'*'” and Jarne et al.!® measured dew points of synthetic
natural gas mixtures with water and methanol and modelled them with a model based
on the excess function equation of state. Also, Yan et al.'” modelled, among others the
dew points of two SNGs mixtures measured by Jarne et al.’® with the CPA EoS.

9.3. Investigation of the associating schemes of CPA-PR
9.3.1. Associating schemes for MEG and glycols

The pure component parameters of CPA-PR for the associating compounds are fitted
to vapor pressure and liquid density data. Since there is a multiplicity of roots, the
obtained parameters are evaluated in the prediction of the LLE of binary mixtures. For
water and methanol there is no such need, since this work has been already conducted
by Voutsas et al.°. Instead, an appropriate associating scheme should be established for
MEG. Following the work of Derawi et al.?? the 2B and 4C associating schemes are
investigated. Although if all the oxygen and hydrogen atoms in MEG are considered,
more than six associating sites should be expected, the steric hindrance does not
permit the formation of intermolecular hydrogen bonds and thus less association sites
are assigned. The examined parameters are presented in Table 5.5 for both schemes,
along with the obtained deviations from DIPPR. It is observed that very low deviations
are obtained in both cases, with the 4C scheme to result in better prediction of the
vapor pressure with an overall deviation equal to 0.8 %, while the 2B to a 1.5 % one. In
the case of liquid density, both considerations yield similar deviation of about 1.6 %.
The parameters are further evaluated in the prediction of the LLE of n-heptane/MEG
mixture. The results are illustrated in Figure 9.1, where the superiority of the 4C
associating scheme is apparent.

207



Chapter 9

1E-2
= - - - -
- --
[Sa]
% 1E-3 A
o
jan)
x (o] MEG in C7
o C7 in MEG
- = =2B,kij=0.11
4C, kij = 0.057
1.E-4 S
310 320 330 340 350 360
T (K)

Figure 9.1: LLE prediction of the n-heptane/MEG mixture with CPA-PR using the 2B and 4C
associating scheme. Experimental data by Derawi et al.??

It is observed that the 2B scheme is able to accurately predict the solubility in only the
HC-rich phase, while the 4C scheme shows superior results in both phases, with the
use of a small kjj value. The latter is apparent in terms of deviations, which for the HC-
rich phase is 6.9 % for 2B and 5.7 % for the 4C scheme. In the polar phase thought, the
2B scheme yields a deviation equal to 146.5 % while the 4C a 6.2 % one. From the
above, the superiority of the 4C scheme approach is apparent and thus it is used for
further study. According to Derawi et al.?°, the scheme used for MEG is appropriate for
all glycols, since the number of sites may increase but steric hindrance is also more
pronounced.

9.3.2. Selection of associating scheme for CO2

Another molecule of interest from the aspect of the associating sites is that of COa.
This molecule, due to its symmetric structure, has zero dipole moment, but it has
quadrupole one. In combination with its small size, which contradicts with the longer
hydrocarbon molecules which accompany it in a natural gas mixture, its modelling
through a thermodynamic model is rather challenging. Despite the fact that CO2 does
not normally self-associate, it has been shown in the literature?" 2* that the assigning
of the 4C scheme or its consideration as a solvating compound considerably improves
the performance of the models, especially when dealing with other associating
compounds. Actually, to be able to accurately correlate the COz/water and CO2/
methanol binaries a second interaction parameter is required for the cross-association
energy of the components, the lack of which leads to poor results.
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Table 9.2: Binary group interaction parameters of UMR-PRU determined in this study.

n m Anm Amn

N2 H20 52591 860.03

N2 CHsOH  525.38 169.00

CO2 H20 847.95 211.80

CO2 CHsOH  433.06 -87.21

CHa4 H20 1490.20 630.03

CHa4 CHsOH 869.91 -17.52

CHa4 MEG 1018.36 293.13

C2He H20 1085.31 545.71

C2He CHsOH  167.53 162.89

CH;:OH Hx0 -110.48 124.14

MEG H>0 -170.19 69.89

Table 9.3: Binary interaction parameters for PR and CPA-PR.
PR CPA-PR
Water Methanol MEG Water Methanol MEG
N2 -0.6255 -0.1390 - -0.1596 0.0588 -
kij=-0.0900  k;=-0.0979
€O “01207 - 0.0451 ) li=0.398031 [;=0.6537 )
CHa4 -0.2950 -0.0303 0.0458 0.0352 0.0641 0.2021
nC2 -0.1896 0.0293 - 0.0567 0.0771 -
nC3 0.4800 0.0600 - 0.1350 0.0693 -
iC4 0.4800 0.0690 - 0.0910 0.0606 -
nC4 0.4800 0.0690 - 0.0910 0.0606 -
iC5 0.4800 0.0600 - 0.0300 0.0519 -
nC5 0.4800 0.0600 - 0.0300 0.0519 -
nCé6 0.4800 0.0510 - 0.0400 0.0432 -
nC7 0.4800 0.0800 - -0.0089 0.0345 -
H20 0.0000 -0.0925 -0.0603  0.0000 -0.0900 -0.0400
MeOH -0.0925 0.0000 - -0.0900 0.0000 -
MEG -0.0603 - 0.0000 -0.0400 - 0.0000
Table 9.4: Binary interaction parameters for PR, UMR-PRU and CPA-PR regressed from

experimental data at 313 K.

UMR-PRU

n m PR Anm Amn CPA-PR
CHa H20 -0.2520 1423.20 712.03 0.0832
CHa CHsOH -0.0168 946.14 -22.68 0.0651
CHsOH H20 -0.0815 -172.00 269.03 -0.0600

Correlation results for the binary mixtures are presented in Table 9.5, while Figure 9.3
shows representative results for methane with water and methane with methanol and
MEG. It is observed that the three models can successfully correlate the liquid phase
in all cases.
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Figure 9.6: VLE prediction results for the ternary mixture methane/MEG/water at 298.15 K
(44.6 % wt. MEG in feed) with: PR (dashed line), UMR-PRU (solid line) and CPA-PR (dotted line).
Experimental data by Folas et all. Black circles denote methane solubility in liquid phase, red
triangles MEG solubility in vapor phase and blue diamonds water solubility in vapor phase.
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9.5.2. Dew point prediction of SNG mixtures

After the evaluation of the models in the prediction of the ternary mixtures, where the
better prediction of CPA-PR is apparent, the models are evaluated in the prediction of
dew points of synthetic natural gases. To investigate the influence of water and
methanol on the phase equilibrium of natural gases, seven SNGs that differ in their dry
basis composition are studied. The compositions of the dry gases are presented in
Table 9.7.

