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AITTAQMATIKH EPTAXIA

MONTEAOIIOIHXH THX ITPOXPOPHEHX YAPAPTYPOY XE
ATQIroyx META®OPAX ®YIIKOY AEPIOY

[IEPIAHWYH

0 vdpapyvpog (HE) KoL 0oL EVOOELS TOU ATAVTWOVTAL EYYEVWS OTA OPUKTA KOXUGLUQ,
ovpmeplAapfavopévou Tou @uotkol aepiov (PA), Tou apyol TETPEANIOV KAL TOU
yatdvOpaka. Katd v eKUETAAAEVOT TWV KOITAGUATWY, 0 GTOLELKOG UEPAPYLUPOS Kal
0L GAAEG TOU HOPPEG IOV UTIOPEL VA UTIAPYOUV GTOV TAULEVTHPQ, BplokovTal StaAvuévol
OTLG EEXWPLOTES PAOELS (TIETPEANLO, AEPLO KAL VEPD) Kol TAELGEVOUV E AUTEG KATA TNV
Tapaywyn Kol Tnv emeepyacio Tou METPEANIOV Kol TOU PUOLKOU agpiov. Av kal oL
yewAoyikol pnxaviopol mov e&nyovv v vmapén tov HE oto apyd meTpéAaio kal To
PLOIKO aéplo Sev €xouv SlepeuvnBel oe BABOG ATO TNV EMOTNHOVIKI] KOWOTNTA, 1] TILO
mOavn efNynon elval 1 ameAgvBépwon Tov VSpapyVpov amod Tov PAOLO NG MG péow
YewAoyIKWV Suvapewv (Tiieon kot Bepokpacio) KAL T LETAVACGTEVOT] TOU WG AEPLO GTOUG
BVAakeG OTTOV CLOCWPEVETAL TO APYO TETPEANLO KAL TO PUOLKS aépto [1].

H moodtta Tou LEPAPYUPOL GTOVG TAULEVTIPES, OAOEVA KL AUEAVETAL, APEVOG AOY®
TOV EUTAOVTIOUOU TWV PEVCTWYV TAULEVTIPA 0€ VEPAPYLPO e&aLTiNG TG EEAVTANONG TWV
KOLTAOUATWY KoL OQETEPOV AOYW TNG QAVAYKNG YLO EKUETAAAELOY WIKPOTEPWV KAL
BabVtepwv koltaocudtwyv. H ouykévtpwon vdpapylpov oto apyd TETPEAALO KAl TO
(PUOIKO HEPLO TIOLKIAAEL ONUAVTIKA, HE BAON TN YEWAOYIKY TOU TIPoEAEVOT). OpLOPEVES
TOKIALEG apyoU TeTpeAaiov Tov voBdAdovtal o€ emeEepyaoia otig HITA extipdtal 6TL
meptéxovv amo 1 €¢wg 1000 ppb Hg (wt), pe péoo o6po kovtd ota 5 ppb [2]. Zta
OUUTIVKV@OUOTO (PUOLKOU aEPiOU KAL 0TO (PUOIKO AEPLO, OL CUYKEVTPWOELS USPapyLPOL
Kupaivovtat ouvnBws amd 1 éwg 200 pKPOYPAUMAPLL avd TPOTUTIO KUPLKO HETPO
(ug/Scm) [1]. Z10 @uOoKO aéplo, 0 VSPAPYUPOG LTIAPXEL OXESOV ATOKAELOTIKA OTN
otoelakn Tou popen (Hg?) kot oe ouykevtpwoelg mMOA) KATw MO TOV KOPEGUO,
EVOEIKTIKO TNG ATOVGIAG VYPNS PAonS VSpapyVPOU aTa TiEpLocoTEP Koltaopata [3]. H
LECT) OUYKEVTPWOT] OTOLXELKOU USPapYUPOU GTO PUOLKO aéplo Sev elval YVwoTr LE
otatloTikn BefatdtnTa, 0AAd Bewpeital otTL eivatl pkpdtepn amo 10 pg/Scm [4].

Axoun kat o pkpég ovykevipwoels (Altya ppb), ot Std@opes pop@és vEpapylpou
UTIOPOUVV VA TIPOKAAEGOUV cofapd TPoPANHATA KATA TNV emegepyacia Tov meTpeAaiov
KaL TOU QUOLKOU agpiov. Ot CUVETELEG TOU LVSPAPYVPOV OTO PUGCLKO AEPLO avaPEpBNKav
ya mpwtn @opd To 1973, O6Tav mpokAnOnke Sudfpworn evaAddktn OeppotnTag
aAovpviov, IOV AELTOUPYOVOE GE KPUOYOVIKEG CUVONKEG, GTO EPYOCTAGLO UYPOTIOLEVOU
@uokov aepiov Skikda, otnv AAdyepia [5]. H tedevtaia yvwotomomuévn mepimtwon
OTUXNLATOG TIOV OXETI(eTAL PE TOV VOPApPYyLPo oTn Blopnyavia @uokov agplov, eival
auTy otnVv meploxn Moomba tng Avotpaiiog to 2004, 6mov onuelwbnke £kpnén Adyw
SuaBpwong amo Hg evog atopiov kpuoyovikol evaAdaktn [6]. Méxpt onjuepa, tepimov 10
Bopunxavika atvxnuata ouvvdéovtal pe OSafpwon efomAlopoy Adyw Vmaping
VSpapYVpoL [7], KABLETWVTAG CAPESG OTLT CWOTH SLaxelplon Tov VEPAPYVPOV KATA TNV
emegepyacia TOL TETPEANIOV KAl TOV PUOIKOV aepiov eivat kpiowung onpaciag.

Av kot 0 vSpapPYLPOG, WG OTOLKEID TOV PLGIKOV AEPIOV, UETAPEPETAL LETW XAXAVBEIVWY
AYWYWV, OO TOUG TAULEVTHPES TIPOG TIG EYKATAOTACELS emeepyaciag PA, aviyveveTal
oTNV €(0080 TWV EYKATACTACEWY PETA ATO TTAPATETAUEVO SLATTNHA AELTOLPYIAG, AOYW
™G apyNG CUGOWPEVONG TOV, HEGW UNXAVICU®V TIPOCPOPNOTG, 6TOUG Aywyous. AuTo
EVAL YVWOTO WG «QALVOUEVO VOTEPNONG ERPAVIONG Tou LEpapyVpou (mercury lag
effect)» [8]. O xpdvog Tov amatteital p€xpLn CUYKEVTPWAON TOU otV £l6080 NG povadag
emelepyaoiag va @BAcEL Eva TUTILKO KpioLo 0pLo, To oTolo kaBopilel TNV avaykaloOTTo



EYKATAOTAONG 1) OXL povadag amopdkpuvong tov Hg amd to pevpa tov PA, ovopaletat
Xpovog yia breakthrough.

H avtidpaon kat 1 evowpdtworn uvdpapylpou oTI XAAUPSIVEG EMPAVELEG Kal T
kaBuoTtépnon ep@aviong tov otnv ££0860 TOU aywyoU, ATALTOUV QUOTNPA UETPO
ac@aAEiag, 600V A@OPA TN AELTOLPYI Kl TI GUVTNPNON TOU €EOTALGUOV, KABWGS M
EKTIOUTIT) ATUWV OTOLXELXKOV VSPaPYVUPOL 0TO TIEPLBAAAOV EpYTLaG, Elval TOSIKN YA TOUG
epyalopévous. EmmpooBeta, ekTog amd v TPosoAr] Twv aywywv, 0 USpAapyupos ExeL
KATAOTPENTIKY €emiSpacn otov €LomMAONO, KUPIWG OTIG HOVASEG KPULOYOVIKIG
emelepyaoiag, kot Toug katoAVTeS. Efaitiag Tng kavotntdg TOu va oxnuaTtilel
apoAyapata pe aAda pétaiia (Al, Cu, Zn, Ni k.a.), Tpokadel Stafpwon otov EomAlond
elte yati Ta apodydpata elval o vBpavota amd To KaBapo PETAAAD E(TE YIAT, OTIWG
OTNV TEPITITWON TOU AAOVUIVIOU, TO AUAAYAUA AVTIOPAE PE TO VEPO TPOG OXNUATIOUO
ofeldlov Tou peTdAAov kat eAevBepouv Hg, pe amotédeopa va emavadapfavetal
Sadikaaia ™g Stafpwong pExptL 6Ao to Al va o&eldwOel [9].

[Tapad ™V Po0do TNV KATAVOTOT) TWV UNXOVIOU®V KXL TN SIKBEGIUO T TA CUCTNUATWY
mPOANYNG ™G péAuvveng tou eLoTAOUOV UE LUSPAPYLPO, 1 VTAPEN TEPAUATIKWY
SeB0UEVWV OXETIKA UE TNV KIVITIKI] KAL TOUG UNYQVIOUOUG TIpoopo@nons udpapylupou
0TI TOYWHATA TwV XOAUBSVwY aywywv elval meploplopévn. To yeyovos auto, oe
ouVOLAOUO PE TNV EUTILOTEVTIKN TOALTIKY NG PBlounxaviag meTpeAaiov Kat @UOLkoy
agplov oxetikd pe TN dnuocicvon alldémiotwyv Sedopévwy, KaOGTA TPOKANGT TNV
QVATITUEN EVOG LOVTEAOU TIPOGPOPENONG USPAPYVUPOL GE Ay WwYOUS.

0 okomo6g NG Tapovoag AtmAwpatikig Epyaciag eival 11 avamtuén evog HovTEAOU Yo
™MV TTPocpOENoN/eKPOPNGT VEPAPYVPOV GTOUG AYWYOUS UETAPOPAS PUCIKOV aEpiov,
To omoio Baciletal otnV amAoTomuévr TTPOCEYYLOT] TNG GUGGWPELGNG LVEPAPYVPOU,
AGY® @UOLKNG TIPOGPOPTOTG TOV OTNV XAAUBSIVN empdvela evog aywyoU. To povtédo
EKTLUA TO XPOVO TIOU ATALTEITAL YL VX (PBACEL ] GUYKEVTPpWOT VSPaPYyLPOU TNV lcod0
™m¢ povadag emegepyaciag to Kpiowo Oplo, Tov TLTKO opiletal (oo pe 10 ng/Sms.
EmmA£ov, TOpAYEL TA XPOVIKA EEAPTWUEVA TIPOPIA CUYKEVTPWOEWV Kal KAALYNG NG
ETILPAVELXG TOV AYwYoU yla TIAT100G GUYKEVTPWOoewVY £l606ov (100-5000 ng/Sm3) kol yix
SLOPOPETIKEG TIUEG TIPOCPOPNTIKNG LKAVOTNTAS Tou aywyoU (0.0038-10 g/m2) . To
HOVTEAO KATAOKEVAGTNKE UE TN XP110M Tov Aoyilopikov MATLAB [10].

Apxwkd, Sie€ayetal BIBALOYPA@IKY AVAOKOTNGT OXETIKA pe TOaveEG peBoOSoug
OUOCWPEVOTGUSPAPYVPOU 0 UETAAALKES eI avVELEG. H Tpoapd@non elval pia Siepyacia
KOTA TNV oTIola £va 1] TEPLOCOTEPA CUCTATIKA TIOV TEPLAQUPAVOVTAL G £va VYPO 1] A€PLo
PEVUA LETAPEPOVTUL EKAEKTIKA (TIPOGPOPNUEVEG OVUGIEG) OTNV EMLPAVELA EVOG OTEPEOV
(TpoopoPNTIKG HEGO/TPOGPOENTNS), OXNUATIOVTAG Eva Loplakd 1§ aTopkd @A [11]. H
EKpO@NON TEPLYPAPEL TNV avtiotpopn Swdikacioa. Avddoya pe 11 @UON TWV
Stapoplakwv Suvapewv PeTadd TOU TPOCPOPNTH KAL TNG TPOCPOPNUEVNG ovciag, M
TpoopdPNoN UTopEl va xwploTel e §V0 KATNYOPIEG: PUOIKY TIPOCPOENON KL XNULKY
Tpoopo@non (xnuewoppoenon)[12].

H TA£L0VOTNTA TWV EMOTNUOVIK®V EVPNUATWY YIX TNV TPOSPOEN o LSpapylpov o€
ETPAVELEG, ETIKEVTPWVETAL GTNV TIPOCPAPNOT VEPAPYUPOU OE LOVOKPUOTAAALKA VALKQ,
EVW YO TIOAVKPUOTOAALKG elval oAU Teplopiopévn. H BiBAloypagia eplapfdavel tnv
UEAETN TPoopOPNONG VEPAPYVPOL OE HOVOKPUOTAAAOUG apylpou Kot xpuooL [13],
KaBWG KAl 08 LOVOKPUOTOAALKEG KL TIOAUKPUOTOAALKEG ETLPAVELEG yaAkoU [14, 15],
Pevdapylpov [14, 15], kat owdnpov [14, 16, 17]. H a§loAdynomn ™G Tpoopd@Nnong o€
TOAVKPUOTOAALKA Selypdtwv éAaBe xwpa tooo og Beppokpacia Swpatiov (RT) 298 K
600 xalL oe yaumAn Oeppokpacia (LT) mouv kvpaivetar amd 82-111K. EmumAfov,
StepevvnOnke n emiSpaon ¢ "HOALVVONG" GTO UNYAVIGHO TIPOCPAPEN NG LSPAPYVUPOL YL
Ta (Sl StaoTpata Beppokpaciag, pe Tpoemeiepyasia TV KABaAp®V TOAVKPUGTAAAK®DV
ETILPAVELWOV UE XAWPLO KaL ouyovo [14].

Ol TELPAUATIKEG LETPNOELS YIO LOVOKPUOTOAALKEG eTLPAveLeS [13, 14, 16], ouoLaOTIKA,
emBefatwvovv TV oYLPN €EAPTNON TNG POENONG amd TNV BOepuokpacio Kot
QATOKOXAVTITOUV TIG LOXUPEG OAANAETIOPACELS HETAEY TWV ATOHWY LSPAPYVPOL TIOV



mpocpo@®vTal. Ol aAANAETISPACELS QUTEG, AOYW TNG ATMWOTIKNAG @UOoNG Tovg, elval
UTIALTIEG YA MElWONG TOU EvEPYELOKOV PPAYHOTOG OV TIPETEL VX UTIEPTINST)OOLY T
ATOMO TOU USPAPYUPOU KATA TNV €KPOPMNOT, UEYEBOG YVWOTO KOl WG «EVEPYELA
evepyotmoinong ekpdenons». ‘Etol, pe avénomn tou mocootol KOPEGUOU, avauéveTal
uelwon ™™g evépyelag evepyomomong exkpoenong. EmimAgoy, yivetal avagopd otnv
EU@avion Touv «compensation effect» to omoio agopd oxvpn cuoxETion PETAED TOL
TPOEKOETIKOU TIHPAYOVTA TNG EKPOPTOTG, V, KALTNG EVEPYELAG EVEPYOTIOIMON G EKPOPTONG
oe undevikn kaAvym emupavelag, Ep [18]. Zuvoyilovtag Ta AMOTEAECUATO TNG
TPOGPOPENONG LEPAPYVPOL GE TTOAVKPUOTUAAKEG eTTLPAvVELEG [14, 15, 17], StamiotwveTal
OTL oL yaunAég Beppokpacies cupfarlovv oty mMPoopdPNAT LVEPAPYVPOU AOYW TNG
@PLOLKNG Tpoopo@nong. To XAwplo €uvoel TNV TPocopoENoN VEPAPYVPOV, KABWG
mapovotaletat avinuévn kdAuvym v8papyvpov ce Xauniég Oepupokpacies oTov
TOAVKPUOTOAALKO (610, XaAkO kal Yevdapyupo. To o&uyodvo, wotdoo, Bpednke 6TL Spa
VOO TAATIKA TNV pOENoN Tou LSpapyvpov, Wiaitepa og Beppokpacia Swuatiov. Me
Baon v avackommon s BBALOYpa@iag, Le EPEAOT] OTIG TOAVKPUOTAAALKES ETILPAVELEG
oL81pov, CLVAYETUL TO cLUTIEPACUA OTL o Beppokpacia Swuatiov, oL omoieg eivat Lo
KOVTA o1n Ogppokpacia Asttoupylag Tou aywyou, 1M TPOoPOENCT LSPAPYVPOL
meploplleTal oTOV OYMUATIONO povootolfadag. Qotdco, kabws ol aywyol @uaolkol
agplov eival katackevaouévol amd ydAvBa, kpaua SnAadn odripov kal avOpaka,
KpIvETAL avaykaia 1) HEAETT) TWV UNYAVIOU®V CUCCWPEVONS LEPAPYVPOL o€ XAAVPBSIVES
ETILPAVELEG.

Ot Wilhelm & Nelson [19] katéAnav OTL €vag 1 TEPLOTOTEPOL ATIO TIG aKOAOUVBOLG
unxaviopoVs eival vmevbuvol yia m pdenon vdpapyvpov 6Tov E0TAIOUO KOl GTOUG
aywyoug.

a) duokr) TPOCPOENON GTNV ETLPAVELA TOV XAAVPa.

B) duokr) TTPoopOPNON OE EMPAVELNKEG EvaToBETELS 0&eLlSiov o181 pov Kat Belovxov
olénpov.

Y) AvtiSpaon pe 1| / Kol EVOWUATWOT O EVATIODETELS TNG ETLPAVELAG.

6) llpoopd@NON 6TO KPUOTAAALKO TIAEY A TOV XAALLQ.

€) llpoopo@non ota GpLa TWV KOKKWV TOU XAAUBa KAl avTiSpaoT |LE TOTIKES EVWOELG,.

0T) ZYNHATIOROG AUOAYANATOG HETAEY LSPAPYVUPOL Kol XGAVSa.

Y& ovppwvia pe Ta eupnuata Twv Jones kat Perry [16], n épeuva twv Wilhelm & Nelson
[19] amoppimtel TNV poé@NON TOL VEPAPYVPOV GTO KPUOTAAALKO TAEYUX TOU OL81pov
AOY®w TOU OXETIKOV pPeYEBOUG TwV aTOPWVY VSpapyvpov. H Sidpetpog Twv atopwv Hg
toovTal pe 0.296 nm, kat eivat peyaAvutept Tov SLabEatpov xwpov avapeoa ota atopa Fe,
N Sapetpog twv omoiwv eival 0.287 nm. EmumAéov, 1 mbavotnta avtidpaons mpog
OXNUOTIOUO AUOAYAUATOG OE Ay wyoUS HETAPOPAS agpiov Sev vplotatal, Se5ouévng tng
aéplag @AoNG Tou LSPAPYUPOU OTO EOWTEPIKO TWV Aywywv. Ielpdpata oe pkpd
xaAVBSwva Selypata (steel coupons) ekteBelpéva oe atpovs VEpapyHpov amokdAvyav
OTL M pOENON OTO KPUOTOAALKOU TAEYUATOG TOU XAAUPA 1] OTA OpLal TWV KOKKWVY Sgv
Aapfavel otovg xaAUBSvoug aywyous, e@ocov dev Tapatnpnnke petafoAn otig
UNXQVIKES TOUG LBLOTNTESG [19].

