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No processamento de gas natural, inibidores termodindmicos de hidratos, tais
como metanol, MEG, TEG sdo amplamente utilizados e absor¢ao com alcanolaminas ¢
0 processo mais requerido. Na modelagem destes compostos, as equagdes de estado
(EdE) cubicas nao fornecem previsdes confidveis devido aos efeitos da associagdo,
especialmente em misturas com agua. A EdE Cubic Plus Association (CPA) foi incluida
em um simulador de processo proprietario (PETROX®) pela primeira vez na literatura.
Neste trabalho, calculos com inibidores de hidratos foram avaliados em comparacao
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In the natural gas processing, thermodynamic hydrate inhibitors such as
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the most required process. On modeling these compounds, cubic equations of state
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water. Therefore, for the first time in the literature, the Cubic Plus Association (CPA)
equation of state was included in an in-house process simulator (PETROX®). In this
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Nomenclatura

Abreviagoes

AAP% = desvio percentual absoluto médio, definido por:

Nex
AAP% = (100/Nxp) Zk_lpl(pkeXp — pEIe) /PSP

AAp%= desvio percentual absoluto médio, definido por:

AP = (100/Newp) Y (o = p52) /65
Ay% = desvio relativo entre a composi¢do calculada e experimental, definido por:
Ay% = 100 (Vi35 — Yiro)/ Vim0
CERE = Center for Energy Resources Engineering
CPA = Cubic Plus Association
CR-1 = Regra de Combinagao 1
DIPPR = Design Institute for Physical Property
DTU = Universidade Técnica da Dinamarca
ECR = Regra de combinagao de Elliot
EdE = Equacao de Estado
ELL = Equilibrio liquido-liquido
ELV = Equilibrio liquido-vapor
ESG = Equilibrio sélido-gas
ESL = Equilibrio sélido-liquido

FobjrLr = Fungdo objetivo calculada com informagdes de ELL, definida por:



o,i o,i

1
. _ POLAR,calc POLAR,exp~ 2 hc,calc __ hc ,exp
Fobjgyy, = 1— Y [(xEMAREIe — POMAREy2 4 ol 2

Fobjgrr12 = Fungdo objetivo calculada com informagdes de ELL, definida por:

Nexp
POLAR,calc __ POLAR ,eXP~ 2 hc,calc _ hC ,exp
1 (Xo,i ) Xp,i )

Nex POLAR,exp hc,exp
P i (x5, (Xpi )

Fobjgr 1, =

Fobjgr v = Fungao objetivo calculada com informagdes de ELV, definida por:

Nexp 2 Li 1 Li 2
t, gcalc _ Ligexp
fobi 1 (Pisat,calc _ Pisa exp (pi pi )
ODJELV = X
Nexp o (Pisat,exp)2 (pplq,exp)2
= i

Fobjno = Fungao objetivo calculada com informagdes de ELV e ELL, definida por:
Fobjmo = 3 FobjgLy + ¢;Fobjgy,

GOR = Razdo gas 6leo

PR = Peng-Robinson

PSO = Enxame de Particulas

SAFT = Statistical Associating Fluid Theory

SRK = Soave-Redlich-Kwong

SIMPLEX = método dos poliédros flexiveis

vdW = van der Waals

Lista de simbolos
A = energia de Helmholtz
a, = pardmetro de energia da EdE CPA — bar L*mol’

asrr = energia de Helmholtz total obtida pela teoria SAFT
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Q;qeq; = energia de Helmholtz de gés ideal

Asegmento — €nergia de Helmholtz de forgas de atragdo
QAcadeias — energia de Helmholtz de formacao de cadeia
Agssociacao = €nergia de Helmholtz de associagdo

b = parametro de co-volume — L/mol

C = centrdide do Simplex

¢, = parametro no termo de energia da EdE CPA

f* = fugacidade do componente i na fase a

g = funcdo de distribui¢ao radial

g" = energia de Gibbs de excesso

k;; = parametro de interagdo binaria

N = numero de componentes

Nexp = nimero de experimentos

n = numero de moles

P = pressao

R = constante universal dos gases

R,R.,R, = reflexo, reflexo contraido e reflexo expandido
11 e r, = numeros randomicos entre [0,1]

T = temperatura

V = volume

V,, = volume molar

X, = fragdo de sitios A na molécula i ndo ligados

X, = fracdo molar de monomeros

x ™= melhor posigdo encontrada por cada particula

x9'°= melhor posi¢do encontrada por todo o enxame
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x; = fracdo molar do componente i

y; = fragdo molar do componente i na fase vapor

W = pior solugdo do SIMPLEX

w = parametro de busca do PSO

Z = fator de compressibilidade

77 = contribuigdo fisica para o calculo do fator de compressibilidade

Z/%%89¢ = contribuigdo associativa para o calculo do fator de compressibilidade

Letras gregas

[4iBj = parametro de volume de associagdo entre o sitio A na molécula i e o sitio B na
molécula j