Table 9.7: Composition of the Dry Synthetic Natural Gas Mixtures (% molar).
SNG17 SNG2™ SNG3H* SNG4 SNG5"  SNG6'®  SNG7'®

N 0.313 0.67 0.48 0.862 0.41 1.559 0.772
COz2 0.202 - - - - 25908 1.7
CHs4 90.4183 89.9584 88.7634 86.4838 96.4654 69.114 84.446
C2 8.038 8.22 8.54 9.832 2.51 2.62 8.683
a 0.801 0.9 1.68 2.388 0.213 0.423 3.297
iC4 0.081 0.11 0.22 0.183 0.184 0.105 0.293
nC4  0.123 0.13 0.29 0.231 0.197 0.104 0.589
iC5 0.01 0.0084 0.0182 0.0139 0.0096  0.034 0.084
nCs 0.0079 0.0032 0.0084 0.0063 0.01 0.023 0.086
nC6  0.0047 - - - 0.001 0.11 0.05
nCy 0.0011 - - - - - -

952a.l nteraction parmarteurearls goaest, wacmp o naenndt s
met hanol

For the dry natural gas components, UMR-PRU model is applied in a fully predictive
way using the interaction parameters suggested by Louli et al.®®. Also, following the
results of the same publication.®, zero interaction parameters are implemented to PR
and CPA-PR among the dry natural gas components for all SNGs, except from SNG 6
which contains high amount of COaz. For this particular mixture, binary interaction
parameters between the CO2 and the other natural gas components are required in
order to obtain satisfactory description of the dew points of the dry gas**. For PR those
interaction parameters have been obtained from Hysys vs 8.8 database. Finally, CPA-
PR using the 4C association scheme for CO2, predicts well the phase envelope of the
dry gas with zero interaction parameters between CO:z and the other dry NG
components (Figure 9.2b). Only the CO2/n-hexane interaction parameter has been
slightly adjusted (k= 0.1) in order to obtain similar dry gas dew point predictions with
PR and UMR-PRU. The deviations in dew point temperature at given pressure of the
dry synthetic natural gases are presented in Table 9.8.
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Figure 9.7 (continued)
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Soave’s expression is employed for the temperature dependency of the attractive term,
as in eq. 10.2 - eq. 10.6. This is justified so that a continued description of vapor
pressure is obtained in both sub- and super- critical regions. Furthermore, this permits
the model to revert to UMR-PRU for non-associating components.

RT a.a(T)

prhys — — .10.2
v—b v(w+b)+b(v-Db) eq. 10
a(T) = (1 +m(1l - Tr0-5))2 eq.10.3
m = 0.37464 + 1.54226w — 0.26992w? eq.10.4
RT,)?
a. = 0.45724( 2 eq.10.5
c
RT,
b =0.07780— eq.10.6

c

where T, P, w are the critical properties and the acentric factor, T the system
temperature, P the pressure, v the molecular volume and R the ideal gas constant.

The contribution of the associating term with respect to pressure is expressed from eq.
10.7 and eq. 10.8,

ssoc ZAssocRT
)2 = eq.10.7
7Assoc — _1(1 + alﬂ) z Z x; [d(AD](1 — Xyy)
=73 P ap . ‘ i At eq.10.8
i Al

where p = 1/v the molar density, g the radial distribution function, x; is the analytical
molar fraction of the component i in the mixture and d(A;) is the number of association
sites of type A in molecule i.

X4i in eq. 10.8 is the mol fraction of the molecule i not bonded at site A, which is
calculated by eq. 10.9.

-1

Xa={1+p Z Z xj XPI AT eq.10.9
4

l

The associating strength A“i%j between the associating sites A and B in the components
i and j respectively, is calculated by eq. 10.10,
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It has to be noted that the application of the UMR, implicitly affects the associating
term, through the incorporation of different combining rules for the co-volume
parameter (eq. 10.14).

The Staverman - Guggenheim term of the combinatorial part (G52¢) and the residual

part (G of the excess Gibbs energy (GF) respectively, are calculated from eq. 10.15
to eq. 10.19.

GESG NC 0. GEres NC
L . .
;CT =5 Z Xi4; lna. fll?CT = Z x;v(Inl;, — Inl}}) eq.10.15
=1 i=1
O Wk
Il = Qe [1=1n( ) 0¥ | = ) o
nly = Qg n( - mk> S 6w eq.10.16
m m
i L — _XiRi L= Qi
For compound i:  ¢; 3R] ey eq.10.17
1= XS ViR qi = i vicQi eq.10.18
For group m: g, — Fmlm y _ % Vi ea. 10.19
g p ' m ZanQn) m = Z] vajnxl- q *

where m, n, k are referred to UNIFAC groups, NC is the number of components in the
mixture, NG the number of the UNIFAC groups comprising a component, v}, is the
number of group k in molecule i, x; the mol fraction of compound i, Rk the van der
Waals volume parameter of group k, Qk the surface parameter of group k, ¢; the
volume fraction of component i and 0; the surface fraction of component i.

The interaction parameter Wm« between groups m and k is a function of temperature,
and it is calculated by eq. 10.20.

Apie + B (T — 298.15) + Cpye (T — 298.15)?
T

Yk = exp |— eq.10.20

When only non-associating compounds are present in the mixture, the model reverts
to the UMR-PRU model.

10.3. Pure Component Parameters

Following the work of Perakis et al.® three pure component parameters Ty, P! and w;,
are required for the non-associating components and two extra parameters, the
associating energy, €28, and associating volume, 45, are required for the associating
ones, rendering a total of five adjustable parameters. The associating schemes assigned
for CPA-PR are used for the compounds examined here as previously discussed in
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Table 10.3: VLE correlation results per isotherm for the mixtures of interest with UMR-PRU, CPA-
PR and UMR-CPAPRU.