Q¢ amoTéAETHQ, | XTHELOPPOPNOT OTIG EVATIODETELS TNG ETMPAVELNG KAL 1) (QUOLKN
TPOCGPOENOT @AlveTAL VA Elval oL KOpLOL UnXavIopol cucewWPEVAN G LVEpaPYVUpoL. QoTOOO,
0 OXNUATLONAG Belovxov VEpapyVpov (HgS), dtav o udpdpyvpog avTidpa pe To vEPAdbelo
(H2S) mou Bploketal SLoAEAVUEVO OTO QUOLKO AéPLo, KABWEG KAL 1| EUPAVIOT XMUKA
evowpatwpévou Hg?t oto oeidlo Tou o1dnpov, avtiotoryovoav og Atydtepo amd 10% tov
OUVOALKOU USpapyVUpou Tov TpoopoEnOnke amd Tto efetaldpevo Seiypa. Avt n
TapaTipnon kablotd T @UOIK Tpoopdenon LTELOBUVVY Yyl TN GUOCWPEVLON
VSPAPYVPOL KATA UNKOG TOU aywyoL [19].

Ev ouveyeia, gpevvatal n Omapén LovTéAwv TPoopo@nong VEPAPYUPOL GE aywYoUs
otV BiBAoypapia. Ot SNUOCLEVUEVES ETILOTNLOVIKEG EPYNCIEG ETILKEVTPWVOVTAL KATA
KUpLo AGY0, 0TI HETAPOPA PUTIWYV, OTIWG TO APCEVIKO KAL TO YAWPLO, OTA CUCTIUAT
Stavoung vepov (WDS)[20-22]. Ot o18epéviol CWANVEG, TIOU XPTOLLOTIOLOVVTAL Yl TN



UETOPOPA TIOGLUOU VEPOU, VTIOKELVTAL SLABPwoT), YEYOVOS TTou Snpovpyel ToAVApLOuES
QVNOUXIEG Yl TNV TOWOTNTA TOU VEPOU. AOY®W OUTWV TWV QVIOUXLWV, 1] OVATITUEN
LOVTEAWVY TIOU TEPLAAUPBAVOUV (PALVOUEVA TIPOGPOPTOTG, EKPOPNONG KUl UETAPOPAS
U&laG evpPYNOoe WG AmMAPAlTNTN EMEKTAON OTO AOYIOUIKO HOVTEAOTIONGNG TOU
ovotiuatog Stavouns vepol EPANET mov avamtiybnke amd tov Opyaviopo [Ipootaciog
[epiBairovtog TG Apepwavikng kuvfepvnong [23, 24]. Me Bdaon Ta pOVTEAX
TpoopoPNoNg PUTWV O€ aywyoUG VEPOU, HE KOTAAANAN TPOCOPUOYT) OTNV
TOAVTIAOKOTNTA TNG POPNONG SLHAVUEVOU GTNV AEPLA PACT) VEPAPYVPOV GE aYywyoUs
UeTa@opds PA, TPoKVUTTOUV oL KUPLEG UETAPANTEG TOU LEAETWUEVOU (PALVOUEVOL Kol
aKoA0VO WG, EMITPEMETAL N LABTUATIKT] TOU SLATUTIWOT).

H mpoopopnon vdpapyvpouv oe aywyols A meprypagetal and tpla Sexwplota
PALVOUEVA, TNV EOVIKT| POT] TOU AEPIOV (KL GUVETIWS TOV aépLov VSPapPyVPOL) EVTOS TOU
QYwYov, TNV aKTWIKY pon uSpapylpou amod tov kUplo 0yko tov agpiov (bulk gas) oto
OTAOLUO OPLOKO OTPWHX KOVTA 0T TOYWHATA TOU aywYyou (stagnant boundary layer)
Kal TNV Tpoopo@nomn vdpapylpou oty eMPAVELR TOU XdAvBa. Opoiwg, N avtioTpoen
Stadikaaoia umopel va AaBel xwpa, dTov eva dtopo vdpapylpou uTopel va ekpoen el amd
TO TOolYWHA TOU aywYyou Kat va Staxubel miow otov kUplo 0yko Tou pevotov. To
@avopevo Bewpeital Loobepo.

Mo v meptypa@n ¢ pong tou agpiov oty afovikn Sevbuvon, emAEyeTaL 1)
SLaKpLTOTIOIMON TOU aywyoU o€ TUNUATA, OTIWG amelkovietal oto Zxnua 1. Evtog kdbe
TUNHATOG, YiveTaL 1) Tapadoyxn 6TLT por] TOU aePiov GTOV KUPLO OYKO pEVGTOV Elval KOAX
OVOUEUELYHEVT, A0YW NG TUPPWSEOUS UONG TNG KAl WG ATIOTEAECUA, | 6UVOEST TOV
agplov KAl OAEG Ol EVTATIKEG KAl EKTATIKEG LOLOTNTEG TOUL eival opoldpopepes. H
SLOKPLTOTIOMON TOU aywyoU XPNOLUOTOLEITAL EMITIPOCOETWS Yoo TNV EKTIUNON NG
TTWong mieons Adyw tpwv. H afovikr pon tov udpapylpou meptypd@etat pabnuatikd
atd To avtioTolXo LoolUylo Halag oTov KUPLo OYKO Tov aepiov.

(\/WW\/\ AYAYAVAVAYAYA
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Zxynua 1. Ataxpitomoinon aywyov otnv aéoviki) StevBuvon.

[
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0 v8pApYLVPOG péEL ETTIONG GTNV AKTLVIKT KATEVOLVOT ATIO TOV KUPLO OYKO PEVGTOU TIPOG
TO OTACLUO OTPWHA, OTWGS amelkoviletal ato Zynua 2. H xAaoowkr mpocéyylon tou
0pPLAKOU OTPWUATOS XPNOLUOTIOLEITAL YIX TOV TPOOSLOPIOUd TOu puBUoU HETAPOPAS
HAloG KATA TNV TPOopO@NoN Kat TNV EKpo@Nnon Tov udpapyvpou. Ta dtopa vépapyvpov
Staxéovtal amd Tov KUPLo OYKO HECW TOU GTACLUOU OPLAKOU OTPWHATOG, TO OTolo
QVTLTTPOOWTEVEL OAT TNV AVTIOTAON UETAPOPAS HALAG, TPOTOU po@NBoUV OTIG KEVEG
B¢oelg Tov YaAUPSIvou Tolywpatos. H ouykévtpwon vdpapylpou 0To ECWTEPLKO TOU
0pPLaKOU OTPWHATOG KOVIA OTNV EMUPAVELX TOU aywyol Bewpeital otL BpiokeTal oe
LOOPPOTIX [LE TOV TIPOCPOPNUEVO VEPAPYVPO OTNV ETILPAVELX TOV aywYyoU. H TupBwdng
pon] Tou A Tov odnyel oV KAAN avaul€n Tov aepiov, EMTPEMEL TNV TTAPaSoxX| TOV
otafepol TPOPIA aKTVIKNG OLYKEVIPpWONG. LTV afovikn katevBuvon, n taxLINTA
Bewpeital undevikny 6To OTACIHO 0plaKO oTpwua. Emopévwg, omoladnimote afoviky
HeTapopd ualag Bewpeital apeAntéa. H cuykévtpwon vdpapypou 6To GTACIO CTPWUA
Stapop@®VETAL HAOMUATIKA a1td TO 1oolUylo Palag v8papyVPOL GTO CTAGIUO CTPWHA.

Pipe wall

Stagnant boundary layer

Bulk gas

Zynua 2. Ameikovion tng petapopdas uadas Hg otnv axtwvikn Stevbvvon.



AgSopévou O0TL 1 pdenon elval Suvaukd @awvopevo, N avtiotpoen Sadikacia ™G
EKPOPNONG ATO TNV EMUPAVELA KL TN SLAYVONG GTOV KUPLO OYKO TOU AapBdvouy xwpa
Tautoxpova. ‘Otav to ovotnua @Bdacel oe Begpuoduvapikn ooppotia, o PLOUOG
TPOGPOENONG Kal ekpopnong eflowvovtal. H mpoopopnon povtedomoleitar wg un
EVEPYOTIOIMUEVT], PUGLKN TIPOGPAPNOT LEXPL OYXNUATIOUOV LOVOOSTPWHUATOS VSPapPYyVPOU,
EVM 1 EKPOPTOT WG XNIUKN avTidpaon HETAE) TwV ATOHWY VEPAPYVPOU TNG ETILPAVELS
KOl QUTWV IOV EKPOPWVTAL.

Ta pavopeva oV PEAETOVTAL 0TS SV0 SLEVOVVOELS TIEPLY pAPOVTAL ATIO TPELS CLUVNOELS
Swapopikéc e€lowoelg (EE1-EE3). H afovikny pony Tou udpapylpouv Teplypa@eTal
HOONUATIKE amo TNV avtioTolyo woolvylo palag tov Hg atov kOplo 0yko tou aepiov pe
OVYKEVTPWOT Chuikirg), EE. 1,1 ouykévTpwon v8papylpov 6To GTAGIUO GTPWUQ, Cstagnant(Hg),
TPOKUTITEL ATLO TO LooQUyLo pdlag vépapyvpov oto otdoiuo otpwpa (EE. 2), evo n EE. 3
eEK@PAlel To pLOUO TPOCPOENONG KAl EKPOPNONG GE OPOUG KAAUYNG ETILPAVELNG TOU
aywyov, 8. Ta vmoroima pey£6n mov Aapfavouv UEPOG OTIS SLAPOPLKEG ECLOWOELS ElTE
vmoAoyilovtaL amo v kKatactatikn e§ilcwon UMR-PRU [25], n omtola €xel amodederypéva
KaAn amd8oom 6T piypata guotkol aepiov, eite amd KATAAANAEG OXECELS GTNV Trieom KAl
Beppokpacia Tou eEkAGTOTE SLAKPLTOV TUTUATOG.

AChuik(Hg)(tn) _
dt

Fyol in(tota) ™ [Cbulk(Hg)(t'(n_1))_Cbulk(Hg)(t'n)]+km(n)AStagnant[Cstagnant(Hg)(f‘n)_cbulk(Hg)(t'n) EE 1
Vbuik () ’
dé(tn
ACstagnant(Hg)(tn) _ km(n)Astagnant[Cbulk(Hg)(t-n)_csmgnant (Hg)(t-n)]‘#)Apipe‘ImaXSSA EE 2
dt Vstagnant(n) ’
dae(tn) _ _ (P(yHg)Cstagnant(Hg)(tvn)ZRTNA . 50(1—9(t,n))

(s1-268200n)y gg 3

= Rateyys — Rateges = —vO(t,n)exp[— e

MW(H_g) IZTL'MW(Hg)RT Nomax

dt

To cVomua TwWV TPLOV SLHPOPIKWOV EELOWOEWY eTAVETAL SLadoXIKA Yyt OAx TQ
TUNHata og k&Be xpovikn otiypn. Katd v avamntuén tov povtédov, ot PeTafAnTég
KATOXWPOUVTAL E(TE WG XWPLKA EEAPTWUEVEG EITE WG XWPO-XPOVIKA EEAPTWUEVES.
EmumA£ov, 0 xpovog amoteAel cuveyn LETABANTT, EV® 0 XWPOG elval SLakpLtn LETABANTY.

To povTéAo EMAVETAL XPTOLLOTIOLWVTAS TOV Evowpatwévo MATLAB solver ode15s ywx
akopnta (stiff) cuoTpata cLVBWV SLPOPIKWVY EELCWTEWV.

ZTNV avAAV O TTEMEPATUEVWV OTOLYEIWV, 1] TTUKVOTITA TOU TIAEYUATOS ELval Eva KpIoLLo
Bépa mov oxetileTal oTeEVA pPe TNV akpifela TG AVong, evw kabopilel aueoa To emimedo
TOAVTIAOKOTNTAS TOU povTédou [26]. Qotdoo, TMAEypata vymAdTEPNG TUKVOTHTAG
ouvvnBwg xpeldlovtal TeEPLEGATEPO XPOVO Yo va eTTIALVOOVV. 'l To Adyo oo, eeTATTNKE
Slakpltomoinon Touv aywyov og 50 £ws 1000 TpuqHaTa. ALATOTOONKE OTL KATATUN 0N TOU
aywyov o€ 500 Tpata Kat Avw, Sev ExeL eMISpacT TNV akpiBELX TWV ATTOTEAECTUATWY
TOU povTéAov. AeSopévou OTL T ETAOYT TOU aplBpoU TWV TUNHATWY 0TO TAPOV LOVTEAO
yivetal pe kprmplo v akpifela g AVong aAld amoteAel «oupuPiBacud» petafd Tov
UTIOAOYLOTLKOV XPOVOU Kol TNG akpiBelag g Avong, emAéxOnkav 800 Tunpata.

Tl TV emiAvon TV SLaQopPIKWV EELOWMOEWY, ElVAL ATIHPAITNTOG 0 TIPOGSLOPLOUOG TWV
APXLKWV OPLOK®WY CLVONK®OV Kal TG ouvOnNkng e€0dov. Zuykekpluéva, otav 1o PA
ELOEPYETAL VLA TIPWTT POPA GTOV Ay WYO:

i.  To Toiywua Touv aywyov Bewpeltal opaAd Kot amaAAaypévo amd amoBEcel.

ii. H ovykévtpwon tou vSpapylpou TOU GTAGLUOV OPLAKOU GTPWHATOS opileTal

UNSeVLK.
iii.  H xd&Auym g EMPAVELNG TOU TIPOGPOENUEVOL LPaPYVPOL opileTat unSevikm).
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H ovykévipwon vdpapyvpou otnv €880 tou aywyol (elcodog Tng povadag
enegepyaoiag PA) meplopiletal ota 10 ng/Sms3, mou amoteAel TV KPIOLUN CUYKEVTPWON
vBpapyvpov ANV £§060 TOU AYWYOU.

To Suvaukd povTédo TPOoPOENONG LSPAPYVUPOU OE aywyoUS @PUOLKOU agpiov
e@apuoletal oe aywyo 20 ylopétpwy mov Aettovpyel otoug 6°C. To puOIKd aéplo
ELOEPYETAL 0TOV aywYyo ota 143.2 bara, pe ovvBeom kal Tapoyn, OTIWG TEPLYPAPOVTAL
Aemtopepws atov Iivaka 1. O aywyog katatpeitat oe 800 pépn.

[ivakag 1. AeSouéva e10660v PA kaL xapaktnploTikd UeYEON aywyou.

Mapdapetpog Ty
Pin 143.2 bara
Fvol,in total 24E6 Sm3/d
T 279.15K
L 20,000 m
dpipe 0.7112 m
n 800
votaon PA
ZUoTATIKO T'pappopoplakod KAGopa
YS8papyvpog 5.87462E-10
Awo€eldlo Tov avBpaka 2.86724E-2
MeBdvio 8.04302E-1
ABavio 9.4531E-2
[Ipomavio 4.45561E-2
IooBovtavio 5.77915E-3
K-Boutdvio 1.14475E-2
Ioomevtavio 2.30854E-3
k-Ilevtavio 2.26116E-3
Nepo 6.60068E-8
AlwTto 6.14254E-3

Ta oamoteAéopata TG TPocopoiwong Y 12  Slo@OPETIKEG  TEPLTITWOELS
kataypd@ovtal otov ITivaka 2. Ot TEPITTWOELS APOPOVV 3 SLAPOPETIKEG CUYKEVTPWOELS
€lo68ov v8papyvpov 5000, 1000 kat 100 ng/Sm3 kat Yl kB TePIMTTWOT KAAVTITOLY 4
SLLPOPETIKEG TLUEG TIPOCPOPT TIKNG LKAVOTITAG TG ETLPAVELAG TOV arywYoU. H pikpdtepn
TIPOKUTITEL ATO TA TEPAUATA TwV Jones & Perry [16], 800 PETPLEG EKTIUNOELS ATIO TN
ueAétn Wilhelm kat Nelson [19] ywa Bropnyoavikd aywyo A kat pia vPmAn tuy.

Iivakag 2. Amotedéopata povtélov mpoopopnons Hg oe aywyovs @A.

MeAeTwpevn Tuykévtpwon Hg EwSwkn Xpdvog Ttov amatteital WoTEN
mepinTwon oty gicodo (ng Em@aveila- ovuykévtpwon e£68ov va @BdosL
Hg/Sm3 ®A) SSA(m2/m?) Ta 10 ng/Sm?3
hours years
1-0 5000 1 1.5
1-1 5000 160 223.4 -
1-2 5000 263 367.1 1.0
1-3 5000 2632 3673.3 10.1
2-0 1000 1 7.2 -
2-1 1000 160 1141.8 3.1
2-2 1000 263 1876.8 51
2-3 1000 2632 18781.9 51.5
3-0 100 1 73.6 -
3-1 100 160 11759.1 32.2
3-2 100 263 19329.0 53.0
3-3 100 2632 193436.3 530.0
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m3

ng/t

Cbulk

EVSEIKTIKE, T TIPO@IA GUYKEVTPWONG aTNV £€060 TOU AywYOU HE TO XPOVO ATIO TNV apxM
TOU (ULVOUEVOU WG TOV TIATIPT] KOPEGHUO TOU aywyoU, TAPOUCLAJOVTAL YlA TLUN ELOIKNG
emupavelng (SSA) ton pe 160 m2/m2 yia 600 SLPOPETIKEG GUYKEVIPWOELS £LGOS0V
vépapyvpov ota Zynuata 3(a) kot (B). Emmpdcobeta, ota Zynuata 4(a) kot (B),
TapATIBETAL TO HETWTO KAAVYIMG TOV Ay wYyoU TNV XPOVLIKN oTLyur| tov breakthrough, ywa
™V (81 CUYKEVTPWON LGOS0V XAAA YO SLPOPETIKES TIUESG SSA.
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Zxnjua 3. Zuykévipwon vdpapyvpov atnv €060 TOV aywyoU cuVaApPTHOEL TOV XPOVOU YIX GUYKEVTPWON
eLaddov vépapyipov (a) 5000 ng/Sm3 kat SSA=160 kat (b) 100 ng/Sm3 kat SSA=160.
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Zxynua 4. Métwmo kaAvyng Tov aywyol yia cuykéVTpwon toodov vépapyvpov 1000 ng/Sm3 kat
(a) SSA=160 (b) SSA=263.
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Ta amoteAéopata eival EVOEIKTIKA TV KUPLWV TACEWV:

a. T xpovoug ov pornyolvTal TNG aVENCN G TNG GUYKEVTPWONS VSpapylPoU GTOo
kpilowo opo twv 10 ng/Sm3, Sev aviyvedetal vépdapyupog atnv ££080 ToOU
aywyov.

b. AvU&nom ™¢ cLYKEVIPWONG TOL UEPAPYVUPOL aTNV (6060, 06N YEL, WG avapéveTal,
o€ pelwomn tov xpovou mov amatteitat ywa breakthrough ywax v (Sia tipn etdkng
emupavelxg (SSA) tou xaAUBSwvou aywyol. O xpovog autdg elval oxedov
AVTIOTPOPWS AVAAOYOGS TNG CUYKEVTPWOTG TOU LSPapPyVPOL TNV eicodo.

c. O xpovog uéxpt mn ovykévtpwon otnv £odo va @Bdoel v kplown T,
UETABAAAETAL AVOAOYIKA HE TNV TIPOCPOPTTIKI] IKAVOTNTA 1) LGOSUVAUQ HE TNV
e8Ik emEaveLa (SSA) yia TV (8la eLogpXOEVT) GUYKEVTPWOT LEPAPYVUPOV.

d. Htun SSA 8ev emmpedletal TO HETWTIO TNG POPNOTG.

e. Outmapatnpnoels b kat c 0dnyovv oTny earywyr| LLOG ETTLTUXNUEVNG OXEOTG LETAED
Touv Xpovou Yyl breakthrough, g el8ikng emupdavelag Touv aywyol KAt TNg
OUYKEVTPWOT) L6060V LSPAPYVPOUL.