UMR-PRU CPA-PR UMR-CPAPRU
T(K) Ref n, %AARD AAD® %AARD AAD®? %AARD AAD®
?in P in y; ?in P in y; %in P in y;

Methanol/Water
298.14 20 24 1.25 0.59 0.91 0.63 1.66 0.76
313.05 21 10 1.29 0.35 1.24 0.70 1.29 0.71

overall XU 8@l 1T8Y V81T T8I ULVBwW1 18D
Methane/MEG

298.15 22 7 1.55 - 1.89 - 1.92 -
Methane/Methanol

298.15 23 5 2.08 0.08 2.15 0.04 1.90 0.03
313.15 23 5 1.54 0.09 2.63 0.10 2.14 0.10

overall UT UVU80O0L T81T 8L 181 @81 181
Methane/Water

298.15 23 5 5.54 0.05 1.74 0.05 3.40 0.06
298.15 24 5 5.90 - 7.55 - 5.87 -
298.13 25 4 7.19 - 7.78 - 5.75 -
298.31 26 6 8.23 0.01 7.90 0.01 8.23 0.02
313.15 23 5 1.96 0.01 2.10 0.01 2.15 0.02
313.11 25 4 4.49 0.03 5.42 0.03 5.18 0.03
overall O« w81 181 w8W( 181 w8uL(C 18T
MEG/water

298.11 27 9 3.69 - 2.16 - 1.52 -

abs(Pe"p—Pcalc)

9% AARD = 100 - erp , where P stands for bubble point pressure
b AAD = 100 abs(y;*? — y£@i¢), where y, stands for vapor phase solubility of component 1.
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Figure 10.3: VLE correlation results at 313.15 K with UMR-PRU (dashed line), CPA-PR (dotted line)
and UMR-CPAPRU (solid line). (a) methane/water, (b) methane/methanol and (d) methane/MEG.
Circles denote experimental data by Yarym - Agaev et al??, squares by Chapoy et al?$ and
diamonds by Frost et al.°.

The model is further evaluated in the prediction of two ternary mixtures of interest to
natural gas processing, that is methane/methanol/water and methane/MEG/water.
The results are presented in tabulated form in Table 10.4. The first observation is that
the addition of the direct contribution for the associating effects between the
components substantially improves the prediction of the methane solubility in liquid
phase, where the hydrogen bonding effects are more pronounced. Actually, the model
yields better prediction results compared to CPA-PR EoS proving thus that the mixing
rules play quite an important role in the multicomponent mixtures prediction. In the
vapor phase, the results are similar with those of the other two models.
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Figure 10.4: VLE prediction results for the methane/methanol/water mixture at 298.15 K with
different concentrations of methanol in feed (% wt.) with UMR-PRU (dashed line), CPA-PR (dotted
line) and UMR-CPAPRU (solid line). (a) 26 % methanol in liquid, (b) 42 % methanol in liquid, (c)
50 % methanol in liquid and (d) 75 % methanol in liquid. Exp. data by Sinyavskaya et al.3' and Frost
et al.?. Black circles denote methane solubility in liquid, red diamonds methanol in the vapor phase

and blue triangles water in the vapor phase.

The performance of the models is better illustrated in Figure 10.4. It is apparent that
the addition of the associating term improves the performance of the UMR-PRU in the
prediction of the ternary mixture. The observed performance is similar with the one
presented in the binary mixtures, e.g. for the solubility of methanol or water in the
vapor phase. The improvement is more apparent in the prediction of the methane
solubility in liquid phase. Due to the importance of this parameter in the NG industry,
e.g. causing HC loss, a more subtle analysis of the effect of the percentage of the
methanol in its solubility is presented in Figure 10.5.
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Figure 10.6: VLE prediction results for the methane/methanol/water mixture at 313.15 K with
different concentrations of methanol in feed (% wt.) with UMR-PRU (dashed line), CPA-PR (dotted
line) and UMR-CPAPRU (solid line). (a) 26 % methanol in liquid, (b) 42 % methanol in liquid, (c)
50 % methanol in liquid and (d) 75 % methanol in liquid. Exp. data by Sinyavskaya et al' and Frost
et al.?. Black circles denote methane solubility in liquid, red diamonds methanol in the vapor phase

and blue triangles water in the vapor phase.

Figure 10.7a shows that improved results over the UMR-PRU and CPA-PR are obtained
with the new model for the methane solubility in the polar phase of the methane/
MEG/water ternary at the data of Folas et al.?” with about 27 % molar MEG in feed.
The water solubility in vapor phase is similarly predicted with all models, while for
MEG in vapor phase CPA-PR predicts lower solubility. The performance of the model
has been also tested against newly available experimental data which differ
significantly in the MEG content and it is shown that good prediction is observed for

both phases.

243






Development of a group - contribution EoS for the modelling of HB mixtures

The obtained IPs following the temperature dependency of eq. 5.19 are presented in
Table 10.5. The overall VLE correlation results are given in Table 10.6. It is apparent
that UMR-CPAPRU systematically improves the description of the mixtures, especially
in the liquid phase compared to UMR-PRU. Only in the case of COz/water higher
deviations are obtained, which are attributed to the characterization of CO2 as a non-
associating component. The latter is more pronounced in the high-pressure areas. In
some cases, such as in MEG/water or ethane/methanol slightly higher deviations are
obtained for the vapor phase compared to UMR-PRU. Nevertheless, they are
accompanied with better description of the solubility in the liquid phase.

Table 10.5: Binary interaction parameters for the UMR-CPAPRU model.

n m Am (K)  Bum(-)  Cam(K')  Amn(K)  Bwn(-)  Cmn (K')
H2O N2 375.03 1.6093 -0.007570 98.92 6.4493 -0.009140
H2O CO2 -134.74 0.9181 -0.011314 39.01 1.8180 -0.012960
H>O CH, 591.80 1.2384  -0.001460 -200.97 1.2853 -0.007200
H>O CaHs 187.19 1.2643 -0.000110 75.87 0.6388 -0.006380
H>O0 CH, 861.67 7.4712 -0.015720 -349.97 -2.0491 O
H>O ACH -445.61 -0.6209 0.001125 442.06 -0.4041 -0.010560

H20 ACCH -143.74 1.1636  -0.008650 228.78 -0.0917 -0.008800

H2O CHsOH 136.21 -1.7805 0.000470 -260.36 1.1292  -0.000170
H20 etOH -327.19 0.6783 -0.001580 349.59 -2.4685 (.003013
H20 MEG 215.63 0.6410  0.003353 -333.90 -0.5157 -0.006040

N2 CHsOH 13.27 -0.1784  0.002093 329.12 0.3627  -0.005710
CO2 CH:OH -105.93 -1.0346 -0.001049 176.29 0.5964  -0.004570

CH, CHOH ' 4084 10010 0002986 21690 -1.0384 0.002502
CHe  CHOH 45990 .11711 o0 34375 23921 0

CH, CHOH 3404 03036 0000544 14371 053687 -0.000920
ACH CH:OH g478 02964 -0.00031 -111.30 -0.4209 -0.000003

ACCH CHOH 51004 20740 0 6935 31709 0
N> MEG -181.28 186784 0 60093 -3.5128 0
CH, MEG 5147  -0.2313 0.009044 49190 1.4198 -0.021290

CaHe  MEG 6.59 0.7615 0 32204 09744 O
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Figure 10.9: VLE correlation results with UMR-CPAPRU model (solid line). Prediction with UMR-
PRU (dashed line) is also presented. (a) n-pentane/methanol. Experimental data by Wilsak et al.>
black circles denote 373 K, red diamonds 398 K, (b) benzene/methanol. Black circles denote exp.
data by Goetschel et al?” at 288 K, red triangles by Iguchi et al.8 at 298 K and blue diamonds by
Kolodziej et al?® at 308 K. and (c) COz/methanol. Experimental data by Hong et al.“0, Black
triangles denote 230 K, green ex 250 K, red circles 273 K and blue stars 290 K.
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Figure 10.10: LLE prediction results of HCs with water with the UMR-CPAPRU and the UMR-PRU.
Blue circles denote HC solubility in aqueous phase, black diamonds water solubility in HC-rich
phase and red diamonds water solubility in vapor phase. (a) propane/water, exp. data by Kobayashi
et al.®. (b) n-pentane/water, exp. data by Black et al.#%, Polak et al.®* (c) n-hexane/water, exp. data
by Tsonopoulos et al.%6, (d) n-decane/water, exp. data by Revellame et al.#’, Ng et al.“8 and
Economou et al.#, (e) cyclohexane/water, exp. data by Burd et al.>°, Guseva et al.*!, Pereda et al.*,
Marche et al.>3, Pierotti et al*%, Goldman et al>® and Tsonopoulos et al.*, (f) i-pentane/water, exp
data by Black et al. 7°, Polak et al. 7 and Pavlova et al. %, (g) benzene/water, exp. data by
Tsonopoulos et al.*6 and (h) toluene/water, exp data by Marche et al., Ng et al.*8 and Jou et al.*
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10.6. Prediction results

The model is then evaluated in the prediction of multicomponent mixtures. In the first
part, ternary mixtures of methanol and water with a hydrocarbon are considered, while
in the second the dew point curves of natural gas and their mixtures with water and
methanol.

10.6.1. Ternary mixtures prediction results

The LLE of three ternary mixtures is examined, namely propane/water/methanol, n-
butane/water/methanol and benzene/water/methanol. The prediction results for
propane/water/methanol are illustrated in Figure 10.12 where it is shown that UMR-
CPAPRU has an advantage over UMR-PRU in the prediction of methanol partition
coefficients in both examined temperatures.
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Figure 10.12: LLE prediction results for the propane/water/methanol mixture with UMR-PRU
(dashed line) and UMR-CPAPRU (solid line) at (a) 273.15 K and (b) 293.15 K. Red colour indicates
the polar phase while black the HC-rich one. (i) solubility and (ii) methanol partition coefficient.
Exp. data by Noda et al>®
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10.7. Conclusions

To improve the description of natural gas mixtures with hydrogen bonding
components, a new group - contribution model is introduced which combines the
advantages of EoS/GE models with the elegance of the perturbation theory. It is first
validated in the prediction of two ternary mixtures consisting of methane, which is the
major natural gas component, water and a hydrate inhibitor (methanol or MEG). By
correlating the same database of binary VLE data, the new model yields improved
results compared to UMR-PRU and CPA-PR, especially in the methane solubility in
liquid phase, where the associating effects are more pronounced. Additionally, the use
of advanced mixing rules gives a higher flexibility to the model, e.g. for the same
deviation in bubble point pressure, different prediction of the vapor phase solubility
can occur based on different IPs. Instead, CPA-PR has a unique kj value and thus its
performance in both phases is a subject to change only from the pure component
parameters. Of course, the group - contribution approach improves the predictive
performance of the model, which can be applied to various mixtures using IPs fitted
only to selected binaries. This is the major advantage over CPA-PR, which requires
mixture - specific IPs, in order to yield satisfactory results.

Since the model performs satisfactorily by improving the behavior of UMR-PRU and
CPA-PR in the examined ternary mixtures, its IP database is extended to the groups of
interest to NG industry. Unfortunately, the original UMR-PRU model IPs cannot be
used for the groups comprising the associating components since they implicitly
include the associating contribution in the residual part. Very satisfactory correlation
results are obtained in the VLE of binary mixtures, with an overall AARD in bubble
point pressure of 2099 experimental points equal to 5.43 % for UMR-CPAPRU over
8.83 % for UMR-PRU. In terms of AARD in the solubility in vapor phase both models
yield an average value of about 15%. The new model correlates very well the
homoazeotrope formation in the VLE of hydrocarbons with methanol yielding
substantial improvement over the UMR-PRU predictions.

Also, it yields better results in the LLE of water/hydrocarbons, based on IPs fitted only
to n-hexane. In terms of AARD, in the polar phase UMR-CPAPRU yields about 41 % in
163 examined points over the 50 % of UMR-PRU. In the HC-rich phase, again UMR-
CPAPRU improves the performance of UMR-PRU yielding an average % AARD equal
to 41 over 46 of the latter. The model better performs also in the prediction of the vapor
phase solubility in the propane/water mixture. For the LLE of hydrocarbon/methanol
mixture, using IPs fitted only to VLE data, UMR-CPAPRU shows improved
performance over UMR-PRU, with an average AARD in 40 points, equal to 14 % in the
polar phase over 23 % of UMR-PRU and 31 % in the HC-rich phase over 39 % of the
latter. In the prediction of the LLE of ternary mixtures UMR-CPAPRU yields better
qualitative and quantitative results compared to UMR-PRU in terms of solubility and
partition coefficients. Finally, the new model improves the performance of UMR-PRU
in the dew point prediction of SNG mixtures with water and methanol.

Overall, the UMR-CPAPRU is a valuable tool to describe accurately the phase equilibria
of natural gas mixtures with associating compounds.
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List of Symbols

Latin Characters

a attractive term parameter of a cubic EoS (bar-cm®mol)
ac constant term of the attractive parameter of a cubic EoS
a(T) term that express the temperature dependency of the attractive

parameter of a cubic EoS
Anm, Bnm, Com  UNIFAC binary interaction parameter between groups n and m
b co-volume parameter of a cubic EoS (cm?-mol?)