H moapapetpikny avdAvon gvaobnoiag eival gl CUCTNUATIKY TPOCGEYYLON Yld THV
mPOPAeY TG evaleBnoiag Tov povtéAdov ot mBaveG ardayés. EmSuwkovrtag va
Stao@aiioBein afloToTia TWV AMOTEAEGUATWY KAL VA KATAVOT|B0UV KOAUTEPA OL OXETELS
uetafV Twv ueTtaPAntwv el06dov kat e€680v, Tposdlopilovtal ol aféPales TapaueTpoL
Kol Slepguvatal 1 emidpaot) Toug otov xpovo tou breakthrough kat otnv kdAvym g
ETILPAVELXG. Z€ TIPOKATOPKTIKO OTASL0, UTIOAOYI(OVTAL OL TIAPAYWYOL TWV UETAPBANTWV
TOU HOVTEAOV, Chuik, Cstagnane KL B, BACEL TWV TAPAUETPWV TIOV ER@avifouv afefatdtnTa
KAl UTEG €lval 0 OUVTEAEGTNG UETAPOPAS UALAS, Km, O CUVTEAECTNG TAONG SLAQPUYTG
VSPAPYVPOV, PVHy KAL O CUVTEAECTNG CUUTLESTOTNTAG, Z. O GUVTEAECTNG UETAPOPAS
ualog, km, ep@avifetal va cUUBGAAEL OMUAVTIKA OTX OTMOTEAEGUATO TOU HOVTEAOU.
Evtoutolg, OSiepeuvdtal, evdedexwg m  emidpaocn OAwV TwV  TpoavapePBEICWOV
TAPAUETPWY, 1] TTAPASOYN TIOU aOPA TO TAXOUG TOU GTACILOU 0pLOKOV GTPWUATOG OTA
OpLO TOV TOLYWUOTOG TOV aywyoU TOU UTIELGEPXETAL 0T LloolUYLa LAlag e TOUG Gpoug
TWV OYKWV EAEYX0VU, KABWG KAl TAPAUETPWY TIOU OXETI(OVTAL E TNV KLVTTIKT], OTIWGS O
TPOEKOETIKOG TAPAYOVTAS TOU PUOLOV EKPOPNOTG, V, KAL 1] EVEPYELX EVEPYOTIOMONG TNG
SKp(’)(pT]GT](,', Eo,des.

[Tapatnpeital OTL pioe kP HEIWOT) TOU CUVTEAESTN HETAPOPAS UALAG, Km, CUUPBAAAEL
0€ TO WKPO OAAQ ET{UNKES METWTO POPNONG KAL ATIOTOUN TITWOT TOU XPOVOU YlX
breakthrough. O cuvteAeotg petaopds palag, km, efaptatar amd to EweG, TNV
TIUKVOTNTA KL TOV GUVTEAEDTY] SLdYuonG Tou agpiov. G €k TOUTOV, elval PEyebog Tov
TIEPLEYEL OTNUAVTIKEG AVACPAAELEG KL 1) AKPLPNG EKTIUN 0N TOL amoTeAel TTpoDTOOEDT) YL
™V eMTLXN AvATTLEN TOL POVTEAOV. ‘'O00V QPOPR TO CUVTEAEGTH GUUTILEGTOTITOS TOU
DA, Z, wa petafoin £ 10% otnv T Tov, 0w auTh) VTToAoy(oTnKe [ To povtédo UMR-
PRU [25], odnyel o€ peTatdmion Tov mpo@iA kaAvymg Tov aywyov. AvEnomn tou Z, odnyel
0€ HKPATEPT KAL TILO ATTOTOUN KAALVYM TNG ETILPAVELXG TOV, KAL OTIWS EVAL AVAUEVOUEVO,
uelwon Tov XpOvou TIoV ATALTEITAL VLo VX (PBACEL ) GUYKEVTPWOT TOL VSPAPYVPOL TNV
€€060 ta 10 ng/Sm3. Ta amOTEAéOMATA TOU HOVTEAOU 8eV TPOLCLAlOUV Kapio
evaoOnoia otnv aAdaynq TOU OGUVTEAEOTH TAONG SLA@UYNG, @Vmg KAOWG KAl OTIS
UETABOAEG TOV TIAYOUG TOV 0PLAKOU GTPWUATOC.

Ol KWWNTIKEG TTAPAUETPOL TNG POPNONG Kol TNG eKPOPNONS elval WSiaitepa afiéfaia
Heyedm, Sedopévng g EAAeWmG TEPAPATIKOV SESOPEVWOV TIOU VA TEPLYPAPOLY,
AETLTOUEPWG, TNV KLV TIKT] TIPoapo@nong udpapyvpou oe xaAvBa. I'ia To Adyo autd, atnVv
mapoVoa Atmiwpatiky Epyacia, xpnowwomombnkav eSopéva ou MPOKVTTTOUV ATIO
TEPAUATA POPNONG O UOVOKPUOTAAAOUG odrjpov [16]. H avdAvon evaioBnoiag
emBefatwvel v Vmapén tou “compensation effect” petadh touv v kat to Eo kot
VTIOYPAUUIZEL TN onuacio TG XPNoNS Toug we (evyr, 6NV EKEPAOT) TOU PLUOUOV TNG
ekpopnong yw aélomota amotedéopata. Metadilovtag kdbe mapayovta Eexwplota,
Tapatnpeltal peTafoArn oto xpovo tov breakthrough kat otnv kdAvym g empaveiag. H
ox£€0m HETAY NG EVEPYELAG EVEPYOTIOMONG KL TNG KAALYING TNG EMUPAVELXG ELPAVIETL



Sevtepov Babuov, wotdéco Sev emmpedlovTal TA ATOTEAEGUATO TOU HOVTEAOL, OTAV
XPNOLUOTIOLELTAL YP ALK CUVAPTNON TWV HEYEDWV.

Metd amd W EMTUXMUEV AVAAVOY €UXOONGlAG, TO HOVTEAO QVATITUCGETOL
xpnoiuomowwvtag to epyaieio Aspen Plus Custom Modeler [27]. AeSopévou 6TL TO
LOVTEAO ATIALTEL TOV VTIOAOYIOUO OPLOUEVWY ISLOTHTWVY TOV TOIKIAAOUV avdAoya UE TO
Xpovo kat Tnv amootaoct, To ACM emitpenel n SEaywyn €0WTEPIKWY UTIOAOYLOUWV
xpnopomowwvtag to Aspen Physical Properties Engine, amAomowwvtag £tol tnv
Stadikaaoia emiAvong. To Beppoduvapikd HoVTEAD TTOU XPNOLUOTIOLEITAL Elval I KUBIKY
kataotatik efiowon Peng Robinson [28], pe pndevikés Suvadikés mapapéTpous
oAAnAemiSpaong. To pnkog Tou aywyol SLHKPLTOTIOLEITAL KATA avTloTolXiot pE TNV
Slakpitomoinon oto MATLAB kalL To oUomMUa TwV SlO@OPIKWOV  EELOWOEWY,
0AOKANPWVETUL XPOVIKG Xpnoluomolwvtas eite T uébodo Implicit Euler eite ™ pébodo
Runge-Kutta [29].

['a va emaAnBevBet n opb1 avamtuén tou povtédou ACM, apxlkd, n Tpocopoiwon
SLECAyETUL O€ LOVIHLEG KOL UT] LOVILEG TUVOTKES YL TOV EEETACOUEVO AYWYO, UE BESOUEVEG
TAPAUETPOVG KOl TA amoteAéopata  ovykpivovtat IlpokUmrtel tadTion Twv
OTIOTEAEGUATWV.

Ev ouvexela, To povtédo emektelveTal oe epyarelo aAANAeTiSpaon g pe Tov xpno,
Stvovtag v SuvatdmTa UEALETNG TOU QULVOUEVOL TNG POPNONG GE OTOLOSNTIOTE
XaAUBSIvo aywyo ue omoladnimote cVotact PA. O xprioTnG apkel va eLodyeL TIG GLUVONKES
€L0OS0V PEVUATOG, TA XAPAKTNPLOTIKA TOU Oy wYOoU KAL TNV EMBUUNTA TN TUNHATWYV VX
™mv Slakplrtomoinomn tov aywyov. H mpocopoiwon mapdyel TNV KAUTUAT CUYKEVTPWOTG
Tov LSpapyvpov oty ££080 TOU AYWYOU CUVAPTHOEL TOU XPOVOU, KABWG Kol TO
SLaypappa KAAUYMG NG ETLPAVELONS KATA U KOG TOU AyWwYOU, ETITPETOVTAG GTOV XPNOTN
ETOTITELX TOV PALVOUEVOL TNG pOPN OGS o€ aANnBLvd Xpovo.

H emtuymg avamtuin tov povtédov poapdenong amd to MATLAB oto Aspen Custom

Modeler amote)el epyaieio peAéme ™G pO@ENONG LEPAPYVPOL GTNV ETPAVELX AY WY WV
0€ EUTIOPLKOVG TIPOoOUOLWTEG. EmimAov, Sivel v Suvatdmrta eEaywyng Tov uovtédov
WG povada atnv maAéta epyadeiwv Touv ASPEN PLUS / Hysys [30] pe Tig amapaltnteg
TPOTIOTIOMOELS YL TIPOCAPUOYT] 0TO TEPLBGAAOV TTpOoGOpOiWOoNG.
Ev katakAeid, omv mapovoa Amiwpatiky Epyacia, avamtiooetal emituxws éva
HLOVTEAD pO@NONG LSPAPYVPOU OE AYwYOUS HETAPOPAS PUOLKOU aepiov, To oToio
amoteAel xpriowo epyadeio ywx tn Bopnyavia @uoikol agpiov, kabwg pmopel va
EKTIUNOEL TO XPOVO TIOV ATALTELTAL HEXPLT) CUYKEVTPWOT TOV LEPaPYVPOL VA POACEL o€
Kplowa emmeda Kol OUVEM®G, VA EMIOTNUAVEL TO XPOVIKO TeplOwPLlo TPOTOU N
EYKOTAOTAOT EYKATAOTACEWY EMELePyAciog VOPapylPoU YIVEL EMITAKTIKY Yl TNV
OC@PAAELN TOU TIPOOWTILKOU KL TI] GUVTNPNON TOu €&0TAGMOU. To @avOpevo TG
POENONG LEAETATAL YLt EDPOG oUYKEVTPpWOoewV Hg e1l0680v petadd 100 kot 5000 ng/Sms3
KOl Yl Sla@OopeTikéG TIHEG NG €OIKNG emupavelag xaAUBSvou aywyol. T ta
SLPOPETIKA QUTA oEVAPLA, VTIOAOYIlETAL 0 XPOVOG IOV aTALTEITAL YL TNV LTIEPLAOT TOU
oplov mpodlaypa@wv cuykevTpwaons vdpapyvpov (10 ng/Sm3), oty £€080 ToU aywyov,
KOL QVATIHPAYOVTAL TX XPOVIKA EEUPTWHEVA TIPOPIA CUYKEVTPWOTNG LVSPAPYVPOU GTNV
€€080 TOU ayWYOUL Kl KOPEGHOU TNG EMPAVELNG. TLpUTEPAVETAL OTL pla avinon ot
OUYKEVTPWOT) €16060V VEPAPYVPOV UELWVEL TOV XPOVO TIOU ATIALTEITAL YIA VoL POACEL M)
OUYKEVTPWOT TNV KpIoLUN Tiun, evw ad&nom Tng tKavaTnTag Tpospo@nong ToU CwAnva
aUEAVEL TOV XPOVO EUPAVIONG TOV VSPaPYUPOV, OTWG AVAUEVETAL ATIO TO BEWPNTIKO
uTtoBabpo ™ TpoopoEnong. H mapapetpikr avdAuon amokaAVTITEL TV EVXLoONGla TOU
LLOVTEAOU OTOV CUVTEAECTN] LETAPOPAS HALOG KOL TOV CUVTEAECTI] CUUTILEGTOTNTAS, EVQ
piYVEL WG OTNV ETAOYT TWV KATAAANAWV KWNTIKOV Tapapétpwy. Emmpoocdeta, n
EVOWUATWON TOU HOVTEAOU 0TO Aoylopkod Aspen Custom Modeler amoteAel epyaieio
TPOCGOUOIWoNG NG POENONGS LSPAPYUPOU GE AYWYOUS HETAPOPAES @UOLKoL agpiov,
TPOAYOVTAS TNV GAANAETISPAOT HE TO XPNOTN O €va SLALTEPWS ATAG 0T XpP1om
TepBAAAOV, Kal SLEVPVUVOVTAG, TOLOVTOTPOTIWG, TO KOLVO XPTOTWV TIOV ATeVOVVETAL



Ta mapamdvew o8NyoOV 0€ OPLOUEVES TIPOTACELS Yia LEAAOVTIKY] HEAETY. 'ETol, kplveTal
amapaitnTo va SlepeuvnBoUV TEPALTEP® OL KIVITIKEG TIAUPAUETPOL TNG TIPOCTPAPT 0TS Kal
EKPOPNONG TOU LVEPAPYVPOV 0 YUAVBSIVEG EMIPAVELEG ayw YWV PETa@OpAs DA KaBwg
KaL v TpooSloplafovv TEPAUATIKA LEYEDT, OTIWG 1] EL6LKN ETTLPAVELX TOV aywYoU (SSA).
AgSoUéEVou OTL TO HOVTEAOD ETIKEVTPWVETAL GTNV HOVOSTPWHUATIKY PUOLKI TTPOGPAPT oM
TOV VEPAPYVPOV OTOV XAALPBa, TIPETEL VO ETTEKTABEl TIPOKEIUEVOL VAL GUUTIEPIAGBEL OAOUG
Toug TBavoUG punyaviopols cvoowpevons. Eva mpwto Pripa elval 1 evVowUATwon Twv
XTNULK®OV avTISpACEWVY TOL VEPAPYVUPOL PE GUOTATIKG Tov PA, dTws To VEPHBeLo (H.S),
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ABSTRACT

Mercury (Hg) and its compounds are inherently traceable in fossil fuels, including
natural gas, crude oil and coal. When reservoirs are exploited, elemental mercury and the
other forms that may be present in the reservoir, partition to separated phases (oil, gas
and water) and travel throughout production and processing systems. Even if present in
minor concentration (a few ppb), different forms of mercury can provoke severe
implications during gas and oil processing.

Besides its toxic nature, mercury might be responsible for catalyst deactivation and it is
highly corrosive when interacting with materials of processing equipment, as it
amalgamates. In the past, the detrimental interactions of mercury with downstream
aluminum heat exchangers, such as those used in cryogenic hydrocarbon recovery natural
gas plants and in natural gas liquefaction plants, have been reported to result in major
industrial accidents, due to mechanical failure and gas leakage.

Mercury, as a trace component of natural gas, can be transported through pipelines,
from the well to the reception facility. However, mercury is detected in the inlet facilities
after an extended period of operating time, due to its slow accumulation, via adsorption
mechanisms, inside the flowlines. This is known as “mercury lag effect”. Once the pipe
walls become saturated, mercury will “breakthrough”. The time, prior to mercury
concentration reaching a critical point which ordains the installation of mercury
treatment units, is called time to breakthrough.

Although the interaction of mercury with steel and stainless steel is known, there is a
lack of extensive research on the primary mechanisms of mercury uptake in pipelines and
on the conditions which favour the adsorption and desorption kinetics. Considerable
scientific work is currently under way. Aside from the above-mentioned difficulties, the
confidential character of the gas and oil industry impedes the publication of valid field
and experimental data.

The scope of this Diploma Thesis is the development of a model for mercury
adsorption/desorption in natural gas transport pipelines, able to estimate the time taken
for mercury breakthrough based on first principles. Moreover, it provides the time-
dependent adsorption profiles of mercury for several inlet concentrations (100-5000
ng/Sm3) and pipe’s adsorption capacities (0.0038-10 g/mz2). The model was built and run
in MATLAB.

To this end, a literature review was conducted regarding possible methods of mercury
accumulation onto metal surfaces and already existing adsorption models. Hereupon, the
variables of the model are defined, the main assumptions are stated, and the mathematical
formulation permits a rigorous description of mercury physical adsorption, limited to the
formation of a monolayer. The reverse process of desorption is, also, studied. Since
segmentation is a popular approach to fluid dynamics, the examined pipeline was
effectively discretised to ensure model results’ accuracy and reduce the computational
intensity associated with solving the model. Using the thermodynamic model UMR-PRU,
which has been successfully applied to natural gas mixtures, physical properties, such as
gas density and mercury fugacity coefficient, were calculated, and the rest of the
parameters were defined by appropriate methods. Furthermore, the effect of main model
assumptions and parameters, on mercury adsorption profile and breakthrough time, was
investigated.

Afterwards, the model was developed in Aspen Plus Custom Modeler. Initially, the
simulation was run in dynamic and steady state mode, to validate MATLAB model results,
with fixed parameters. At a later stage, it was extended to serve a user-interactive
environment, enabling the study of the adsorption phenomenon in any pipeline, provided
that the user defines of stream inlet conditions and pipe characteristics.

The simulation produces the mercury concentration profile at the exit of the pipeline
over time, as well as the adsorption front along the pipe, allowing the user to closely
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observe the adsorption phenomenon in real time. The successful implementation of the
mercury adsorption model from MATLAB Aspen Custom Modeler, renders it an easy-to-
use pipeline simulation tool. It shall not be neglected that the ACM mercury adsorption
model holds, also, great potential to be integrated, with minor modifications, into the
Aspen Plus/Hysys units’ palette.

This work presents a model for estimating the time for mercury breakthrough in natural
gas transport pipelines, based on the simplified approach of mercury accumulation due
to physical adsorption onto the steel surface of the pipe wall. A systematic and thorough
approach is attempted regarding the calculation of the model parameters, and a
sensitivity analysis is employed to examine the effect of parameters’ uncertainty. The
model reveals that an increase in the mercury inlet concentration decreases
breakthrough time at the reception facilities, whereas increasing adsorption capacity of
the pipe increases the time for mercury breakthrough, as it is expected by the theoretical
background of adsorption process. An empirical equation for the prediction of the
breakthrough time as a function of the mercury concentration in the pipeline inlet and the
pipeline adsorption capacity, expressed in Specific Surface area terms, has been
developed. The parametric analysis reports the sensitivity of the model to the mass
transfer coefficient, which participates in the mercury mass transfer term to the pipe
walls and vice-versa, the compressibility factor of the gas, as well as parameters related
to desorption kinetics, such as the activation energy and pre-exponential factor.

The model of mercury adsorption is a useful tool for the natural gas industry, as it points
out the time limit before the installation of mercury treatment facilities becomes
imperative for personnel safety and equipment maintenance. For this reason, its
implementation in Aspen Custom Modeler allows its use by a broader audience.

KEY WORDS: mercury, natural gas, adsorption, steel pipelines, breakthrough,
simulation
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Modelling of mercury adsorption in natural gas pipelines

1. INTRODUCTION

Crude oil and natural gas originate from geological formations associated with ancient
basins, where organic material was chemically transformed to molecular hydrocarbons,
under conducive conditions of pressure and temperature [2]. Mercury occurs naturally in
soil and rock throughout the earth’s crust, including the formations that comprise oil and
gas reservoirs. There is still scientific uncertainty, regarding the origin of mercury in
deposits, with the most prevailing hypothesis associated with the liberation of mercury
by geological forces from the mantle, and its mitigation as a vapour to the traps in which
oil and gas accumulate [1].

The concentration of mercury in crude oil and natural gas varies significantly, based on
their geological origin. Some varieties of crude oil, processed in the USA, are estimated to
contain from 1 to 1000 ppb Hg (wt), with the mean close to 5 ppb [2]. In natural gas and
natural gas condensates, mercury concentrations typically range from 1 to 200
micrograms per standard cubic meter (pg/Scm) [1]. The world’s average for elemental
mercury in gas is not known with statistical certainty but it is thought to be less than 10
ug/Scm [4]. The amount of mercury in the reservoirs is rising, on one hand, due to
depletion of the reservoirs and on the other hand, due to the need for exploiting smaller
and deeper deposits.