. number of associating sites of type A in molecule i

radial distribution function
G molar Gibbs free energy (J-mol™)

m Soave parameter for the expression of the temperature dependency of
the attractive term of an EoS

NC total number of components in a mixture

NG total number of groups in a component

np number of datapoints

P pressure (bar)

Ps vapor pressure (bar)

qi relative van der Waals surface area of component i
Qi relative van der Waals surface area of group i

R universal ideal gas constant (83.14 bar-cm3-mol™-K™)
ri relative van der Waals volume of component i

Ri relative van der Waals volume of group i

T absolute temperature (K)

v molar volume (cm?-mol™)

Vi saturated liquid volume (cm?-mol™)

vi the number of group k in molecule i,

Xy, the fraction of moles of molecule i not bonded at site A (eq. 10.9eq. 5.39)
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Qi
Wik

liquid mol fraction of component i
the reduced packing factor (y = bp/4)
vapor mol fraction of component i

compressibility factor

Greek Characters

association volume parameter between site A of component i and site B of
component j

activity of an isolated UNIFAC group n in a solution consisting only of
molecules of type i

associating strength between the sites of types A and B of components i and j
(eq.10.10)

association energy parameter between site A of component i and site B of
component j (bar-cm’-mol)

UNIFAC surface fraction of component i
molar density (mol-m~)
UNIFAC volume fraction of component i

binary interaction parameter between the UNIFAC groups m, k for the UMR-
PRU model

acentric factor

Superscripts and Subscripts
association

critical property

phases at equilibrium
component in a mixture
UNIFAC groups

liquid

points

physical
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Chapter 11

11.1. Conclusions

In the first part of this work, new vapor - liquid experimental data for the CO2/CH4
binary mixture have been measured at the mean temperatures of 293.13 K, 298.14 K
and 303.15 K in order to improve the data situation for the CO2/CH4 mixture at
temperatures of interest to various CCS and NG applications. The measured data are
of high accuracy, with a maximum uncertainty of 3 mK in temperature, 0.02 bar in
pressure and 0.0008 in composition. Emphasis is given to the critical region of the
mixtures by estimating the critical point through a scaling law, after several
measurements in its proximity. As expected, an increased uncertainty is observed in
that region, namely 0.1 bar in critical pressure and 0.0009 in the critical composition
of the mixture. Yet, the obtained results are very good and of increased accuracy
compared to other literature data. Apart from the uncertainty analysis the obtained
data show a very good agreement with other literature data at 293 K. Moreover, the
new experimental data have been correlated with four thermodynamic models; the
cubic equation of state SRK and PR combined with the classic vdWIf mixing rules, PC-
SAFT and UMR-PRU. Very satisfactory correlation results are obtained for all models
away from the critical point. UMR-PRU yields the lower deviations in both phases as
well as in the prediction of the critical point of the mixture, while PR, SRK and PC-
SAFT yield similar predictions of the critical point.

The UMR-PRU model is then extended in the modelling of mixtures that contain polar
compounds of interest to the gas industry, namely water, methanol, MEG and TEG.
The required interaction parameters are obtained by fitting vapor - liquid equilibrium
data, with satisfactory results in all cases. In the special case of hydrocarbons with
water, the UNIFAC interaction parameters are re-estimated by fitting the aqueous and
HC-rich phases of LLE solubility data. Emphasis is given in the TEG solubility in
methane vapor phase, which is of interest for the accurate calculation of TEG loss
during the dehydration process. The obtained results are comparable with those of
TST/NRTL which is proposed by Hysys for the simulation of dehydration processes,
for the mixtures with water and TEG. Instead, for the mixtures with methanol and
MEG, UMR-PRU presents superior results compared to TST/NRTL. The performance
of the models is further evaluated in the prediction of multicomponent mixtures, with
overall satisfactory results. The models also showed very good results in the
distribution of BTEX in conditions relevant to those which occur at TEG dehydration.
Finally, similar and quite satisfactory results are obtained for the dew point lines of
synthetic SNG mixtures. Therefore, the UMR-PRU model yields very good results for
mixtures of natural gas components with strongly polar compounds.

UMR-PRU is also evaluated in the simulation of natural gas dehydration unit using
TEG as absorbent. The model is first validated in the prediction of a single absorber by
its implementation in two simulators, Hysys and Unisim through the CAPE-Open 1.1
protocol. Identical results are obtained as expected in both simulators and similar with
the ones of TST/NRTL in Hysys. Then, a simplified offshore dehydration process is
simulated and it is shown that UMR-PRU and TST/NRTL calculate similar stripping
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gas rate, TEG purity and circulation rate to achieve the same dehydration level in the
dry gas. The two models differ in the calculated TEG loss, where UMR-PRU is
considered to be closer to the real case than TST/NRTL due to its better performance
in the VLE of the methane/TEG binary. UMR-PRU also predicts lower heat duties in
the reboiler, condenser and heat exchangers compared to TST/NRTL, which is
considered more realistic due to the better prediction of the aqueous TEG heat
capacities.

Following a sensitivity analysis of several operating parameters, e.g. stripping gas rate,
operating temperature and pressure of the columns etc., an optimization of the
operating parameters of the process in terms of the operating cost was performed, as
well as a preliminary economic evaluation of the base and optimized process. For a
plant of a relative small capacity (360 SMcmy), the optimized parameters do not
actually affect the capital cost, either calculated through Icarus or literature
correlations. Instead, when the operating cost is considered, the optimized conditions
lead to a saving of about 37 €/SMcm of treated wet gas. Based on the abovementioned
results, it is concluded that the UMR-PRU model can be used to accurately simulate
natural gas TEG dehydration units.

Whilst UMR-PRU does not take explicitly into account the hydrogen bonding
interactions, it has been proven to perform quite well in phase equilibrium of mixtures
involving associating compounds. This gives birth to the question of what is more
important in the modelling of hydrogen bonding mixtures: is it necessary to use
complex expressions which directly take into account hydrogen bonding, or a rather
simpler model such as an EoS combined with advanced mixing rules is adequate? To
answer this, three versions of the Peng - Robinson equation of state have been
considered and were evaluated in the modelling of natural gas mixtures with water,
methanol and MEG. The EoS used are, the PR with conventional vdWI1f mixing rules,
the UMR-PRU and CPA-PR which directly accounts for the association based on
Wertheim’s first order perturbation theory. To obtain a fair comparison among the
models, temperature - specific IPs have been fitted to the same database of
experimental data. The application of advanced mixing rules (UMR-PRU) and the
direct incorporation of the associating term (CPA-PR) substantially improve the
predictions in multicomponent mixtures. The advantage of CPA-PR is more apparent
in the prediction of the liquid phase of multicomponent mixtures. Furthermore, UMR-
PRU and CPA-PR are able to predict satisfactorily the dew points of natural gas
mixtures with water and/or methanol, yielding much better results compared to those
of Peng - Robinson. CPA-PR yields the best overall results, proving thus the necessity
of the direct calculation of the hydrogen bonding interactions. These observations
suggest that the selection of advanced mixing rules for the attractive and co-volume
parameters, as well as the direct implementation of the associating term are essential
in order to obtain accurate phase equilibrium description of complex mixtures
containing natural gas components, water and hydrogen bonging chemicals such as
methanol and MEG, with an equation of state.
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Therefore, a new model is introduced which combines the assets of advanced mixing
rules with the direct calculation of hydrogen bonding. The new model is first evaluated
in the prediction of two ternary mixtures consisting of methane, which is the major
natural gas component, water and a hydrate inhibitor (methanol or MEG) and the
obtained results are compared with those of the “parent models” UMR-PRU and CPA-
PR. By correlating the same database of binary VLE data, the new model yields
improved results. UMR-CPAPRU is further extended in the modelling of natural gas
components with associating compounds. It is shown that the model correlates
satisfactorily the binary mixtures in a wide range of temperature and pressure, yielding
improved prediction over UMR-PRU in the hydrocarbon/water LLE as well as in the
azeotrope prediction of the hydrocarbon/methanol mixtures. Then, the model is
evaluated in the prediction of the LLE of ternary mixtures, where it yields better
qualitative and quantitative results compared to UMR-PRU. Finally, UMR-CPAPRU
yields improved results over UMR-PRU in the dew point prediction of SNG mixtures
with water and methanol. Overall, the proposed model is a valuable tool to acquire
good prediction results for natural gas mixtures with associating compounds.
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11.2. Future work

As it has always been in scientific research, one work cannot include all the possible
scenarios, but rather acts as a step for the next researcher. In this essence, several
questions are left unanswered and new ones have been generated.

With regards to the UMR-PRU model, new UNIFAC groups can be also added to
extend the applicability of the model to other processes. Such groups can be for
example the “DEG” one. This can lead to further analysis, e.g. regarding the
applicability of selected glycols. Also, in order to improve the prediction results in the
branched alkanes and cycloalkanes, specific groups can be assigned so that the
interaction parameters take into consideration the different compounds behavior. It is
also shown that the Mathias - Copeman alpha function although performs well for the
vapor pressure, does not improve the volumetric properties, especially of the
associating components. An addition of a volume translation can be considered to
improve the volumetric properties of the mixtures.

Regarding the simulation results, the gas examined in this work does not consist of any
aromatic compounds. Nevertheless, the BTEX distribution is one of the most
important parameters environmentally-wise when dealing with the dehydration
process. To that end, a simulation with a feed gas containing such compounds can be
considered and the obtained results can be compared with literature data. The most
interesting application would be to examine the performance of the model against field
data. To the best of our knowledge such data are not available in the open literature.
As such, an interesting aspect is first to obtain field data and then use them to evaluate
the prediction of the models. This will also give an insight regarding the performance
of the models in a predictive way in terms of glycol or HC loss as well as of the required
costs.

Finally, regarding the proposed model, UMR-CPAPRU, several thoughts consist an
interesting base for further analysis. Apart from the good phase equilibrium results
other properties of the associating components should also be examined. Such an
example is the heat capacity which as previously stated is crucial in the estimation of
the required duty of processes. Additionally, the examination of solvation for aromatic
compounds should also be examined. Other associating components, such as other
glycols, can be added to extend the applicability of the model to other applications. In
this essence, the model should be also introduced in a process simulator, in order to
study the overall effect in a simulation of a more complex model over the results
obtained with simpler models, in this case the EoS/GE. Another scenario would be to
consider the association effects as group based, e.g. one ~-OH group with specific
association parameters, rather than molecularly-based. That will improve the
predictive nature of the model, since the parameters determined for one ~-OH group
can be applied to more than one associating components.
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Appendix B

Table B.1: Cashflow parameters as used in the Aspen Icarus software for the economic evaluation

of a natural gas TEG dehydration plant

ITEM Units Value
TW (Number of Weeks per Period) Weeks/period 52

T (Number of Periods for Analysis) Period 20
DTEPC (Duration of EPC Phase) Period 0.365385
DT (Duration of EPC Phase and Startup) Period 0.75
WORKP (Working Capital Percentage) Percent/period 5
OPCHG (Operating Charges) Percent/period 25
PLANTOVH (Plant Overhead) Percent/period 50
CAPT (Total Project Cost) Cost 5.21E+06
RAWT (Total Raw Material Cost) Cost/period 23527.8
PRODT (Total Product Sales) Cost/period 0
OPMT (Total Operating Labor and Cost/period 612200
Maintenance Cost)

UTILT (Total Utilities Cost) Cost/period 188526
ROR (Desired Rate of Return/Interest Rate) Percent/period 20

AF (ROR Annuity Factor) 5

TAXR (Tax Rate) Percent/period 40

IF (ROR Interest Factor) 1.2
ECONLIFE (Economic Life of Project) Period 5
SALVAL (Salvage Value (Percent of Initial Percent 20
Capital Cost))

DEPMETH (Depreciation Method) Straight Line
DEPMETHN (Depreciation Method Id) 1
ESCAP (Project Capital Escalation) Percent/period 5
ESPROD (Products Escalation) Percent/period 5
ESRAW (Raw Material Escalation) Percent/period 3.5
ESLAB (Operating and Maintenance Labor Percent/period 3
Escalation)

ESUT (Utilities Escalation) Percent/period 3
START (Start Period for Plant Startup) Period 1

PODE (Desired Payout Period (excluding EPC  Period

and Startup Phases))

POD (Desired Payout Period) Period

DESRET (Desired Return on Project for Sales Percent/Period 10.5
Forecasting)

END (End Period for Economic Life of Project) Period 5

GA (G and A Expenses) Percent/Period 8

DTEP (Duration of EP Phase before Start of Period 0.173077
Construction)

OP (Total Operating Labor Cost) Cost/period 600000
MT (Total Maintenance Cost) Cost/period 12200
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Icarus parameters used for the economic evaluation of a NG TEG dehydration plant

Table B.2: Summary of the project parameters used for the evaluation of the capital cost and the

time period in Aspen Icarus Software.