A concrete approach towards categorisation of mercury species is of paramount
importance to develop successful methods for mercury management. In natural gas,
mercury exists almost exclusively in its elemental form (Hg?) and at concentrations far
below saturation, indicative of the absence of liquid mercury phase in most reservoirs [3].
The prevalence of dialkylmercury, in the form of methylmercury (CHzHgCl) and
dimethylmercury (CHs3),Hg, is largely unknown but is speculated to appear in traces
(<1%THg), based on the limited speciation data reported in the literature for gas
condensates. In natural gas condensates, the dominant mercury species is the elemental
mercury (>50% tov THg), followed by smaller percentages of several other mercury
compounds, such as suspended HgS and diluted HgCl, (10-50% touv THg) [2].

The existence of elemental mercury in natural gas is highly correlated with natural gas
processing plant failures. The implications of mercury in natural gas were first reported
in 1973, when a catastrophic failure of aluminum heat exchangers, operating at cryogenic
conditions, occurred at Skikda liquefied natural gas plant, in Algeria [5]. The investigation
pointed out that the failure was caused by mercury corrosion. After the failure in Skikda,
a study on Groningen fields in the Netherlands revealed similar corrosion in the gas
gathering system, with mercury concentrations ranging from 0.001 to as high as 180
ug/Nm3 [3]. The latest reported case of mercury-related accident in the gas industry, is
that of Moomba Gas Processing Plant, in 2004. The failure of an inlet nozzle, due to liquid
metal embrittlement (LME) by elemental mercury, in the cryogenic heat exchanger, was
the cause of gas release, which led to fire and explosion at the LRP section [6]. To date,
approximately 10 reported industrial incidents [7], which are connected with corrosion
due to mercury, reveal that, although mercury in natural gas is found in traces, failure to
remove it from produced gas streams carries significant liability, if gathering, pipeline,
and downstream processing facilities become contaminated.

Due to its cumulative effect, the appearance of elemental mercury at processing facilities
can be delayed by months or years, as steel pipelines act as scavengers of mercury.
However, over time, the mercury concentration measured at the plant inlet will rise to
close to the wellhead level [1]. This is known as “mercury lag effect”[8].

The reaction and incorporation of mercury into steel surfaces and its lag effect call for
stringent safety precautions, regarding operation and equipment maintenance, as the
emission of elemental mercury vapor to the work environment is toxic to workers.
Moreover, apart from mercury accumulation within pipelines, cryogenic processing
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plants are subject to increased risks from processing natural gas with trace components
of mercury [31]. When condensed, elemental mercury forms an amalgam with the surface
layer of the metal it contacts (Al, Cu, Zn, Ni etc), thus causing equipment corrosion.
Corrosion is provoked either by Liquid Metal Embrittlement (LME), when certain ductile
metals experience drastic loss in tensile ductility or undergo brittle fracture or, as in the
case of aluminum, the amalgam reacts with water to form metal oxide and free Hg,
resulting in Amalgam Corrosion (AMC) on surfaces of Aluminum Heat Exchangers (AHX)
[9]. The latter leads to immediate and catastrophic pressure loss. Mercury has also been
found to be a serious poison to metal catalysts used in the hydrocarbon processing.

To avoid the aforementioned risks, operators of LNG and conventional gas processing
plants seek the total removal of mercury from natural gas and NGL plants, via the
installation of removal systems [3]. However, despite the advancement in understanding
of mechanisms and availability of systems to prevent contamination, the availability of
experimental data on the kinetics and mechanisms of mercury adsorption on steel pipe
walls is limited. This fact, in combination with the confidential policy of the oil and gas
industry, regarding data publication on mercury concentration, render the development
of a predictive mercury adsorption model challenging.

Taking the above into consideration, the scope of the present diploma thesis is the
development of a mercury adsorption model in natural gas pipelines. The model
estimates the time interval between mercury introduction to the pipeline and its
appearance at critical concentrations at the entrance of the reception facility, which is
called “time to breakthrough”. Moreover, it provides the time-dependent adsorption
profiles of mercury for several inlet concentrations and pipe wall’s adsorption capacities.

In the first step, a literature review is conducted regarding possible methods of mercury
accumulation onto metal surfaces and already existing adsorption models. Hereupon, the
variables of the model are defined, and the mathematical formulation permits a rigorous
description of the physical phenomenon. The model is developed in MATLAB [10]. Using
the thermodynamic model UMR-PRU [25], which has been successfully applied to natural
gas mixtures [32], the fugacity coefficient of mercury and the compressibility factor of the
gas mixture are calculated, and the rest of the parameters are defined by appropriate
methods. Furthermore, the effect of the mass transfer coefficient, compressibility factor,
mercury fugacity coefficient, stagnant boundary layer thickness and kinetic-related
parameters, such as the pre-exponential factor and activation energy of desorption on the
model results is investigated.

Finally, the model is developed in Aspen Custom Modeler and it is extended to respond
to the needs of gas industry stakeholders for real-time results of mercury at the outlet of
the pipeline. The model is built to accept user-defined inlet gas conditions, as well as pipe
characteristics, demonstrating great potential for integration in an ASPEN PLUS/Hysys
flowsheet.
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2. BACKGROUND

2.1. Physical adsorption and Chemisorption

Adsorption is a surface phenomenon that occurs when a gas or liquid solute (adsorbate)
accumulates on the surface of a solid or liquid condensed phase (adsorbent), forming a
molecular or atomic film [11]. An unbalanced force of attraction on the surface of the
adsorbent is generally responsible for the adsorption to occur [33]. Being a way to
approach equilibrium, adsorption is a spontaneous process, usually exothermic in nature
[34]. Desorption describes the reverse process, this being the release of molecules from
the adsorbent to the surrounding phase. In the context of this study, the gas-solid
interaction is further examined.

Depending on the nature of the intermolecular forces between the adsorbent and the
adsorbate, adsorption on solid surfaces may be divided into two categories: physical
adsorption (physisorption) and chemical adsorption (chemisorption). Occasionally, it
may be complicated to identify what type of adsorption is predominant, as it is possible
that a combination of both occurs [12].

Physical adsorption is non-specific, rapid and highly reversible. Physisorbed molecules
have low bonding energies, in the range of 0.5-10 k]/mo], in comparison to average bond
energies of atoms that are calculated higher than 96 k]/mol [35], and large equilibrium
distances, 0.3 - 1.0 nm [36]. The weak bonding is attributed to dipole interactions or van
der Waals forces, which do not provoke any significant change in the orbital patterns [37].
The forces responsible for physisorption are essentially the same as those responsible for
the condensation of a vapour to the liquid state [34]. Given the weak interaction,
physisorption generally occurs at low temperatures, with low values of heat evolved (2-
25 kJ/mol) and activation energy ranging between 21-42 kJ/mol. Equilibrium between
the solid surface and the gas molecules is usually attained rapidly and it is reversible due
to the low energy requirements. Multiple layers of adsorbed molecules are possible,
especially near the condensation temperature [38].

Unlike physisorption, chemisorption is specific and often irreversible. Chemisorbed
molecules form chemical bonds of high energy, in the order of 96 k] /mol or higher, with
the substrate, and the reaction is exothermic and measurable through calorimetric
methods [39]. Chemisorption may cause the rearrangement of the electronic structure of
the solid, and therefore adsorbed molecules may dissociate, forming new reaction
products. Since the process involves chemical bond formation, the amount of heat evolved
in chemisorption is large (e.g. 50-500 kJ/mol) [38]. Chemisorption usually occurs at
elevated temperatures, where activation energy varies between 42-419 kJ/mol [12].
Since the adsorbed molecules are linked to the surface by valence bonds, they usually
occupy certain adsorption sites on the surface, hence, the surface coverage is limited to a
monolayer [38].

Prior to proceeding further, it is of paramount importance to clarify frequently used
terms in adsorption theory, which will emerge throughout the analysis. A monolayer (ML)
is defined as the maximum attainable concentration of adsorbed particles on the surface
of the substrate (with a typical surface density value of about 10!5> atoms per cm?2).
According to Liith [40] one monolayer of molecules is formed per second at a pressure of
~1.3-10-4Pa, provided that bonding occurs. Surface atoms react with one gas molecule per
second at this pressure and the amount of gas is expressed in Langmuir (L). References to
dosing, in the present Diploma Thesis, are expressed in L.
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2.2. Adsorption Isotherms

Taking into consideration that both adsorption and desorption are dynamic processes,
at equilibrium the rates of adsorption and desorption are equated, and the surface
coverage of adsorbed atoms is constant. The equilibrium state is a function of partial
pressure of the adsorptive species in the gas phase and the system temperature. In
general terms:

a) Increasing the adsorptive partial pressure increases surface coverage up to the
point where the surface becomes saturated.
b) Increasing temperature reduces surface coverage.

These trends are described through adsorption isotherms, which can be used as tools
for understanding the mechanism of adsorption and for quantitative assessment of
partition or distribution of the adsorbate at equilibrium between the adsorbent and the
fluid phase at a given temperature [41]. In the case of adsorbed gases, through adsorption
isotherms, the correlation of the amount of adsorbate on the adsorbent with its pressure
is extracted. Considering the definition of the adsorption capacity (or loading) as the
amount of adsorbate taken up by the adsorbent per unit mass (or volume) of the
adsorbent [42], it is evident that the adsorption capacity may be determinded by the use
of adsorption isotherms.

In isotherm modelling, the concentration of the adsorbate on the adsorbent is expressed
as a function of the adsorbate concentration still in solution after equilibrium has been
reached.

kads
S+B=SB Eq.2-1
kdes

In Eq. 2-2, S represents a surface site on the adsorbent, B represents the adsorbate, SB
represents the adsorbed phase, kqas is the forward (adsorption) rate constant, and Kges is
the backward (desorption) rate constant.

With the equilibrium constant, K, of the adsorption reaction being given by:

K = Xaas Eq.2-2

kdes
Several isotherm models are available in the literature that describe experimental data
of adsorption isotherms [43, 44]. The most frequently reported is the Langmuir model,
which is further analysed. Established in 1918, the Langmuir model is based on the

following main assumptions [34, 45]:

a) The gas is considered ideal.

b) The surface is characterized by a finite number of identical sites. Each active site
interacts with only one adsorbate molecule (localized adsorption).

c) The adsorption sites are all energetically equivalent (homogeneous surface).

d) The binding energy of each molecule is independent of the presence or absence of
adsorbates on neighboring sites (the energy of adsorption is independent of surface
coverage).

e) Adsorption is exhausted after the formation of the first layer. Hence, it is limited to a
monolayer.

Langmuir adsorption isotherm further assumes that the fractional surface coverage 0 is
in direct proportion to the rate of desorption from the surface, and the adsorption and
desorption rates are equal at equilibrium. Those assumptions lead to the more familiar
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“Langmuir expression” for fractional site occupation as a function of partial pressure [45],
as described in Eq. 2-3.

_ _Kp”
T 1+Kp*

Eq.2-3

where, 0 is the surface coverage, p*is the partial gas pressure of the adsorbate.
In the present study, adsorption isotherm data of Jones and Perry [16] are used as tool
for the calculation of activation energy of desorption as described in Section 7.9.

2.3. Adsorption Kinetics

As in any chemical reaction, surface processes involve breaking and making of bonds.
For surface kinetics, the rate of adsorption is similarly expressed to the rate of a chemical
reaction (Eq. 2-5), however two-dimensional concentration, related to surface area, must
be considered [46].

B->SB Eq. 2-4
_ _dNg _  dNsp . particles ]
Rate = a + dt [unit area-s] Eq. 2-5

In the case of an initially bare surface exposed to a certain gas pressure, the rate of
collision of the gas particles with the unit surface is given by kinetic theory [46]:

dN _ p*NA _
dt  [2rM,,RT Eq.2-6

where, N is the number of particles per unit surface area, p* is the partial pressure of the
gas, N4 is the Avogadro’s number, M,, the molecular weight, R the universal gas constant
and T the temperature.

Multiplied by a sticking probability factor, s, which is a function of the surface coverage
0, Eq. 2-6 shall be re-written as

dN _ D Ny

at _ yzmMwRT ° Eq.2-7

The sticking probability reflects whether the impinging particle stays on the surface or
it is reflected. As the surface is gradually covered, s decreases - simply because the
number of empty adsorption sites gets smaller. The sticking probability is also dependent
upon the initial sticking probability s, and the order of adsorption, {. It varies between 0
and 1.

av _ _p'Na N .
dt ~ 2mMwRT So(1—6) Eq.2-8

If an adsorbed particle statistically occupies a single site, the adsorption is 1st order. If it
dissociates, two sites are blocked by one collision event, and the adsorption can be
characterized as 2nd order adsorption.

The surface coverage, 6, can be expressed as in Eq. 2-9.

g =L Eq.2-9

Nmax

where, Nmaxis the maximum number of adsorption sites.
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In case the adsorption requires a certain activation energy only particles having this
energy will be able to stick. It is generally only second order adsorption processes which
have an adsorption activation energy, due to the dissociation of the molecule. Therefore,
Eq. 2-10 shall be expressed in terms of surface coverage to calculate the actual coverage
after a certain time of gas exposure, simply by integrating the rate equation.

_de _  p'Ng . 50(1_9)( . (_ Ea,ads)
Rateqqs = dt  VZAMWRT Ny © RT Eq.2-10

where, E, 445 is the activation energy for adsorption.

2.4. Desorption Kinetics

The desorption is understood as a normal chemical reaction, thereby it is described by
the respective kinetic formalism [46].

SpecieSagsorpea = Speciesyqs Eq. 2-11

with rate constant, kges.

It is stressed that only thermal desorption will be taken into consideration in the
mathematical formulation of desorption kinetics. The rate of desorption for an unknown
reaction order, ¢, is written as

N o kyesN® Eq.2-12
dt

Upon introducing the surface coverage and expressing kqes in Arrhenius terms, Eq. 2-13
takes the form of the Polanyi-Wigner equation [47].

dao

Pl —vemeaxf‘l exp (M) Eq. 2-13

Rate =
des RT

where, , v is the pre-exponential factor and E_ 4., the activation energy of desorption.
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il.

3. ADSORPTION OF MERCURY ONTO MONOCRYSTALLINE AND
POLYCRYSTALLINE SURFACES

The significant impact of contamination and corrosion of gas transportation and
processing equipment, caused by the presence of mercury in traces, has sparked scientific
interest in the mechanism of mercury adsorption and desorption onto various types of
metallic surfaces. The majority of findings is centred upon adsorption on monocrystalline
materials, while the study of adsorption kinetics of mercury on polycrystalline materials
appears to be limited.

Such work reported in the literature includes mercury adsorption onto gold and silver
monocrystals [13] and both monocrystalline and polycrystalline surfaces of copper [14,
15], zinc [14, 15], and iron [14, 16, 17], is presented.

Research on mercury adsorption on the aforementioned polycrystalline metal surfaces
bears similar experimental conditions. In particular, for the polycrystalline copper, zinc
and iron surfaces, Roseborough et al. [14, 16, 17], experiments were performed in
vacuum, using Thermal Desorption Auger Electron Spectroscopy (TDAES) to evaluate
samples at both room temperature (RT) of 298 K and low temperature (LT) ranging from
82-111K.

The dependence of mercury adsorption on temperature and the thickness of mercury
saturation layer, as calculated by the photoelectron mean free path [40], were determined
[14, 17]. Desorption temperatures were monitored in the range of 85 to 298 K to calculate
desorption energies. Clean surfaces were, also, pretreated with varying doses of chlorine
and oxygen to investigate the effect of "contamination" on the adsorption mechanism and
mercury bonding, within the same temperature interval

The reasons behind opting to study the effect of chlorine and oxygen pretreatment on
mercury adsorption lie upon the abundance of the two elements in nature and their role
as co-adsorbates with mercury on metal surfaces [14, 17]. Firstly, chlorine contamination
is known to originate in various sources, due to saltwater and water purified with
chlorine. This contamination can lead to chlorine deposition in quantifiable amounts on
metal surfaces, such as zinc or iron, when exposed to the atmosphere. Oxygen naturally
coats surfaces and it is frequently present on iron surfaces [14, 17].

3.1. Adsorption to Au(111) and Ag(111)

Silver and gold films are used for preconcentration of Hg for analysis of trace amounts
of gaseous mercury in ambient air or even in flue gases [48]. It has been theoretically
estimated that the amount of mercury needed to form a continuous monolayer on a gold
surface is 0.36 pg/cm2. Experimentally determined values for the collection capacity of a
gold surface vary from 0.0117 pg/cm2 to 0.7 pg/cm2 [49]. Levlin et al [13] examined the
adsorption of gaseous elemental mercury with varying concentrations (30, 130 and 320
ng/L) onto nearly single-crystalline surfaces of gold and silver at different substrate
temperatures (22, 60, 90 ° C) and exposure times (15-360 min). The data obtained were
evaluated using the technique of Scanning Tunneling Microscopy (STM). Exposed
surfaces revealed that the saturation level varies according to the adsorption temperature
and concentration of mercury in the carrier gas. In detail, the following conclusions can
be drawn:

The adsorption rate depends on the substrate temperature, both at the initial stages
of adsorption and during the saturation of the surface. High temperature of the
substrate leads to lower adsorption rate and less surface coverage.

The adsorption rate curves for Ag (111) display similar trend as the Au(111)
adsorption curves; an initial fast adsorption and a saturation point at a later stage.
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Therefore, increasing the concentration of mercury increases the level of saturation.
Previous studies show that in a fairly high concentration, practically the whole film is
amalgamated [50, 51]. This effect is quite perceivable, given the generally high
mercury reactivity with Au and Ag.

Merging the two principal observations, it is apparent that the saturation level reflects
the average density of physisorbed Hg atoms, and consequently depends on the
adsorption conditions. The density of physisorbed atoms on a surface increases with
increasing flux of atoms onto the surface and decreases with increasing temperature.

3.2.  Adsorption to Cu(100) and Polycrystalline Copper Surfaces

It has been observed that copper has a high affinity for mercury [52]. In 1989, Dowben
et al. [53] studied the electronic structure of mercury overlayers on Cu(100). They
determined that mercury atoms are located 3.62 A apart forming a c(2x2) structure on
single-crystal copper, which presumably corresponds to 0.5 ML of adsorbed Hg. They also
suggested the presence of strong lateral interactions between mercury atoms in the
mercury adlayer.

The experiments on polycrystalline Cu surfaces at LT and RT are summarised in Table
3-1.

e On clean, polycrystalline copper surfaces the mercury coverage is 4.1 ML with a
thickness of 1.18nm at 82 K. On the contrary, at RT mercury reached nearly one ML of
coverage which is equal to approximately 0.27 nm of thickness.

e In the case of chlorinated copper surfaces, surface coverage was even greater than
clean Cu with thickness of 1.35 nm at LT. This corresponds to nearly 4.5 ML of
adsorbed mercury. At RT, mercury adsorbed similarly to the clean Cu surface.

e Modification of polycrystalline Cu with oxygen resulted in the mercury coverage of
0.74 nm, corresponding to just over 2.5 ML. Mercury adsorbed on oxidized Cu at RT
appears to form 1 ML of coverage.

Table 3-1: Results of mercury layer thickness on polycrystalline copper surfaces.

Cu-Hg Cu-Cl-Hg Cu-O-Hg
Mercury adlayer 1.18 nm 1.35 nm 0.74 nm
thickness at LT 4.4 ML 4.5 ML >2.5 ML
Mercury adlayer ~0.27 nm Similar to Cu-Hg at Similar to
thickness at RT 1 ML RT Cu-Hg at RT

The results of the experiments point out the critical role of temperature to mercury
adsorption processes. In all cases, mercury growth was laminar on the polycrystalline
surface. It appears that the first ML on Cu is chemisorbed and stable at RT, whereas
following layers, adsorbed at LT, are weakly adsorbed on top of the first mercury ML.
Chlorine appears to favour adsorption. The slight increase may be due to a roughening
reaction between chlorine and Cu that slightly increases the available surface area.

As far as desorption is concerned, results appear to be consistent with the observations
of Paliwal et al. [54] that a mercury multilayer desorbs rapidly followed by slower
desorption of the ML on the (111) face of silicon. For the clean and chlorinated Cu
surfaces, desorption was completed in two steps; first, the top most layers desorbed at
lower temperatures and then, at higher temperature, desorption of the layer bonded to
the interface mercury layer, in contact with the substrate, took place. From the oxidized
Cu surface, desorption was not as rapid as in the previous cases. This can be explained by
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the reduction of bond strength of the first mercury layer due to oxidation, whereas
desorption of additional layers occurred at the same temperatures as from the Cu surface.
In all studied cases, desorption was complete prior to reaching RT.

3.3.  Adsorption to Zn(0001) and Polycrystalline Zinc Surfaces

In all examined cases of Zn(0001) -clean, chlorinated or oxygenated- at any dosage of
pretreatment, at RT, exposure to mercury did not result in the formation of a mercury
layer. Similar behaviour was observed at LT for clean and chlorinated single-crystal zinc
surfaces [15]. In contrast, traces of adsorbed mercury were detected onto oxygen
pretreated Zn (0001) at LT, when the surface was treated with high oxygenation prior to
mercury dosing. Lower oxygenation, both at RT and LT, did not result in mercury
adsorption [15]. Polycrystalline Zn naturally has more available sites for adsorption than
a pure Zn crystal. However, similar results of zero mercury coverage were observed onto
clean and contaminated polycrystalline zinc at RT.

The set of experiments at LTs revealed different trends, as presented in Table 3-2. Pre-
dosing the zinc substrate with chlorine did not aid in mercury capture. An identical
pattern was observed after modification of polycrystalline zinc with oxygen, as it did not
allow for the formation of a detectable layer of mercury on the zinc oxide surface, despite
extended dosing [15]. The only case where mercury adsorbed to zinc surface was for the
clean polycrystalline surface [15].

Desorption from polycrystalline Zn behaved similarly to copper surfaces [15], occurring
at an initial and secondary desorption step.

Table 3-2: Results of mercury layer thickness on polycrystalline zinc surfaces.

Zn-Hg Zn-Cl-Hg Zn-0-Hg
Mercury adlayer 0.31nm No mercury No mercury
thickness at LT 1 ML detected detected
Mercury adlayer No mercury No mercury No mercury
thickness at RT detected detected detected

3.4. Adsorption to Fe(100) and Polycrystalline Iron Surfaces

Despite the significant effects of mercury contamination, few sources and published
data are available concerning adsorption kinetics of mercury on steel. R.G. Jones and D.L.
Perry [16] examined the chemisorption of mercury on Fe(100) in Ultra High Vacuum
(UHV) conditions above room temperature, where the gas phase was primarily composed
of mercury, using Auger Electron Spectrometry, LEED and thermal desorption
measurements. The findings of the study are reported:

e For full coverage of the surface, there is one atom per four-fold site.

e Constant sticking probability is close to unity up to surface coverage of 0.85.

e The lattice constant for the Fe(100) is 0.287 nm, whilst the size of the mercury atom
is 0.296 nm or 0.3005 nm. It becomes obvious that whichever the case, the mercury
atom is slightly bigger than the iron atom, thus it must be compressed for a four-fold
site arrangement. Compression would be expected to give rise to repulsive
interactions between adsorbed atoms, as confirmed by the adsorption isotherms.

e The saturated room coverage varies with pressure.

e At room temperature, the mercury adlayer is in a state of equilibrium with the
mercury vapour at the pressures used and remains immobile in a 1x1 structure.
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e Thereappears to be no activation energy for adsorption. This would be expected given
the monatomic nature of mercury gas.

e The activation energy of desorption increases with decreasing coverage, which
supports the hypothesis of adsorbate-adsorbate repulsive interactions-less energy
required to desorb atoms that repel each other.

As with zinc and copper surfaces, Roseborough et al. [14, 17] studied mercury
adsorption and desorption on iron, using TDAES. Dosing mercury at low temperatures
onto the clean iron substrate caused mercury adsorption until a saturated layer formed.
The coverage corresponded to nearly 3 ML of mercury on the clean iron surface. At RT,
mercury dosed onto iron formed only a single monolayer on the surface, whereas at
extended dosing, no additional mercury adsorbed.

In the case of oxygen-pretreated polycrystalline iron [14, 17], at low temperature, the
saturated coverage of mercury reached a thickness of approximately 2 ML at high dosage.
In contrast to LTs, mercury did not adsorb onto the oxygenated iron surfaces at RT. It
should be noted that in the case of oxygenated iron, the formation of iron oxide is
thermodynamically favoured.

Similar behaviour is displayed by the Fe-Cl-Hg system, where the mercury coverage was
just less than 2 ML, after a high mercury dose at LT [14, 17]. Again, at 298 K, mercury did
not form a layer onto the chlorinated surface. This is indicative of the intense contrast
between low and high temperature, as adsorption is highly dependent on this parameter.

Table 3-3: Results of mercury layer thickness on polycrystalline iron surfaces.

Fe-Hg Fe-Cl-Hg Fe-O-Hg
Mercury adlayer 0.66 0.45 0.42
thickness at LT 3 ML <2 ML <2 ML
Mercury adlayer 0.23 No mercury No mercury
thickness at RT 1 ML detected detected

Desorption patterns [14, 17] for both the iron-mercury and the chlorinated iron-
mercury systems reveal consistency with the results of Paliwal et al. [54], as in the case of
polycrystalline copper and zinc surfaces. Desorption takes place in two separate stages.
For clean iron surfaces, at room temperature, the coverage left on the surface was ~1 ML.
In the case of oxygenated iron, no mercury traces were detected at room temperature. As
could be expected due to the stability of iron oxide, the oxygen did not desorb from the
surface of the iron at LT or at room temperature, and neither did the mercury on the
surface affect the surface concentration of oxygen. Lastly, as with clean iron, at 298 K,
considerably less than a ML of Hg remained on the surface of chlorinated iron. However,
it shall be noted that the chlorinated and oxygenated iron surfaces have a less steep
desorption of mercury as compared to clean iron systems [14, 17].

Summarising the results of mercury adsorption onto polycrystalline metal surfaces, it is
established that low temperatures are conducive to mercury adsorption due to
physisorption and subsequent lateral mercury interactions in mercury adlayers. Chlorine
appeared to favour mercury adsorption, as determined by the increased mercury
coverage at low temperatures on the polycrystalline iron, copper and zinc. Oxygen,
however, was found to be an inhibitor of mercury, most notably at room temperature.
Mercury appeared to desorb in two main steps at increasing temperature, with small
differences in desorption effects between chlorinated and oxygenated surfaces. Based on
the literature review, with emphasis placed on polycrystalline iron surfaces, it can be
concluded that at RT, which are closer to operating temperature of the pipeline, mercury
adsorption is limited to monolayer formation. Moreover, contaminants such as oxygen
and chlorine on the pipewall might hinder mercury adsorption. However, as natural gas
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pipelines are made of steel, the mechanisms of mercury accumulation on steel surfaces,
are to be further studied.

3.5.  Mercury Adsorption in Operational Gas Pipelines

Bearing in mind that natural gas pipelines are primarily composed of steel, it is
important to have a clear picture on the adsorption of mercury in industrial pipelines. The
only available data, to the knowledge of the present author, are those of Wilhelm & Nelson
[19]. Wilhelm & Nelson [19] suggest that one or more of the following processes are
responsible for the concentration of mercury in process equipment and pipelines.

a) Physical adsorption onto the steel surface;

b) Physical adsorption onto iron oxide and iron sulphide surface scale deposits;
c) Reaction with and / or incorporation into surface scale deposits;

d) Absorption into the steel crystal lattice;

e) Absorption into steel grain boundaries and reaction with localised compounds.
f) Formation of an amalgam between mercury and steel;

In consonance with Jones’ and Perry’s findings [16], Wilhelm & Nelson [19] conclude
that absorption of mercury into the crystal lattice of iron is improbable due to the relative
size of mercury atoms, the diameter of which equals to 0.296 nm, compared to the
interstitial space of iron atoms, the diameter of which is 0.287 nm.

Moreover, the possibility of an amalgam reaction with steel in gas transmission
pipelines is not considered when developing the model, since mercury is found solely in
gas phase. An amalgam reaction would require liquid mercury in contact with bare metal
to proceed [19].

Experiments with steel coupons exposed in mercury vapour revealed that absorption
into the crystal lattice or grain boundaries is irrelevant for steel, as no effect on steel
mechanical properties was observed [19].

As a result, chemisorption to surface scales and physical adsorption appear to be the
primary mechanisms for mercury uptake. A contaminated pipe specimen, which had been
in service for 5 to 6 years with a gas stream containing 500 to 800 pg/Sm3 of mercury,
was cut and examined by the analytical techniques of Scanning Electron Microscopy and
Energy Dispersive X-ray. A discrete layer of mercury sulphide, formed by the reaction of
mercury vapour when gas stream contains H»S, was found on top of the iron oxide layer.
Further analysis showed that HgS and of Hg2* chemically incorporated into the iron oxide
accounted for less than 10% of the total mercury adsorbed by the sample. This
observation allows chemisorption to be listed out as well, rendering physical adsorption
accountable for mercury accumulation along the pipeline [19].
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4. MODELLING OF ADSORPTION AND ADSORPTION-RELATED
PARAMETER IDENTIFICATION

4.1. Modelling of Adsorption in Pipelines

Modelling of mercury adsorption in natural gas pipelines and estimation of time to
breakthrough are, to the knowledge of the present author, lacking. Published scientific
work has been primarily focused on the transport of contaminants, such as arsenate and
chlorine, in Water Distribution Systems (WDS) [20-22].

The iron pipes, used to transport potable water, are exposed to pipe wall corrosion that
poses numerous water quality concerns, including increased demand for disinfectant,
release of soluble or particulate iron, and adsorption of contaminants [20]. Due to these
concerns, the development of models that include adsorption, desorption and mass
transfer phenomena of multiple species acted as a necessary extension onto the EPANET
single-species model [23, 24].

Modelling approaches to describe adsorption to metal surfaces fall into two main
categories: kinetic and equilibrium [21]. In kinetic models of adsorption, the rates of two
distinct processes may contribute to the kinetics of the overall adsorption process: liquid-
phase mass transfer of dissolved contaminant from the bulk fluid to the fluid adjacent to
the pipe surface, and the kinetics of adsorption from the dissolved phase to the adsorbed
phase on the pipe surface. Equilibrium models assume the adsorption reaction occurs
quickly enough to be at equilibrium with respect to other transport processes and are,
thus, based on isotherm models, such as the Langmuir adsorption isotherm [55].

The majority of adsorption models in WDS are based on the latter approach with the
implementation of the Local Equilibrium Assumption (LEA) [21]. LEA allows both
fast/equilibrium and slow/kinetic reaction dynamics to be written as a single set of
ordinary differential equations (ODEs) that could be integrated over time to simulate
changes in species concentrations [22].

Building a model for adsorption in pipelines requires incorporation of flow dynamics
and mass transfer principles. The proposed models integrate both in order to describe the
dominant phenomena that take place inside a water pipe [20, 21].

When the contaminant enters the pipe carried away in the bulk flow of water, it is
subject to advection along the longitudinal axis of the pipe, as well as adsorption to the
pipe wall surface [22]. To get to the pipe wall, the contaminant must travel through the
laminar sublayer of turbulent flow, as described in Eq. 4-1 and 4-2.

d(ChutrV Api
ChukVpuik) _ ~kmAstagnant (Cbulk _ _Apipe W) Eq. 4-1
dt Vstagnant
d(WApipe) Apipe
= kmAstagnant Chuik — w Eq. 4-2
dt Vstagnant

where, Vi is the bulk volume, Cpu is the contaminant’s volumetric concentration in the
bulk phase, Viwgnant is the volume of the laminar sublayer of turbulent flow, W the
contaminant’s areal concentration close to the wall, k, the mass transfer coefficient,
Astagnant the area of the boundary between the bulk flow and wall regions, and App. the area
of the pipe surface.
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Combined with an advection term to describe the time varying concentration at a given
point in the bulk flow [22], Eq. 4-1 can be rearranged into Eq. 4-3, whereas the dissolved
concentration in the boundary layer is assumed to have zero velocity.

ac ac, kmAst t Api
bulke — ) OCbutie _ mAstagnant ( ~_ _Apive 1y Eq. 4-3
at x Vbulk Vstagnant

where, u is the bulk flow velocity and x is the longitudinal axis of the pipe.

After being transported to the surface, the contaminant, expressed by the dissolved
concentration in the boundary layer, resides in the exterior portion of the pipe wall
corrosion layer, available for adsorption. The adsorption process follows second order
kinetics according to the Langmuir adsorption model [22]. In this way, Eq. 4-2 can be
transformed into:

aw kmAstagnan Apipe
= t.g - (Cbulk - LW) - kadsW(Smax - Cad) + kdescad Eq' 4-4
dt Aplpe Vstagnant
With
dcg
dtd = KaasW (Smax — Caa) — KaesCaa Eq. 4-5

where, Snax is the maximum surface coverage possible on the pipe wall and C,q4 the
adsorbed concentration on the pipe wall. The LEA states that the contaminant’s
concentration in the wall region, W, is in equilibrium with the adsorbed concentration,
Cag-

The adsorption model, which practically constitutes of thee differential equations (Eq.
4-3, 4-4, 4-5) is implemented in EPANET-MSX [56], after necessary modifications,
regarding the units used [57], and parameter calculations.

Surface and pore diffusion phenomena may be applicable in the case of contaminants’
adsorption when developed for WDS. Nevertheless, detailed analysis of those is excluded
in the current study.

4.2.  Activation Energy of Desorption and Pre-exponential Factor

Kinetic parameters of desorption are important to be defined for successful model
development. It has been reported that for desorption from a monocrystalline surface, the
activation energy, E.qs and the pre-exponential factor v, are not constant but vary with
surface coverage. This is often the case due to the adsorbate lateral interactions of
attraction or repulsiveness and may lead to multiple binding states [58]. Therefore, the
dependence of desorption kinetic parameters on surface coverage may be indicative of
changes in the adsorbate structure.

There exist several procedures through which the activation energy, Eq s and/or the
pre-exponential factor, v, can be derived from thermal desorption spectra. The
procedures are practically divided into two categories [59]:

1. The integral approach
2. The differential approach

The integral method is used to extract coverage-independent kinetic parameters from
a single desorption peak, whereas the differential approach may be applied to derive
coverage-dependent kinetic parameters. The differential approach uses pairs of
desorption rate/temperature from desorption spectra to prepare an Arrhenius-type plot
and relate the slope and intercept to Eqdes and v, respectively. The differential approach,
mainly, includes two different methods; Isotherm construction from a series of
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desorption spectra or the use of desorption rate/temperature data from the onset of
desorption in the low temperature tail (or the threshold region) of a single desorption
spectrum [59].

Guo and Yates [59] studied the effect of temperature and surface coverage on the
configuration of kinetic parameters, in the case of carbon monoxide adsorption on Pd
(111) single-crystal surface. The adsorption and desorption of CO on Pd(111) exhibits
similarities to the adsorption of Hg, as far as the nature of adsorption and the order of
desorption are concerned. Further explanation on adsorption and desorption Kinetics is
provided in Sections 5.4 and 5.5. The method chosen to study the kinetic parameters is
the TTPD method (Threshold Temperature Programmed Desorption), which falls into the
differential approach category. The main findings of the study are listed below.

1) Desorption activation energy decreases with surface coverage, probably due to
the increasing repulsive lateral interactions.

2) The (effective) desorption activation energy at zero coverage remains constant
(148.6 k] /mol), regardless of the adsorption temperature (87 and 200 K).

3) For fixed coverage, the activation energy of desorption increases with increasing
adsorption temperature.

4) The pre-exponential factor decreases with increasing surface coverage and
decreasing adsorption temperatures. However, on most occasions, the coverage
dependence of the pre-exponential factor is neglected and v is assumed to be
constant.

5) A strong linear correlation, well-known as compensation effect, is observed
between Eqq4es and v. Evidence from the literature shows that the demonstration
of the compensation effect often follows the relationship [60]:

Inv(0) =c-Eqqes (6) +d Eq. 4-6
where, c and d constants.

Similar trends were observed for mercury desorption off tungsten [18] and iron single-
crystal surfaces [16]. In the case of tungsten, it also reaffirmed that the production of
identical desorption curves can be achieved by successful adjustment between the values
of pre-exponential and the activation energy, each of which could fit the experimental
results [18]. Based on these observations, a function between activation energy of
desorption, surface coverage and pre-exponential factor was produced for mercury on
iron surfaces, as detailed in Section 7.9. Compensation effect was studied, as well, and its
impact on surface coverage and breakthrough time was investigated, as a case of
sensitivity analysis, in Section 8.2.5.

4.3. Adsorption Capacity and SSA

The results of Jones & Perry [16] reveal that mercury forms a monolayer on the
adsorbed surface in full coverage as mercury atoms pack together with a cubic lattice
structure on the surface of iron. The adsorption capacity is equal to 0.0038 g/m2. An
industrial steel gas pipeline adsorbs 0.6 to 3 grams of mercury per unit of pipeline surface
area [19], as it takes into account factors such as pipe wall roughness, mill-scale and
corrosion products that build up on the pipe wall. The value of adsorption capacity of the
pipe is, often, expressed with the term Specific Surface Area (SSA).

Specific Surface Area practically describes the portion of the total surface area that is
available for adsorption [61]. In the present study, Specific Surface Area is expressed as
the fraction of the adsorption capacity of the internal surface of the pipeline to the mass
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of the formed mercury monolayer. This approach facilitates its introduction in the model
equations.

Gas Adsorption analysis is commonly used for surface area and porosity measurements.
This involves exposing solid materials to gases or vapors at a variety of conditions and
evaluating either the weight uptake or the sample volume [62]. The Brunauer, Emmett
and Teller (BET) technique is the most common method for determining the Specific
Surface Area (SSA) [63]. Nevertheless, Specific Surface Area measurements for gas
pipeline internal surfaces are not currently available, thus its value constitutes a
sensitivity case for modelling.

4.4. UMR-PRU Model

The UMR-PRU model, originally proposed by Voutsas et al. [64] belongs to the class of
EoS/GE models and combines Peng-Robinson EoS with Original UNIFAC, through the
Universal Mixing Rules (UMR) [25], hence the abbreviation Universal-Mixing-Rule-Peng-
Robinson-UNIFAC. The UMR mixing rules are modifications of the zero-pressure mixing
rule MHV1[65] and are presented in Eq. 4-7 and 4-8.

ESG Erres

a _ 1 Gac +Gac ) L i
BRT ~ Aconstant RT +2iz b;RT Eq. 4-7
b= ZLZ] ZiZjbij Eq 4-8
With
1 1
) 11
byjz = _”lzzbﬂ Eq. 4-9

where, z; is the molar fraction of component i in the mixture, a is the EoS attractive
parameter, b is the co-volume, R the universal gas constant, T the absolute temperature,
Aconstane an EoS  specific constant (Aconstanc=-0.53 for PR EoS), G2, Gr7® are the
Stavernman-Guggenheim and the residual terms of original UNIFAC, respectively. The
Florry-Hugging term of the UNIFAC combinatorial term is omitted as explained by
Voutsas et al. [25].