ITEM Units Value
Capital Cost Evaluation Basis

Date 14MAY18
Country EU

Units of Measure METRIC
System Cost Base Date 1Q14
Project Type Grass roots/Clear field
Design code DIN

Plant Location Rotterdam
Time Difference Between System Cost

Base Date and Start Date for Engineering Days 1007

Time period

Period Description Year
Operating Hours per Period Hours/period 8000
Number of Weeks per Period Weeks/period 52
Number of Periods for Analysis Period 20

Table B.3: Equipment type used for the mapping and costing of the equipment cost in Aspen Icarus

software.
Unit Component Type
Glycol cooler DHE TEMA EXCH
HE-1 DHE TEMA EXCH
HE-2 DHE TEMA EXCH
P-1 DCP CENTRIF
P-2 DCP CENTRIF
Flash DVT CYLINDER
Contactor
Main Tower DTW TRAYED
Regenerator
Condenser EHE JACKETED
Reboiler DRB THERMOSIPH
Main Tower DTW TRAYED

Table B.4: Summary of the utility types and rate used by Aspen Icarus software for the estimation

of the operating cost

Utility Fluid Item Rate Units
Electricity DCP CENTRIF 0.75 kWh
Electricity DCP CENTRIF 11 kWh
Cooling Water Water EHE JACKETED 0.282597 m3/h
Cooling Water Water DHE TEMA EXCH 16.189165 m3/h
Steam @690KPA  LP Steam  DHE TEMA EXCH 0.011051 ton/h
Steam @690KPA  LP Steam  DHE TEMA EXCH 0.006355 ton/h
Steam @2760KPA  HP Steam DRB THERMOSIPH  0.659334 ton/h
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Appendix D

Table D.I: UNIFAC group interaction parameters for the UMR-PR-fit model following the
temperature dependency of eq. 5.19, used for the interactions between the non-associating
components for UMR-CPAPRU.

n m Amm (K)  Bam(-)  Cam (KY) Amn (K)  Bun (5) Cmn (K)

COz2 CH: 38.44 -1.8130 0.003247 101.56  0.1006  0.006430
COz2 ACH 16.20 -2.2538 0.001050 94.49 1.5570  0.007850
CO2 ACCH -102.70 -3.0502 0.012000 274.36 15.5931 0.012930

CO2 C:He 9220 -0.6847 0. 110.50 -0.3805 0.
N2 CHa4 -141.07 -0.8494 0. 192.06 0.7909 0.
N2 CGHe  -157.17 -0.9411 0. 308.97 1.0030 O.
N2 CO:z -128.17 -1.6650 0. 366.62 1.5300 0.
N2 CH: 15735 -0.3614 0.000036 3.00 -0.1919 -0.000287

N2 ACH  -104.18 1.8010 -0.006569 37.23 -1.2050 -0.001061
N2 ACCH -240.46 -3.6140 0.015020 122.55 0.5598 -0.003968
CHs CO2 85.80 -0.1959 0. 126.21  -0.4439 0.

CHs CHe 11050 0.2497 0. -56.01 -0.1798 0.

CHs CH2 101.56 2.7666  0.001441  -252.68 -1.4066 -0.000282
CHs ACH 9449 1.6950  0.000509  -63.53 -1.3050 0.002178
CHs ACCH 27436 -3.1420 0.010180 -88.33 1.3930 -0.008429
CHes CHoz 157.35 -1.1031 0.000052  -142.16 0.3059  0.001857
(oHe ACH  -104.18 -0.5662 O. 17139  -0.7241 0.

CGHs ACCH -24046 26500 -0.000086 674.59 25318 0.051615
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Appendix E

The fugacity coefficient ¢; of a component i in a mixture is given by the fundamental
relationship.

RTI ((?AT) RTInZ
ne; = — RTin .E.
i an; v, eq. E.l
where A" is the residual Helmholtz energy for the mixture, R the ideal gas constant, T
the temperature, V the total volume of the system, n the quantity of material of
component i or j, and Z the compressibility factor, defined as per eq. E.2.

PV
- eq.E.2
nRT

The UMR-CPAPRU model combines the PR EoS with first order perturbation theory
of Wertheim, using the application of the Universal Mixing Rules for the extension to
mixtures. As such, the residual Helmholtz energy can be expressed as a summation of
the physical and the association contributions, as per eq. E.3.

AT = ;h + AGssoc eq.E3

By combining eq. E.1 with eq. E.3, we get the following;:

A7 A,

RTIng; = ( phys) + <ﬂ> — RTInZ eq. E4

n, n, q. k.
LTy L TV

In eq. E.4 the derivative of the residual Helmholtz energy with respect to the quantity

of material is the association contribution to the chemical potential (u#**°¢) of

component i, as per eq. E.5.

assoc _ <6A£ssoc)

i an, eq. E5

T,V,n]-

Therefore, after the appropriate substitution for the expression of the physical part of
the EoS, the following expression is derived for the fugacity coefficient of UMR-
CPAPRU model.

B;
Ing, = (E - 1) (2P — 1) — In(Z - B)
D;B — DB, <Z +(1+ ﬁ)B) pgssoe eq. E.6
— n
2BV2 Z—-(1++2)B RT

where:
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Calculation of the fugacity coefficient with the UMR-CPAPRU model

D = n%?abRT eq. E.7

b; 053 ' B?
B = sziijij eq.E9
T T

B, =2 Z Xibij — B eq. E.I0
j

a; RTlny; D
Di = <—l - Y i) €qg. E.8
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Appendix F

F.1. Paper |

Journal: Fluid Phase Equilibria
Volume: 433

Year: 2017
Pages: 135 - 148
Title: Modelling of phase equilibrium of natural gas mixtures containing

associating compounds
Authors: Eirini G. Petropoulou, Georgia D. Pappa, Epaminondas C. Voutsas

Abstract

The effect of mixing rules and the incorporation of an association term in a cubic
equation of state (EoS), on the modelling of phase equilibria of natural gas mixtures in
the presence of hydrogen bonding compounds, is investigated. To this purpose, the
Peng-Robinson equation of state coupled with the van der Waals one-fluid mixing
rules, the UMR-PRU group contribution EoS and the CPA-PR EoS, are evaluated in the
prediction of phase equilibrium in ternary and multicomponent mixtures containing
natural gas components, water and methanol or monoethylene glycol. It is concluded
that UMR-PRU and CPA-PR give significantly improved results over the classical Peng-
Robinson EoS, indicating that the use of advanced mixing rules and the explicit
implementation of an association term in a cubic EoS is important for modelling the
phase equilibrium of natural gas mixtures containing associating compounds.
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Publications - Communications