The UMR-PRU model has been successfully applied to various hydrocarbon mixtures
with emphasis on dry natural gases [64, 66], polar and associating mixtures [67] and quite
recently, mixtures that contain mercury [32]. From binary mixtures to multi-component
systems simulating natural gas, gas condensates and oils, this model yields comparable or
superior predictions in various types of vapour-liquid equilibrium, dew points, K values
and liquid dropouts [32].

15



Modelling of mercury adsorption in natural gas pipelines

5. MODEL DESCRIPTION

5.1. Model description, assumptions and simplifications

The adsorption of mercury in operational pipelines is considered to comprise of three
separate phenomena; the axial flow of the gas and, subsequently, the axial flow of mercury
in traces, along the pipeline, the radial flow of mercury from the bulk phase to a stagnant
boundary layer at the pipe wall and the adsorption of mercury onto the steel surface.
Equally the reverse process can take place where an atom of mercury can desorb off the
pipe wall and diffuse back into the bulk gas.

To account for the axial flow of the gas, which is considered fully developed, the pipeline
is discretized into a user-selected number of sections in the length direction, called
segments, as illustrated in Figure 5-1. Within each segment, it is assumed that the bulk
gas flow is well mixed, due to turbulence, and as a result, gas composition, and all
intensive and extensive properties of the gas are uniform. Segmentation is also used to
estimate the pressure drop due to friction.

[llustration 5-1: Pipeline segmentation.

The phenomenon is considered isothermal. Properties are calculated either from the
UMR-PRU model [25] or from appropriate methods at the temperature and pressure of
each segment. The axial flow of mercury is mathematically described by the respective
mass balance in the bulk gas.

Mercury also flows in the radial direction from the bulk gas to the stagnant boundary
layer. The classical boundary layer approach is used to determine the mass transfer rate
for adsorption and desorption of mercury. The mercury atoms diffuse from the bulk gas
through the stagnant boundary layer, which accounts for all mass transfer resistance,
before they are adsorbed onto the non-occupied spots of the pipe wall. The mercury
concentration inside the boundary layer close to surface of the pipeline is assumed to be
in equilibrium with the adsorbed mercury onto the pipe wall.

Due to the turbulence of the flow, the bulk gas phase is well-mixed. As a result, the radial
concentration profile is constant. In the axial direction, the velocity is assumed zero in the
stagnant boundary layer. Therefore, any axial mass transfer is neglected. The
concentration of mercury in the stagnant layer is mathematically formulated by the
mercury mass balance in the stagnant layer.

Pipe wall

Stagnant boundary layer

Bulk gas

Mercury atoms

Illustration 5-2: Illustration of the radial direction of the pipe.

As adsorption is a dynamic process, the reverse process also takes place where an atom
of mercury can desorb off the pipe wall and diffuse back into the bulk gas. At equilibrium,
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the rate of adsorption and desorption are balanced (Figure 5-2). The available mercury in
the stagnant layer is then adsorbed onto and desorbed from the pipe wall. This is
formulated as two different phenomena, governed by two different rates. The adsorption
is considered as non-activated, monolayer physical adsorption onto the steel pipeline
surface, which is considered smooth and free of surface-scale deposits. The desorption is
treated as a chemical reaction, between the adsorbed and desorbed mercury atoms.

In the rest of the chapter, each term of the model is described in detail.

5.2. Mass Transfer in the Bulk Gas

The mass balance of mercury in the bulk gas in each n segment, for non-steady state
conditions, contains the terms of inflow, outflow, mercury diffusion from the bulk gas into
the stagnant layer and vice-versa and mercury accumulation in the bulk.

0 = Fyy in(total) (n)[cbulk(Hg)(t' (n— 1)) — Chuik(ug) (L, n)] +

dCpy )V butk(m)
km(n)Astagnant [Cstagnant(Hg) (t,n) - Cbulk(Hg) (t, n)] o lk(Hg)l(;t ) bulk Eq. 5-1

where, Fyo;incotary 1S the inlet volumetric flowrate, Cpyimg) is the mercury
concentration in the bulk phase, k,, the mass transfer coefficient, Cs¢qgnanc(ug) the
mercury concentration in the stagnant boundary layer, V,,,;; is the volume of the bulk gas
and the index n refers to each segment.

Assuming that the bulk volume of a segment is independent of time and rearranging Eq.
5-2 gives

AChulk(Hg)(tn) _
dt
Fgol in(total) ) [Cbulk(Hg) (t'(n_l))_cbulk(Hg) (t,n)] +km (n)Astagnant[Cstagnant(Hg) (t:n)_cbulk(Hg)(trn)]
Viuik(n)

Eq. 5-2

For n=1, the concentration of the previous segment is set to the inlet concentration of
the transport pipeline.

5.3. Mass Transfer in the Stagnant Boundary Layer

For the stagnant boundary layer, it is assumed that the velocity is zero. Using the same
principles as for the bulk gas, the resulting mass balance describes the phenomena of
mercury diffusion from the bulk gas into the stagnant layer and vice-versa, adsorption on
or desorption from the steel surface and accumulation in the stagnant layer, respectively.

do(tn)
dCstagnant(Hg)(t,n) _ km(n)Astagnant[Cbulk(Hg)(t'n)_cstagnant (Hg)(t:n)]_ at ApipedmaxSSA Eq 5.3

dt Vstagnant(n)

where, Vgtqgnant is the volume of the stagnant boundary layer, A, ;. is the internal area
of the pipe, SSA is the Specific Surface Area, g4, the maximum surface concentration, as
as(e, .

[(itt ") refers to the rate difference between the

defined in the next subsection, and
adsorption and desorption processes, as analysed in Section 5.4 and 5.5.

5.4. Adsorption Kinetics on Iron Surfaces

Jones & Perry [16] experiments are conducted at a low vacuum to ensure that the
vapour phase is composed of pure mercury. This approach ensures that the gas phase is
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homogeneous. Hence, any gas phase mass transfer resistance is eliminated, and the
intrinsic rate of adsorption and desorption is to be determined. According to Jones and
Perry [16], for the first-order adsorption of mercury on iron, there is zero activation
energy associated with adsorption, due to the monoatomic nature of mercury. Therefore,
in Eq. 2-10, the exponential term that includes activation energy for adsorption is set
equal to 1 and it shall, then, be written as

de PN4 . So(1-0)

At~ [2iMuyagRT  Nmax

Moreover, it is convenient to express surface coverage in terms of mercury
concentration to relate mass transfer to kinetics. Since the mixture of gas and mercury
does not behave ideally during gas transportation, partial pressure may be substituted
with the fugacity of mercury and Eq. 5-4 is transformed as

Rateyys = Eq. 5-4

ﬁ _ <P1(1Hg)cstagnant(Hg)ZRTNA . 5o(1-6)

dt My (Hg)\/2TM (1 g)RT Nmax

where, <pE’Hg) is the fugacity coefficient of mercury in the gas mixture, Z is the
compressibility factor and M,, (4 4) the molecular weight of mercury.

Eq. 5-5

Nmax can be calculated knowing that one mercury atom adsorbs per unit cell surface

area.
1 atomyg)
Nmax -

dirn)? Eq. 5-6

For Eq. 5-3, the maximum surface concentration, gmax, can be calculated as in Eq. 5-7.

MW
dmax = Nmax # Eq. 5-7

5.5. Desorption Kinetics on Iron Surfaces

Jones’ & Perry’s [16] experiments indicated that the desorption kinetics of mercury on
iron are first order with activation energy that increases with decreasing coverage, which
confirms the hypothesis of adsorbate-adsorbate repulsive interactions. Therefore, the
rate of mercury desorption from the pipe wall is described by Eq. 5-8.

_ (151-28.826)

o7 Eq. 5-8

Rateg,s = L exp [
dat

The replacement of the energy activation of desorption by the expression of surface
coverage is justified by calculations based on the Jones’ & Perry’s observations [16] and
the process of extracting the correlation between Eqq.s and 6 is thoroughly explained in
Section 7.9. As it has already been mentioned in Section 3.4, the activation energy for
desorption is a function of surface coverage, due to the repulsive adsorbate-adsorbate
interactions that exist between mercury atoms and depends on the pre-exponential
factor.

The differential equation for surface coverage (Eq. 5-9) derives from merging the
adsorption and the desorption kinetics terms

v
ﬁ _ P (Hg)Cstagnant(Hg)ZRTN 4 . 50(1-6) — 0 exp [_
dt My (Hg)/2TTM (g g)RT Nmax

(151—28.829)]

o Eq. 5-9
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6. MODEL IMPLEMENTATION

6.1. Fixed Parameters

The dynamic adsorption model of mercury in gas pipelines has been applied to study
the breakthrough profile in a 20 km long pipeline that operates at 6°C. Natural gas enters
the pipeline at 143.2 bara, with composition and flowrate, as detailed in Table 6-1.

Table 6-1: Pipeline characteristics and natural gas inlet conditions

Parameter Value
Pin 143.2 bara
Fvol,in total 24E6 Sm3/d
T 279.15K
L 20,000 m
dpipe 071 12m
Composition
Component Molar fraction
Mercury 5.87462E-10
Carbon Dioxide 2.86724E-2
Methane 8.04302E-1
Ethane 9.4531E-2
Propane 4.45561E-2
i-butane 5.77915E-3
n-butane 1.14475E-2
i-pentane 2.30854E-3
n-pentane 2.26116E-3
Water 6.60068E-8
Nitrogen 6.14254E-3

6.2. Model Solving

The model comprises three ordinary differential equations (ODEs). The two equations
describe gas phase bulk and stagnant layer concentration of mercury and adsorbed on the
pipe wall (Eq.5-2 & Eq.5-3), while the third equation expresses the coverage of the surface
as determined by the rate of adsorption and desorption (Eq.5-7). The system is solved
sequentially for all segments at each timestep.

In the model development, variables are registered either as space-dependent or as
time-and-space dependent. This categorisation facilitates solving mass balances and
adsorption kinetics equations. It is highlighted that space-dependent variables are only
affected by the pipeline’s pressure profile, whereas time dependent variables are mostly
correlated with kinetics. Moreover, time is treated as a continuous variable, while space
is a discretised variable.

The necessary steps to build the model are primarily based on:

1. The calculation of pressure drop along the pipeline as physical properties are
highly affected by pressure changes.

2. The determination of mass transfer coefficient across the stagnant boundary
layer.

3. The use of mass transfer coefficient to calculate the surface area of the stagnant
boundary layer and the volumes of the bulk gas and stagnant boundary layer,
respectively, which act as defined control volumes for solving ODEs.

4. The determination of adsorption and desorption kinetics, specifically for mercury
on iron, including the maximum surface concentration at saturation.
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The model is implemented in MATLAB [10] and solved using the built-in MATLAB solver
odel5s for stiff systems of ordinary differential equations, with timestep chosen
internally by the solver [68].

6.3. Initial Conditions and Specification Limits

To run the model, the initial and exit conditions must be set. In more detail, when the
flow enters the pipeline for the first time:
a) The pipe-wall is considered smooth and free of surface-scale deposits, therefore
pipe roughness is set to zero.
b) The mercury concentration of the stagnant boundary layer is set to zero as an
initial condition.
c) The surface coverage of adsorbed mercury is set to zero as an initial condition.

The amount of time it takes for the mercury concentration to reach a critical point, above
which the installation of removal systems becomes imperative, is defined as time to
breakthrough. The concentration of mercury for entry in the reception facility is limited
to 10 ng/Sms3, which is considered the critical mercury concentration in the outlet of the
pipeline, for the gas industry. For mercury concentrations higher than 10 ng/Sm3, the
installation of a Mercury Removal Unit (MRU) is obligatory for natural gas treatment.
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7. MODEL COMPONENTS AND PARAMETERS

7.1. Segmentation

In order to investigate the effect of segmentation on breakthrough time, simulations
were performed for mercury inlet concentration equal to 5000 ng/Sm3 and SSA equal to
1, for varying segment number from 50 segments to 1000. In finite element analysis, mesh
density is a critical issue which closely relates to the accuracy of the finite element models
while directly determines their complexity level [26]. Increased number of segments is
expected to produce more accurate results. However, higher density meshes usually take
longer to analyse. In Figure 7-1, it is observed that the model is very sensitive when only
few segments are implemented, and breakthrough time differences are levelled off as the
number of segments increases. Namely, when opting for a number of 500 segments or
higher, the solution appears insensitive to segmentation. To verify this claim, the
deviations in breakthrough time due to segmentation are reported in Table 7-1.

35.6
35.4
35.2
35.0
34.8
34.6
34.4
34.2
34.0

Time to breakthrough (hours)

33.8

33.6
o 100 200 300 400 500 600 700 800 Q00 1000

Number of segments

Figure 7-1: The effect of segmentation on the accuracy of model’s solution (breakthrough time).

Table 7-1: Deviations in breakthrough time due to segmentation (Mercury Inlet concentration: 5000 ng/Sm3 and
SSA=1).

Number of segments Time to breakthrough (h) % RD*
50 33.8 -
100 34.6 2.3
200 35.0 1.2
500 35.3 0.9
600 35.3 0.1
700 35.3 0.1
800 35.4 0.1
1000 35.4 0.1

*The relative difference is calculated as:
RD = Time to breakthrough (current value of segments)—Time to breakthrough (previous value of segments)
Time to breakthrough (previous value of segments)

The main criterion for segmentation in the developed model is a trade-off between
computational time and deviation in model results. Computational time is measured in

21



Modelling of mercury adsorption in natural gas pipelines

CPU time that is defined as the time for which a Central Processing Unit (CPU) was used
for processing instructions of of a computer program or operating system [69]. In Figure
7-2, the CPU time used by MATLAB, for each run, shows an exponential increase as
segmentation becomes denser. Given the results of Table 7-1 and Figure 7-2, the number
of segments chosen for model development is 800, which also ensures relatively smooth
mercury concentration and adsorption profiles.

7.5E+05
6.3E+05
5.0E+05

3.8E+05

CPU time (sec)

2.5E+05

1.3E+05

1.0E+03 -
0 200 400 600 800 1000

Number of segments (-)

Figure 7-2: CPU time vs number of segments.

7.2. Investigation of Flow’s Compressibility

It is of paramount importance to investigate whether the natural gas flow, at given
pressure, temperature and gas composition, is compressible or not, as compressibility
directly affects pressure drop along the pipeline.

The criteria set out for compressibility are mainly based on the calculation of the Mach
number (M,). For an incompressible flow, M, shall be equal to or less than 0.3 [70].

M, = Eq.7-1

u

w

where, u is the fluid velocity and w is the speed of sound at given conditions.
Assuming an outlet pipeline pressure of 140.0 bar, the speed of sound calculated for

pure methane at 6°C is 452.41 m/s, calculated by NIST [71]. For the gas mixture, excluding

water and mercury traces, at the same conditions, the sound velocity is calculated with

UMR-New model equal to 400.40 m/s. The calculated speed of the natural gas in the inlet

and outlet of the pipe, respectively, is listed in the Appendix.

Table 7-2: Calculation of the Mach number.

M, Mixture
0.066 Pure Methane
0.074 Natural gas
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It is evident that in the case of the examined flow, whichever speed of sound is used for
the calculation of the Mach number (Table 7-2), M.<<0.3. Hence, the flow shall be
considered incompressible.

7.3. Pressure Drop

In the case of an incompressible gas flow, pressure drop along the pipeline can be
calculated using the Darcy-Weisbach equation [72].

u(n)?

n) pm)
Pout(n) = Pin(n) _fD(n) '%'L

> Eq.7-2

where, P;,, and P,,; is the pressure in the inlet and exit of each n segment, f}, is the friction
factor, x is the length of discrete section, dp,;y, is the internal diameter of the pipe, p the
gas density and u the fluid’s velocity.

The friction factor is given by Petukhov’s equation (Eq. 7-8) for smooth tubes [73]

fo(m) = (0.79 In(Re(n)) — 1.64) " Eq.7-3

With Reynolds number (Re) given by the formula

Re = % Eq. 7-4

where, u accounts for the dynamic viscosity.

7.4. Mass Transfer Coefficient

The mass transfer coefficient quantifies the diffusion of mercury from the bulk gas into
the stagnant layer and vice-versa. It can be found from [74]:

k,(n) = Sh(m)b(n) Eq.7-5
dpipe
where, k,, is the mass transfer coefficient, Sh is the Sherwood dimensionless number, D
is the diffusion coefficient.
Assuming fully developed turbulent flow, as Eq. 7-6 is applicable to Re>2100 and
0.6<Sc<3 for gas flowing inside a pipe [75], the Sherwood number can be calculated
according to the following equation.

Sh(n) = 0.023 Re(n)"/s Sc(n) /3 Eq. 7-6
Where, Sc is the Schmidt number, calculated as in Eq. 7-7 [74]:
_ _um .
Sc(n) = D) Eq. 7-7

7.5. Stagnant Boundary Layer in a Discrete Section

The hydrodynamics boundary layer thickness is defined as the distance from a solid
object to where the fluid velocity is 99% of the bulk velocity. Moreover, the mass transfer
layer thickness describes the distance from a solid object to where the concentration of
the diffusing species is 99% of the bulk concentration [76, 77].It is typical for diffusive
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transport to be modelled by treating the fluid layer next to a solid boundary as a stagnant
film of thickness & [78].

Assuming that the thickness of the stagnant boundary layer is half of the thickness of
the concentration boundary layer [20], the diameter of the bulk region can be calculated
as

_6(m _1 DM .
6(n) = r =2 T Eq. 7-8
dbulk(n) = dpipe —26(n) Eq. 7-9

where, § is the thickness of the stagnant boundary layer, §. is the thickness of the
concentration boundary layer and d,,;;, is the diameter of the bulk control volume.

Taking into consideration Eq. 7-8 & 7.9, the volume of the bulk gas, V},,;,, the volume of
the pipe, Vy,;pe, and the volume of the boundary layer, Vitqgnant, of €ach discrete section
are, respectively, given by:

2
Vpuak () = - (220)". 2 Eq. 7-10
dpipe 2 L
Vpipe = m- (FB22) = Eq. 7-11
Vstagnant(n) = Vpipe - Vbulk(n) Eq. 7-12

Similarly, the surface area of the stagnant boundary layer, Agtqgnane, as well as the
internal surface area of the pipe, A,;,, are described by the following equations.

L
Astagnant n)=m- dpuik m)- n Eq. 7-13
L
Apipe =T71" dpipe ' ; Eq 7-14

7.6.  Other properties

The UMR-PRU model [25] is used for calculation of various properties such as density,
fugacity coefficient and compressibility factor of the fluid. Approximate values of these
properties are shown in the Appendix.

7.7. Diffusivity

To simplify the calculation of diffusion coefficient, D, it is assumed that natural gas is a
binary mixture of mercury and methane. A predictive theoretical equation, which can be
used to determine diffusivity at low and moderate pressures is Chapman-Enskog
equation [79]. Chapman-Enskog theory [79] presents equations for dynamics of a
multicomponent gas mixture in states close to local equilibrium.

Mutual-diffusion, defined by the coefficient D, can be viewed as diffusion of species A at
infinite dilution through species B, or equivalently, diffusion of species A at infinite
dilution through species B [80].

1
/2
1.86:1073.7/2.( 241
D= Z(MWA ) Eq.7-15
P-ojp02
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where, 2 is the collision integral for the Lennard-Jones potential and o5 is the arithmetic
average of the collision diameter of the two components, A and B, as expressed in Eq. 7-
16.

Opp = O.S(O-A + O-B) Eq. 7-16

The dimensionless quantity (1 is usually of order one and depends on an integration of
the interaction between two species, as described by the Lennard-Jones potential [81]. It
virtually corrects the above stated equation for deviations from an idealised, rigid-sphere
model for the interaction of gas molecules. In the present study, the value of Q is
interpolated and reported in Table 7-3.

To calculate theoretical binary diffusion coefficients for a given gas pair, one uses values
of oagand Q, which are tabulated in Hirschfelder et al. [82]. The collision integral Q can be
obtained from tables when the energy of interaction eag is known.

4B _ ¥PA%P Eq.7-17
k k a

where, % is the parameter of the Lennard Jones potential.

Table 7-3: Parameters used for the calculation of diffusion coefficient.

Gas mixture of
Methane Mercury Methane and Mercury
o(A) 3.758 2.969 3.364
e/k 148.6 750 338.8
Q 1.578

Chapman-Enskog theory [79] agrees with experiment at low pressures. At higher
pressures, few binary data are available. A sensible empirical suggestion [83] is:

P-D=P,-D, Eq.7-18
in which, subscript 0 indicates values at pressure of one atmosphere and at the same

temperature. The value of the diffusion coefficient in this report is adjusted to the inlet
pressure of the gas and remains constant along the pipeline.

7.8. Viscosity

The method of Lee et al. [84] is a simple relation for the calculation of gas viscosity in
typical natural gas mixtures with low non-hydrocarbon content.

u =K, exp(X-PY) Eq. 7-19
where,
‘= (0.00094+2-1076 My, 45) TS Eq. 7-20
1 (209+19Myy a5 +T) !
X =35+2240.01M,, 44 Eq. 7-21
Y = 24— 02X Eq. 722
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When using the equation of Lee et al. [84], emphasis shall be given to the units of each
parameter as [ is expressed in cP, p in g/cm3, P in psia and T in °R.

7.9. Calculation of Activation Energy of Desorption and Pre-exponential
Factor

Although the idealised nature of Jones & Perry [16] experiments is unable to simulate
the complexity of the adsorption and desorption process inside an industrial gas pipeline,
it constitutes the only available literature reference with adsorption isotherm data for
mercury on iron. Jones & Perry [16] found that the activation energy for desorption is a
function of surface coverage due to the repulsive adsorbate-adsorbate interactions which
exist between mercury atoms. They also found that the value of the activation energy
changes depending on the value of the pre-exponential factor used. In detail, at zero
surface coverage, using the Quasi Chemical Approximation, the variation of desorption
activation energy with pre-exponential factor is presented in Table 7-4.

Table 7-4: Variation of Eo with v using the quasi-chemical approach [16].

v (s1) Eo (kJ/mol)
1E+13 118
1E+14 126
1E+15 134
1E+16 142
1E+17 151

The surface coverage for a range of pressures is presented in the equilibrium adsorption
isotherm plot (Figure 7-3). The adsorption isotherm chosen is 322.5 K, as its data is the
most readily extracted and close to the operational temperature of the pipe. The results
produced are summarised in Table 7-5.
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Figure 7-3: Equilibrium adsorption isotherms for Hg on Fe(100) at various temperatures [16].
The temperatures are «309.2K (room temp), ¢322.5 K, @ 334.5 K, +346.7 K, ¥358.7 K, V370.7 K, €383.0K,
¢419.6 K, M395.0K, [H407.2 K, [432.0K, x457.0K, A444.5K <469.7 K, 0482.0 K, A494.5 K.
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Table 7-5: Variation of surface coverage with pressure at 322.5 K [16].

P (Pa) 0 ()
6.70E-07 0.780
1.33E-06 0.825
2.70E-06 0.870
6.70E-06 0.920
1.33E-05 0.950
2.70E-05 0.960
6.70E-05 0.970
1.33E-04 0.980

To calculate the activation energy as a function of surface coverage, Eq. 5-4 was used to
determine the rate of adsorption. At equilibrium, the rate of adsorption is equal to the rate
of desorption.

Table 7-6: Rate of adsorption for varying values of surface coverage, equal to the rate of desorption at

equilibrium.
6() Rate of adsorption=Rate of
desorption (1/s)
0.780 1.258E-04
0.825 1.986E-04
0.870 2.995E-04
0.920 4.574E-04
0.950 5.674E-04
0.960 9.215E-04
0.970 1.715E-03
0.980 2.270E-03

From Table 7-5 and Eqg. 2-13, the following values for the activation energy of
desorption are calculated for the varying values of the pre-exponential factor.

Table 7-7: Activation energy of desorption as a function of surface coverage and pre-exponential factor.

Eqdes (J/mol)

0 v=1.00E+13 s! v=1.00E+14 s-1 v=1.00E+15 s1 v=1.00E+16 s1 v=1.00E+17 s-1
0 1.180E+05 1.260E+05 1.340E+05 1.420E+05 1.510E+05
0.780 1.037E+05 1.099E+05 1.160E+05 1.222E+05 1.284E+05
0.825 1.026E+05 1.088E+05 1.155E+05 1.211E+05 1.273E+05
0.870 1.016E+05 1.078E+05 1.140E+05 1.202E+05 1.263E+05
0.920 1.007E+05 1.068E+05 1.130E+05 1.192E+05 1.254E+05
0.950 1.002E+05 1.063E+05 1.125E+05 1.187E+05 1.249E+05
0.960 9.890E+04 1.051E+05 1.112E+05 1.174E+05 1.236E+05
0.970 9.726E+04 1.034E+05 1.096E+05 1.158E+05 1.220E+05
0.980 9.654E+04 1.027E+05 1.089E+05 1.151E+05 1.212E+05

The correlation between the pair Eqdes-v and 0 is presented in Figure 7-4. In each of the
presented cases, the intercept with the y-axis is set to the initial desorption activation
energy for zero coverage. The graph with the R2 closest to 1, which accounts for the best
fit, is the one of Eo=151 kJ/mol kat v=1017s-1,

Based on that, the dependency of Eq4es 0n surface coverage is expressed by Eq. 7-23 and
it can be substituted in Eq. 2-13.

Evdes= -28820-0 + 151000 (J/mol) Eq. 7-23
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Figure 7-4: Activation energy of desorption vs surface coverage with varying pairs of v and Eo.

7.10. Adsorption Capacity and Specific Surface Area of the Pipe

To calculate the Specific Surface Area per 1 m2 of internal pipe area, Eq. 7-24 to 7-27 are
employed, which express the correlation between the SSA, the adsorption capacity and
the mercury monolayer mass adsorbed onto the surface of the pipe. It is underlined that
diffusion into the steel surface is not dealt within the model. The pipe wall scales are
accounted for by adjusting the Specific Surface Area available for adsorption to match the
mercury loading factor of the steel surface. Taking into account that for full coverage of
the surface, there is one atom of mercury per four-fold site of iron atoms [16], surface
atoms of mercury are calculated as in Eq. 7-24.

Unit area
atomsigogy = —5—— Eq. 7-24
(Hg) %y,
Expressing surface atoms in terms of surface moles,
_ atomsgg)
molesy gy = N Eq. 7-25
Transforming mercury moles to mercury monolayer mass,
monolayer mass gy = molesy gy * My (ng) Eq. 7-26

For the basis of 1 m? of internal surface area, using pipeline adsorption capacity values,
the SSA is given by Eq. 7-27.

Pipeline adsorption capacit
SSA ==L P pacry Eq.7-27

monolayer mass yg)
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8. RESULTS & DISCUSSION
8.1. Results

Breakthrough estimates for 12 different cases from the adsorption model are summarised
in Table 8-1. It is reminded that in the present model, the time to breakthrough is defined
as the time taken from the start of the simulation for bulk gas mercury concentration to
reach the specification of 10 ng/Sm3 in the outlet of the pipe.

The cases study three different mercury inlet concentration scenarios: high, likely and
low and for each case, it covers 4 different values of adsorption capacity; the smaller value
of Jones & Perry [16], two moderate estimates from Wilhelm and Nelson [19] study on
operational gas pipeline and a high value. It is stressed that the adsorption capacity term
enters mass balances equations in the form of Specific Surface Area (SSA) and the two
variables are proportional.

Table 8-1: Pipeline adsorption model results.

M Inl Ad ) Time to
Case Concent‘:‘;i;lorr}l’ (II:ge/tSmi*) capacist(;lrz)gt}(r)rlllz) SSA(m?/m?) Breakthrough
days years
1-0 5000 0.0038 1 1.5 -
1-1 5000 0.6 160 223.4 -
1-2 5000 1 263 367.1 1.0
1-3 5000 10 2632 3673.3 10.1
2-0 1000 0.0038 1 7.2 -
2-1 1000 0.6 160 1141.8 3.1
2-2 1000 1 263 1876.8 5.1
2-3 1000 10 2632 18781.9 51.5
3-0 100 0.0038 1 73.6 -
3-1 100 0.6 160 11759.1 32.2
3-2 100 1 263 19329.0 53.0
3-3 100 10 2632 193436.3 530.0

Pipeline outlet concentration profiles with time are shown for two different mercury
inlet concentrations in Figures 8-1 to 8-4. For each case study, there are two figures for
different SSA values. Moreover, for the same SSA value, the pipeline outlet concentration
is depicted for two different mercury inlet concentrations in Figures 8-4 and 8-5. Surface
coverage along the pipeline is, also, depicted at breakthrough time for different SSA values
in Figure 8-6 and 8-7.
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Figure 8-1: Mercury outlet concentration vs time for Case 1-0.
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Figure 8-2: Mercury outlet concentration vs time for Case 1-1.
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Figure 8-7: Length of Mercury Adsorption Front for Case 2-2.

The results reveal the following main trends:

a.
b.

Prior to breakthrough, there is zero mercury detected at the exit of the pipe.

An increase in the mercury inlet concentration leads to a decrease, as expected, in
the breakthrough time for the same adsorption capacity, or equivalently for the
same SSA. The breakthrough time is almost inversely proportional to the mercury
inlet concentration.

The breakthrough time varies almost proportional to the adsorption capacity or
equivalently to the SSA for the same mercury inlet concentration.

The value of SSA does not affect the adsorption profile.

By joining observations b and c, a very successful correlation (Eq. 8-1) of the
breakthrough time with the Specific Surface Area of the pipe and the mercury inlet
concentration is extracted. The results of the Eq. 8-1 are graphically depicted in
Figure 8-8.

Breakthrough time (days) = 7153.08 *

2
SSA (m_2>
m
g

Mercury Inlet Concentration (m)
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Figure 8-8: Breakthrough time estimated by the model vs the corresponding time estimated by Equation 8-1.
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Furthermore, for an already operating gas pipe, it is of great interest to examine the
level of pipe wall saturation to moderately predict the time for mercury breakthrough.
The mercury adsorption profile is plotted in Figure 8-9 as the fractional surface coverage
(theta) against number of segments for Case 2-2 (Mercury Inlet Concentration=1000
ng/Sm3, SSA = 263 m?/m?2), for four different times (note that for this case, the
breakthrough time is 5.1 years).

It is observed that close to breakthrough time, the greatest part of the pipe surface is
covered. Moreover, the mercury adsorption front appears rather steep.

1 ——

09

e =2 9
o N
[ ]

=
Y

Surface Coverage, 0
o
tn

=
W
EEEEEEE = § H m u

0.2

0.1

0 4000 8000 12000 16000 20000
Pipe length (m)
283 days 2.1 years 4.4 years 5.1 years (Breakthrough)

Figure 8-9: Length of mercury adsorption front for Case 2-2.

8.2. Sensitivity Analysis

Parametric sensitivity analysis is a systematic approach to analyse dynamics of mercury
adsorption in natural gas pipelines and to simulate and predict how sensitive the
observed system appears to be in possible changes. Seeking to ensure robustness of the
model’s results and increase understanding of the relationships between input and output
variables, the identification of uncertain parameters is accomplished and their effect on
the model’s time to breakthrough and surface coverage is investigated.

In the preliminary stages, a subscript that acts as an extension of the MATLAB solver
odes15s, is implemented. Through this, it is feasible to calculate derivatives of the model
variables, Chui, Cstagnan: and 68, dependent on parameters that display uncertainty, and
determine those that contribute significantly to successful model development. In this
work, the main parameters tested are the mass transfer coefficient, k», that determines
the rate of mercury mass transfer from the bulk gas phase to the pipe wall and vice-versa,
the fugacity coefficient of mercury, ¢y, and the compressibility factor, Z both of which
are directly calculated from the thermodynamic model in use and are, respectively,
introduced in the surface coverage equation. Figure 8-10 and 8-11, the effect of the main
parameters on mercury bulk concentration at the inlet of the pipe, and surface coverage
atits outlet, is demonstrated, respectively, for Case 1-0. The change in derivatives is rather
obvious during segment saturation. The mass transfer coefficient, kn, appears to have,
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undoubtedly, the greatest impact on the mercury adsorption process. Despite the
ostensibly minor sensitivity of the solution referring to ¢vy, and Z, a thorough analysis
reveals their real influence, as described in Sections 8.2.2 and 8.2.3.

Sensitivity Analysis x10°
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Figure 8-10: Derivates of bulk gas mercury concentration for the first segment dependent on the model
parameters km, Z and ¢Vug for Case 1-0.
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Figure 8-11 Derivates of surface coverage for the last segment dependent on the model parameters km, Z and
®VHg for Case 1-0.
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8.2.1. Effect of Mass Transfer Coefficient

The gas phase mass transfer coefficient, kn, for mercury diffusion through the stagnant
boundary layer is calculated as described in Section 7.4. The model’s sensitivity to ki is
shown in Figure 8-12 and 8-13. It appears that the length and shape of the mercury
adsorption profile is determined by the gas phase mass transfer coefficient and therefore
by the rate of mass transfer. A slight decrease in the mass transfer coefficient contributes
to lower rates of mass transfer and hence, causes more prolonged, yet, shallower
adsorption fronts and a sharp decline in mercury breakthrough time, as diffusion
becomes the rate-limiting step of the process. On the contrary, by increasing the value of

km, breakthrough time is not significantly affected, although the adsorption profile
appears rather steep.
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Figure 8-12: Effect of mass transfer coefficient on breakthrough time for Case 1-0.
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Figure 8-13: Effect of mass transfer coefficient on mercury adsorption front for Case 1-0 at breakthrough.
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This observation indicates the sensitivity of the model in the calculation of mass transfer
coefficient as underestimating kn, results in an early breakthrough time. In all cases, kn is
dependent on viscosity, density and diffusion coefficient and it is, therefore, the value with
the highest uncertainty. An accurate estimate of k, is a prerequisite for successful model
development.

8.2.2. Effect of Compressibility Factor

A change of #10% in compressibility factor, Z, is tested and the impact on surface
coverage and breakthrough time are shown below for the Case 1-0 (Figure 8-14 & Table
8-2). The standard value of Z is 0.6074, calculated by UMR-PRU model [25].
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Figure 8-14: The effect of compressibility factor on surface coverage at breakthrough for Case 1-0.

Table 8-2: The effect of compressibility factor on breakthrough time for varying Z.

Compressibility factor, Z Breakthrough time (hours)
0.5467 39.4
0.6074 35.4
0.6681 32.0

Itis observed that the adsorption front is offset to a higher number of saturated sections,
when Z is decreased. An increase in the overall surface coverage causes an expected
increase in mercury breakthrough time. However, it shall be noted that an increase in the
compressibility factor results in a rather prolonged adsorption front. For n saturated
segments, the higher the Z value, the less gradual the decrease in the coverage of the next
segments, compared to the standard case. Due to fine gridding, this effect cannot be easily
perceived by studying Figure 8-14. For this purpose, the values of (n+1) and (n+2)
unsaturated segments are reported in Table 8-3.
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Table 8-3: The effect of varying Z on the steepness of adsorption front at breakthrough time.

0(-) at breakthrough

Compressibility factor, Z 0.5467 0.6074 0.6681
Last saturated segment, n 1.000 1.000 1.000
n+1 segment 0.989 0.976 0.940
n+2 segment 0.894 0.884 0.852

8.2.3. Effect of Fugacity Coefficient

The fugacity coefficient, which is considered constant along the pipe, constitutes part of
the mathematical formulation of surface coverage and it is possible to influence the
adsorption-desorption kinetics. It is evident that a small fugacity coefficient of mercury is
indicative of strong affinity with the natural gas mixture. Taking this into consideration,
the use of a fugacity coefficient for ideal gas behaviour of mercury in the gas mixture
would be absurd.

In Figure 8-15, it is shown the effect of mercury fugacity coefficient on the adsorption
front for Case 1-2 at 110 days. A new value of @vug tested is calculated using SRK Twu-
Coon [85]. It appears that the model is insensitive to small changes in fugacity coefficient
as the calculated time for mercury breakthrough, in each case, is 367.1 days and the
adsorption fronts are identical.

At 110 days
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e e e i
= (3% Ll o= LA (=]

[}
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® =0.145 (UMR-PRU) O ¢=0.176 (SRK Twu-Coon)

Figure 8-15: Adsorption front at 110 days for varying fugacity coefficient, @'ug, for Case 1-2.

8.2.4. Effect of the Stagnant Boundary Layer Thickness

During model development, it was assumed that the thickness of the stagnant boundary
layer is half of the thickness of the concentration boundary layer [20] and since § is
introduced in the system of ODEs by defining the respective control volume, it can be
considered a parameter whose value needs further examination on model results. For this
reason, several approaches shall be tested.
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The first two approaches focus on flow above a semi-infinite plate. Since, the Schmidt
number is close to unity, the momentum boundary layer thickness can be assumed equal
to the concentration boundary layer [80] .

5=6. Eq.8-2

Empirically extending the solution for laminar velocity profile in the boundary layer
above a semi-infinite plate to include fluids with Pr E. Polhausen [86] found that for
Prandtl and Schmidt number greater than 0.6, the relation between § and 8. can be
described by Eq. 8-3.

= =Sc'/3 Eq. 8-3

To include all possible scenarios, the last two approaches assume that the thickness of
the wall region, §, is equal to one third and double, respectively, of the concentration
boundary layer.

§=16, Eq. 84

5 =26, Eq. 8-5

In Figure 8-16, the results of the change in the stagnant boundary layer on mercury
adsorption front and breakthrough time are depicted for the lower and the higher value
tested. The same trend applies for the other cases, reported in Table 8-4.

Table 8-4: Tested values of stagnant boundary layer thickness.

Stagnant boundary layer m
thickness, §, as calculated by
[Eq.7-8] 2.13E-5
[Eq.8-2] 4.25E-5
[Eq.8-3] 4.48E-5
[Eq.8-4] 1.42E-5
[Eq.8-5] 8.51E-5
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Figure 8-16: Adsorption front for varying stagnant boundary layer thickness, at breakthrough, for Case 1-0.
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It can be, therefore, concluded that whichever approach is used, the time to
breakthrough and mercury adsorption front are identical. This observation validates that
the initial assumption for the calculation of the stagnant boundary layer does not affect
model results.

8.2.5. Confirmation of the Compensation Effect

This initial desorption energy Eo is a characteristic quantity for a given adsorption
system which reflects the strength of the interaction between the adsorbed phase and the
substrate [46]. Based on the results of Jones and Perry [16] on the activation energy of
desorption at zero coverage paired up with the pre-exponential factor, it is investigated
whether the compensation effect is demonstrated. According to Figure 8-17, the function,
which best relates them, is of the exact same logarithmic form as Eq. 4-6.
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Figure 8-17: Relation between activation energy for adsorption at zero coverage and pre-exponential factor,
V.