F.2. Paper

Journal: Fluid Phase Equilibria
Volume: 462

Year: 2018

Pages: 44 - 58

Title: Vapor - liquid equilibrium of the carbon dioxide/methane mixture
at three isotherms

Authors: Eirini G. Petropoulou, Epaminondas C. Voutsas, Snorre-Foss

Westman, Anders Austegard, Jacob H.G. Stang, Sigurd W. Lovseth

Abstract

Experimental vapor - liquid equilibrium data for the CO2/CH4 mixture have been
measured at 293.13 K, 298.14 K and 303.15 K, with emphasis on the mixture critical area.
The maximum estimated standard uncertainties are 3 mK in temperature, 2 kPa in
pressure and 0.0008 in mol fraction. The scaling law of statistical thermodynamics has
been fitted to the critical region data of each isotherm and very good estimation of the
critical point is achieved with a maximum uncertainty of 10 kPa in critical pressure and
0.0009 in critical molar composition. The measurements have been validated against
experimental data taken from the literature, where available, and against the
prediction of the GERG-2008 model. The Soave-Redlich-Kwong (SRK) and Peng-
Robinson (PR) Equations of State using the classic van der Waals one fluid mixing
rules, the perturbed chain statistical association fluid theory (PC-SAFT) and the
Universal Mixing Rule - Peng Robinson (UMR-PRU) model have been fitted to the data
of each isotherm with very satisfactory results. UMR-PRU yields the lowest deviation,
especially concerning the critical point area, with an overall absolute average deviation
(AAD) of 0.18% in bubble point pressure and 0.43% in CO2 mol fraction of the vapor
phase. In the critical points, UMR-PRU results in an average % AAD equal to 1.55 in
critical pressure and 0.99 in the critical point composition.
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F.3. Paper llI
Journal: Industrial & Engineering Chemistry Research
Volume: 57
Year: 2018
Pages: 8584-8604
Title: Thermodynamic Modeling and Simulation of Natural Gas
Dehydration Using Triethylene Glycol with the UMR-PRU Model
Authors: Eirini G. Petropoulou, Epaminondas C. Voutsas
Abstract

Dehydration of natural gas (NG) by absorption is a common industrial procedure
implemented in order to avoid flow blockage and equipment breakdown. Despite the
widespread use of dehydration units, few experimental data are available in the
literature and most engineering practices are based on empirical correlations for the
design and the determination of the optimum operational parameters. In this paper,
an accurate thermodynamic model for NG mixtures, the UMR-PRU, is further
extended to mixtures containing triethylene glycol (TEG) and is then used to simulate
a typical NG dehydration unit using TEG by incorporating it in commercial simulators
through the CAPE-OPEN standard. The results are compared with those obtained by
the recommended by Aspen Hysys, TST/NRTL model. The two models calculate
similar lean TEG purity, TEG circulation rate, and stripping gas rate in order to obtain
the same level of dehydration, ca. 30 ppm water in the dry gas, while some differences
are observed in the component distribution in the vapor and liquid phases. In addition,
different reboiler duties are calculated by the two models, with those of UMR-PRU to
be considered more realistic due to better prediction of the heat capacities of aqueous
TEG mixtures.

310



Publications - Communications

F.4. Contribution in a peer-reviewed book chapter

Book: Natural Gas Processing from Midstream to Downstream

Editor: N. Elbashir, M. El-Halwagi, I. Economou, K. Hall

Chapter: 3

Year: 2019 (in press)

Pages: 57 - 88

Ch. Title: = Thermodynamic Modeling of Natural Gas and Gas Condensate
Mixtures

Authors: Epaminondas Voutsas, Nefeli Novak, Vasiliki Louli, Georgia Pappa,
Eirini Petropoulou, Christos Boukouvalas, Eleni Panteli, Efstathios
Skouras

Abstract

Natural gas is one of the major combustion fuels used worldwide with the largest
increase in world primary energy consumption. Abundant natural gas resources and
robust production contribute to the strong competitive position of natural gas among
other resources. Natural gas is a key fuel in the electric power sector and the industrial
sector because of its fuel efficiency. It burns cleaner than coal or petroleum products,
and as more governments begin implementing national or regional plans to reduce
carbon dioxide emissions, they may encourage the use of natural gas to displace more
carbon-intensive coal and liquid fuels.

The effective exploitation of natural gas resources, as well as the modeling and
simulation of midstream and downstream natural gas processing, requires the accurate
knowledge of the phase equilibrium and other thermodynamic properties of natural
gas mixtures, which involve hydrocarbons ranging from methane up to high molecular
weight ones, water and other components, such as nitrogen, carbon dioxide, hydrogen
sulfide, hydrate inhibitors etc.. The availability of thermodynamic models capable of
accurately predicting the phase behavior of the multicomponent mixtures
encountered in such processes, with little input information, is very important for the
oil and gas industry, offering both time saving and process cost reduction.

Although the gas industry traditionally uses classical cubic equations of state (EoS),
such as Peng-Robinson (PR) or Soave-Redlich-Kwong (SRK), for process simulation in
order to avoid operational/safety problems and to determine process parameters that
fulfill product specifications, more advanced models that overcome the weaknesses of
cubic EoSs and give more accurate results can be also successfully applied. One such
completely predictive model is the Universal Mixing Rules - Peng Robinson UNIFAC
(UMR-PRU) that is a cubic equation of state- based model coupled with advanced
mixing rules, the so-called Universal Mixing Rules (UMR). Another popular non-cubic
equation of state based on a perturbation theory for chain molecules, is the perturbed-
chain statistical associating fluid theory (PC-SAFT).
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In this chapter, phase equilibrium calculations, like dew point curve and liquid
dropouts, which are two key parameters in natural gas processing, are presented using
PR, UMR-PRU, and PC-SAFT. It is shown that the use of advanced mixing rules, like
those used in the UMR-PRU model, can overcome the inefficiencies of the classical van
der Waals one one-fluid mixing rules that are usually coupled with cubic EoS, and can
lead to satisfactory prediction of the hydrocarbon mixtures’ behaviour. Moreover,
UMR-PRU predictions are comparable to those of the more complex PC-SAFT EoS.
Finally, through the CAPE-OPEN standards (Computer-Aided Process Engineering),
UMR-PRU can be incorporated in most process simulators, thus offering thus the
possibility to fully simulate a natural gas treatment process. A case study is presented,
which deals with a topside offshore operation that processes a well-fluid to produce
rich gas and stabilized condensate.
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