To evaluate the impact of compensation effect on breakthrough time (Table 8-5) and
surface coverage of the pipe wall (Figure 8-18 and 8-19), the model runs for the higher
and lower value of E¢-v, considering the respective dependence on surface coverage, for
2 different inlet concentrations (1000 and 100 ng/Sm3) and SSA=160. It is apparent that
the compensation effect allows to use whichever pair of Eo-v without significant difference
on either the breakthrough time or the adsorption front.
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Figure 8-18: Adsorption front length at breakthrough for Case 2-1 for different pairs of Eo-v.

1 $000000000000000000000000000000000000

0.9 *
o

®  ev=1E13,E0=118 kj/mol
e v=1E17, E0=151 k]/mol

0.8
0.7
0.6 .
0.5 °

0.4 %
0.3

0.2

0.1

0
18500 19000 19500 20000
Pipe length (m)
Figure 8-19: Adsorption front length at breakthrough for Case 3-1 for different pairs of Eo-v.

Table 8-5: Compensation effect vs time to breakthrough for Cases 2-1 & 3-1.

Mercurv Inlet Time to Time to
yo breakthrough breakthrough
Concentration SSA(mz/m?2)
(ng/Sm?) (years) for v=1013, (years) for v=1017,
g Eo=118 kJ/mol Eo=151 kJ/mol
1000 160 3.13 3.13
100 160 32.21 32.22
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To further underline the importance of using pairs of Eo-v, separate changes in the initial
desorption activation energy and pre-exponential factor are applied for the pair used in
the model (v=1017 s't and Eo=151 kJ/mol) and their effect on results is investigated.

As far as a change in Egis concerned, in Figure 8-20, it is observed that the time to
breakthrough is insensitive to the increase in desorption activation energy by 50%, in the
examined case. On the contrary, the time to breakthrough dramatically decreases when
the activation energy for desorption is halved (Table 8-6). A similar trend occurs for
surface coverage, as in the case of 50% decreased Eo, the surface coverage is close to zero
(Figure 8-21). Therefore, it can be concluded that the lesser the activation energy of
desorption, thus the lesser the energy barrier that mercury atoms must pass to escape
into the gaseous phase, results in an extremely small percentage of mercury atoms
remaining in the saturated surface, due to an increase in the desorption rate, and early
breakthrough, respectively.

1 9990999090900 90909090909000000000000000000000000000000000000000000

0.9 * ° °  E0-5000ng/Sm3
& o ®
0.8 » E0-1000 ng/Sm3
* © o

& b ¢ ® ° E0-100 ng/Sm3
g 06 At breakthrough 4 © o
g * . 2 ©1.5E0-5000 ng/Sm3
2 05 3 ° 0
S ® ° 0
o * o ° ©1.5E0-1000 ng/Sm3
g 04 Ky o o
E * o o

03 * N ®,  ©15E0-100ng/Sm3

0 ° °
. o o
° °
0.2 * %% %
.“ L o ° N
0.1 ’09.’ ®%00, %00
0L TV 000, -
0 0000000000000 6888888800000
18000 18200 18400 18600 18800 19000 19200 19400 19600 19800 20000

Pipe length (m)
Figure 8-20: Comparison of adsorption length at breakthrough for Cases 1-1, 2-1 and 3-1 with Eo=151 kj/mol
and 302 kj/mol.
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Figure 8-21: Adsorption length at breakthrough for Cases 1-1, 2-1 and 3-1 with Eo=75.5 kjJ/mol.
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Table 8-6: Effect of Eoon time to breakthrough.

Time to breakthrough (days)
Mercury inlet
concentration 0.5E, Eo 1.5Eo
(SSA=160 m2/mz2)
5000 0.3 223.4 223.4
1000 0.3 1141.8 1141.8
100 0.4 11759.1 11759.8

Regarding the pre-exponential factor (Figure 8-22 & Figure 8-23), an increase of its
value leads to earlier times to breakthrough and less surface coverage. However, its effect
is, unambiguously, of smaller magnitude than that of the activation energy.
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Figure 8-22: Effect of varying pre-exponential factor on maximum surface coverage for Case 1-1.
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Figure 8-23: Effect of varying pre-exponential factor on breakthrough time for Case 1-1.
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Based on these observations, it shall be concluded that it is imperative to investigate
whether there is tentative evidence for a possible compensation effect, prior to
determining desorption kinetic parameters, and select the right pair of values.

8.2.6. Curve Fitting for the Activation Energy of Desorption and Surface Coverage

Guo and Yates [59] study of CO adsorption on Pd (111) confirmed that the desorption
activation energy decreases with surface coverage. In the case of mercury on iron, as
described in detail in Section 3.4, a similar descending trend is noted, which can be
described well by a linear function. However, due to a profound lack of experimental data
below surface coverage of 0.7 and the uncertainty of linearity, it deems necessary to
search for a curve that describes more precisely (R?x1), the relation between the
activation energy of desorption and surface coverage. Moreover, the effect of
incorporating a new relationship in the model equations on breakthrough time and
surface coverage is investigated. It was found that the best approximation is achieved by
a second order polynomial (Eq. 8-6).

Eqads=-3771,5-62 - 25361-0 + 151000 (J/mol) Eq.8-6
155000
150000 ¥+
145000
=)
£ 140000
=~ y=-3771.5x%- 25361x + 151000
b R?=0.9913
% 135000
LTJB
130000
.‘~.4,.
<
125000 e A )
>
120000 %
0 0.2 0.4 0.6 0.8 1

Surface coverage, 0
Figure 8-24: Best fit for activation energy of desorption vs surface coverage.

Based on the results of Table 8-7 and Figure 8-25, it is apparent that even the best fit
curve has negligible effect on breakthrough time and surface coverage.

Table 8-7: Effect of best fit curve of Eqdes-0 on breakthrough time and comparison with the linear function used
in the model.

Mercury Inlet Ea,des= '3771;5'92 - Ea,des =151000-28820-
Concentration SSA(m2/m?2) 25365(/')1;0131000 6 (J/mol)
3
(ng/Sm?) Breakthrough (years)
5000 160 0.61 0.61
1000 160 3.13 3.13
100 160 32.22 32.22
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Figure 8-25: Comparison of adsorption profile for 2nd order polynomial and linear function of Eq,des-0 for Cases
1-1, 2-1 and 3-1 at breakthrough.
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9. MODEL IMPLEMENTATION IN ASPEN CUSTOM MODELER
9.1. Aspen Custom Modeler

Aspen Custom Modeler (ACM) constitutes a core element of ASPEN Tech’s AspenONE®
Engineering applications [27]. It is an easy-to-use tool for creating, editing and re-using
models of process units. It allows performing dynamic and steady-state simulations,
while, also, supports parameter estimation and optimization. ACM uses an object-
oriented modelling language, editors for icons and tasks, and Microsoft Visual Basic for
scripts. Its readily customisable nature and extensive automation features render it ideal
for combination with other products, such as Microsoft Excel and Visual Basic. This allows
the user to build complete applications for non-experts to use [87].

9.2. ACM Model Development

In ACM, each variable and parameter are to be, first, declared in the model script, prior
to compiling the model. Variables are registered as fixed, free, initial. Fixed variables are
those whose value is known and fixed, free are those whose value is being solved for and
initial variables include variables known and fixed at time zero for an initialisation or
dynamic run. The mercury concentration in the bulk gas, Cpux, the concentration in the
stagnant boundary layer, Cswagnan, and surface coverage, 8, which are calculated by
integrating the system of ODEs (Eq.5-2, 5-3 & 5-7), are registered as initial variables. In
this way, the initial conditions are set.

The system of ODEs is solved numerically in ACM using the “Method of Lines” approach,
where time is a continuous variable and distance along the pipeline is treated as a discrete
variable. The pipeline length is effectively being discretised and is described by a set of
finite difference equations, which are integrated over time by using either Implicit Euler
or the Runge-Kutta methods [29]. The time step is internally selected and may vary to
ensure convergence.

As the model requires a number of physical properties to be calculated that depend on
time and distance, ACM allows procedural calls to be made to the Aspen Physical
Properties Engine to calculate these parameters and hence, the solving process is
simplified. Namely, density of the mixture and mercury fugacity coefficient are calculated
internally, using the thermodynamic model Peng Robinson [28] with zero binary
interaction parameters, as well as the molecular weight of the natural gas.

The implementation of the model in ACM is rather advantageous compared to the model
in MATLAB, as ACM offers a user-friendly interface (Illustration 9-1).
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Illustration 9-1: The ACM mercury adsorption model flowsheet.

The flowsheet of the mercury adsorption model includes the pipeline block, as well as
two streams connected to it, the “feed” and the “outlet” stream (Illustration 9-2). The
other features of the model include a table named “Input Parameters” that lets the user
define the pipeline geometry design, the Specific Surface Area of the pipe and the desired
number of segments to be used, simply by double-clicking on the pipeline icon
(Illustration 9-3). It is noted that opting for dense discretisation of the pipe results in
accurate model solutions and high computational time. The evolution of the adsorption
phenomenon in time is calculated in hours.

P -~ B b —=

Illustration 9-2: Pipeline icon in ACM.
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oo

Value Description Units
dpipe 0.8 m
Nodes_user 100
Pipelength 30000.0 m
SSA 50

[llustration 9-3: User-defined pipe characteristics and segmentation.

To run the model, the user shall insert, in the “feed” stream, the total inlet volumetric
flowrate (F) in m3/h, the inlet pressure (P) in bar, the temperature of the feed (T) in °C, as
well as the natural gas composition (z) in molar fractions, as pictured in Illustration 9-4.

g == e
UserMotes

<ComponentList Default

<F 1.0

=P 140.0

<T 6.0
<z("2-MET-01") 0.00230854
<z("CARBO-017) 0.0286724
<z("ETHAN-01") 0.094531
<z("IS0BU-01") 0.00577915
<z("MERCU-017) 5.87462e-010
<Z("METHA-01") 0.804302
<z("N-BUT-017) 0.0114475
<z("N-PEN-01") 0.00226116
<z("NITRO-01") 0.00614254
<z("PROPA-01") 0.0445561
<z("WATER") 6.60068e-008
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In return, the model provides, at each time step, the concentration of Hg (mercury) at
the outlet in ng/Sm3, the outlet volumetric flowrate (F), temperature (T) in °C and
pressure (P) in bar, which can be found in “outlet” stream table (Illustration 9-5).

During the simulation, the plots for outlet mercury concentration with time and surface
coverage along the pipeline are, simultaneously, produced.

) Outlet.AllVariables Table = Eon <=
Value Description Units

UserNotes

>ComponentList Default

=F 1.0 Volume flow rate m3/hr

>Mercury 0.0 Mercury concentration in ng/Sm3

=P 136.037 Pressure bar

=T 6.0 Temperature C

Illustration 9-5: Outlet stream conditions in simulation time.

9.3. Validation of MATLAB Model Results

Prior to embarking on implementing the model for any given case, it is critical to
determine whether the results of ACM are consistent with the developed model in
MATLAB. To validate the results, at least one of the considered cases shall be tested. The
attempt centres upon the reproduction of Case 1-0 results.

It shall be noted that a rigorous validation requires that the values of parameters used
are the exact same in both cases. For this reason, procedural calls to the Aspen Physical
Properties Engine are avoided and physical properties’ values, such as fugacity and
compressibility factor, are manually added. Time is measured in hours.

In Table 9-1, the time to breakthrough is reported. Figures 9-1 to 9-2 show the coverage
of the pipe walls with mercury at the start of the phenomenon and around halfway
through breakthrough. Figure 9-3 compares the adsorption front at breakthrough, as
produced by the two models. The results of the model developed in MATLAB are identical
to those of ACM. It is, subsequently, confirmed that the ACM model for mercury
adsorption in natural gas pipelines is successfully developed.

Table 9-1: Time to breakthrough estimated by ACM and MATLAB.

Time to breakthrough (hours)
Aspen Custom Modeler 35.3667
MATLAB 35.3661
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Figure 9-1: Adsorption front for Case 1-0 at the start of the phenomenon (3.43 hours), as produced in ACM.
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Figure 9-2: Adsorption front for Case 1-0 at 20 hours, as produced in ACM.
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Figure 9-3: Comparison of adsorption front length at breakthrough, as produced in MATLAB and ACM.

9.4. ACM Model Testing

After successfully implementing the model in ACM, a Trial Case is performed. In Figures
9-5 and 9-6, the results of the simulation are reported. Breakthrough time, as well as inlet

and outlet conditions can be found in Table 9-2, whilst the value of the parameters are
detailed in the Appendix.
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Figure 9-4: Adsorption front for Trial Case after breakthrough.
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Figure 9-5: Mercury outlet concentration at steady state conditions.

Table 9-2: Data of Trial Case.

2%

Parameter Value
Pin 140.0 bara
Pout 137.7 bara
Fvol,in total 4000 m3/h
Fvol, out total 4013.3 m3/h
Chgjin st 4992.27 ng/Sms3
T 280.15K
L 50,000 m
dpipe 0.8m
SSA 1
n 100
Breakthrough time 4.56d
Composition
Component Molar fraction
Mercury 5.87462E-10
Carbon Dioxide 2.86724E-2
Methane 8.04302E-1
Ethane 9.4531E-2
Propane 4.45561E-2
i-butane 5.77915E-3
n-butane 1.14475E-2
i-pentane 2.30854E-3
n-pentane 2.26116E-3
Water 6.60068E-8
Nitrogen 6.14254E-3

The successful introduction of the adsorption model from MATLAB to Aspen Custom
Modeler has proved to constitute a user-friendly tool, able to estimate breakthrough time
for any given pipeline, natural gas composition and inlet conditions. Running the
simulation in dynamic mode allows stakeholders to follow the adsorption process in real
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time, while observing the development of the mercury adsorption front and the increase
of mercury outlet concentration until full pipeline saturation. The ACM mercury
adsorption model has, moreover, the potential to be exported as unit of the process units

palette in ASPEN PLUS/Hysys [30] with the necessary modifications to fit the simulation
environment.
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10. CONCLUSIONS AND RECOMMENDATION

10.1. Conclusions

In the present Diploma Thesis, a model for mercury adsorption in natural gas pipelines
was introduced. The adsorption and desorption processes of mercury onto steel pipe
walls of a 20 km pipeline were studied for a range of mercury inlet concentrations
between 100 and 5000 ng/Sm3 and considering different adsorption capacities reported
in the research literature (0.0038-10 g/m?2). The time taken to exceed the inlet
specification limit of 10 ng/Sm3 at the entrance of the reception facility has been
estimated for each case, and the time dependent concentration and surface coverage
profiles have been reported.

The model, developed and solved in MATLAB, revealed that an increase in the mercury
inlet concentration decreases breakthrough time at reception facilities, whereas
increasing adsorption capacity of the pipe increases the time for mercury breakthrough,
as it is expected by the theoretical background of adsorption process. An empirical
equation for the prediction of the breakthrough time as a function of the mercury
concentration in the pipeline inlet and Specific Surface Area (SSA) has been developed.

Due to a profound lack in real data on mercury adsorption on industrial pipelines, it was
of paramount importance to investigate the effect on the assumptions used and
parameters calculated, during model development. After a successful preliminary test of
model’s main parameters, a thorough parametric analysis reaffirmed the sensitivity of the
model to the mass transfer coefficient and compressibility factor, whereas mercury
fugacity coefficient and the thickness of the stagnant boundary layer appear to have,
practically, no effect on the phenomenon.

Moreover, sensitivity analysis focused on kinetic parameters used to describe the
adsorption and desorption process with emphasis on the dependence of the activation
energy of desorption on the pre-exponential factor of desorption and surface coverage.
The “compensation effect” between the activation energy of desorption and pre-
exponential factor in the case of mercury on iron was investigated and confirmed. The
interdependence of the aforementioned parameters imposes their use in pairs. A
correlation between the activation energy and surface coverage showed signs of a second-
order relation, however resulted in the same breakthrough time and adsorption front
length, when a linear function was used. The above-mentioned shed light on the necessity
for further research on mercury adsorption kinetics on steel in operating conditions.

The model was also implemented in Aspen Plus Custom Modeler. The thermodynamic
model used is Peng-Robinson with zero binary interaction parameter. The molecular
weight of the gas, its density, as well as mercury fugacity coefficient are calculated
internally using Aspen Physical Properties Engine, which limits the volume and intensity
of calculations performed in the model. Initially, the simulation was run in dynamic and
steady state mode with fixed parameters, to validate MATLAB model results, at given
composition, flowrate, pressure and temperature conditions and fixed parameters. The
model results are successfully reproduced, thus, fostering the model extension to receive
user input. For a successful run, the user needs to define stream inlet conditions, pipe
characteristics and segmentation approach. The plots for surface coverage along the
pipeline and outlet mercury concentration in time were created during each run, thus
allowing the user to have a clear picture of the adsorption phenomenon in real time. The
results of a Trial Case are reported. The successful implementation of the mercury
adsorption model from MATLAB to Aspen Custom Modeler, not only provides estimates
of mercury breakthrough for any tested pipeline, but also, constitutes an easy-to-use tool
for pipeline simulation, developed in a rather commercial software.
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10.2. Recommendations

Based on the conclusions of the present study, the following suggestions can be made
for further improvement of the mercury adsorption model:

» Integration of chemical reactions of mercury with components present in natural gas,
such as H,S, or with localised compounds on the pipe wall. In this case, all possible
methods of mercury uptake will be tested.

» Consideration of energy balances to allow the determination of a temperature profile,
as temperature affects the adsorption phenomenon.

» Investigation of possibilities for experimental verification of the model and respective
fitting of the model to field or experimental measurements.

» Laboratory analysis of a representative sample to determine SSA and the capacity of

operating steel pipelines to adsorb mercury will increase confidence in the pipeline
adsorption results.
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APPENDIX

MATLAB Model Values

Symbol Value Unit
Pin 143.2 bara
Pout 141.3 bara

T 6 °C

L 20000 m
dpipe 711.2 mm

0 2.13E-05 m

Oc 4.25E-05 m

Fvol total,inStd 24E6 Sm3/d
Fvol,in 1.1586 m3/s
Fvol,out 1.1738 m3/s

Ea,desorption 151-28.826 k]/mol

n 800 -

\Y 1.0E17 1/s

Z 0.6074 -
(PVHg 0.144992321 -

p 205.3-207.98 kg/m3
1 2.15E-5-2.18E-5 kg/m-s

D 8.92314E-8 m2/s

Sc 1.1665 -

Sh 1.16650027541785 -
SSA 1-2632 m2/m?2
Nmax 1.2140E19 atoms/m?

CHg,in Std 100-5000 ng/Sm3

S0 1 -
Mw,Hg 0.20059 kg/mol

Cmaxout std 10 ng/Sm3
km 0.0021 m/s

fo 0.0074 -

Uin 2.9165 m/s
Uout 2.9546 m/s
Rein 1.9786E7 -
Reout 2.0038E7 -

ACM Model Values for Trial Case

Symbol Value Unit

Fyol,in 1.1111 m3/s
Fvol,out 1.1299 m3/s
Ea,desorption 151-28.829 k]/mol

\Y 1.0E17 1/s

Z 0.6086 -
PVHg 0.13137 -

p 198.8-202.2 kg/m3

i 2.09E-5-2.12E-5 kg/m-s

60



Modelling of mercury adsorption in natural gas pipelines

D 9.1726E-008 m2/s
SSA 1 m2/m?2
Nmax 1.2140E19 atoms/m?

So 1 -
Mw,1g 0.20059 kg/mol

Crmax,out std 10 ng/Sm3

km 0.00167 m/s

fp 0.0075 -

Uin 2.2105 m/s
Uout 2.2478 m/s
Rein 1.68332E7 -

Reout 1.70992E7 -