Y1, Y2 = parametros de busca do PSO

y = coeficiente de atividade

A48} = intensidade de associagdo entre o sitio A na molécula i e o sitio B na molécula j

(L mol™)
¢2iBj = parametro de energia de associagio entre o sitio A na molécula i ¢ o sitio B na
moléculaj (bar L mol”)

¢1e {, = pesos usados no calculo da Fobjmo

1 = coeficiente de expansao

K = coeficiente de contracao

PLiq = massa especifica de liquido

v = pseudo — velocidade da particula

@; = coeficiente de fugacidade do componente i puro

¢ = coeficiente de fugacidade da mistura

{; = coeficiente de fugacidade do componente i na mistura
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Sobrescritos / subscritos
calc = calculado

Exp = experimental

hc = hidrocarboneto

Liq = liquido

o = fase organica

p = fase polar

R =reduzido

sat = saturado
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Capitulo 1 — Introducao

1.1- Motivacao

Os reservatorios do Pré-Sal, na bacia de Santos (Brasil), representam a
descoberta de grandes quantidades de 6leo leve (28 a 20 °API), com alto teor de gas.
Esse campo constitui um cendrio desafiador: 4guas ultra profundas (maiores que 2000
metros), reservatorios carbondceos profundos (mais de 5000 metros), distribuidos em
amplas dreas, alta razdo gas 6leo (GOR, no campo de Tupi maior que 200 m*/m’), altos
teores de CO, (8 — 20% em Tupi), altas pressdes e baixas temperaturas (BELTRAO et
al., 2009). Portanto, ¢ necessaria a adaptacdo e o desenvolvimento de tecnologias

especificas para atender essas condigoes.

Um grupo de compostos quimicos amplamente utilizado na industria de dleo e
gas sdo os inibidores termodindmicos de hidratos. Como Uultimo recurso estes,
consideravelmente caros, sdo adicionados diretamente ao fluido de reservatorio
(LUNDSTROM, 2005). O inibidor termodinamico de hidratos mais utilizado
mundialmente ¢ o metanol. S3o efetivos como inibidores apenas na fase aquosa através
da alteragdo do potencial quimico das fases traduzindo-se no aumento da pressao ou na
reducdo da temperatura de formagao do hidrato. Alternativas para o metanol podem ser
listadas: etanol, (mono) Etileno Glicol (MEG), ou Tri Etileno Glicol (TEG). MEG ¢
preferivel em aplicagdes onde sdo esperadas temperaturas em torno de -10°C por
apresentar baixa viscosidade em baixas temperaturas, enquanto o TEG ¢ preferivel
quando comparado ao Di Etileno Glicol (DEG) por apresentar menor volatilidade
(LUNDSTROM, 2005). Ambos inibidores podem ser recuperados, entretanto a
regeneragdo do metanol/etanol ndo € um processo economicamente viavel, visto que a
perda para fase vapor ¢ alta se comparados com os glicois em decorréncia da diferenga
de volatilidade existente entre estes compostos. O conhecimento preciso do equilibrio
de hidratos na presenca de inibidores e do equilibrio de fases dos Ultimos em misturas
com agua €, portanto, crucial para evitar problemas de formacdo de hidratos e
projetar/otimizar meios de transporte, producdo e processamento de gas natural

(HAGHIGHI, 2009).



A importancia de misturas contendo 4gua ¢ reconhecida mundialmente em
diversas areas de pesquisas (ver: KONTOGEORGIS e FOLAS, 2010; LI e
FIROOZABADI, 2009; ZIRRAHI et al., 2010). No processamento de gés natural,
recebem destaque, especialmente, quando a etapa de transporte precisa ser realizada a
altas pressoes e baixas temperaturas. Entretanto, descrever misturas contendo agua com
precisdo constitui-se, ainda nos dias atuais, um desafio em decorréncia das ndo

1dealidades desses sistemas.

A remocgao de dioéxido de carbono (CO,) ¢ de extrema importancia nas industrias
de refino de petréleo, no processamento de gas natural, mas também em industrias
petroquimicas. O processo industrial mais utilizado para tratamento/remocao de gases
acidos (H,S e CO;) ¢ a absorcdo destes em solugdes aquosas de alcanolaminas,
tradicionalmente dietanolamina (DEA). Misturas de alcanolaminas primarias
(monoetanolamina, MEA) ou secundarias (DEA) com alcanolaminas tercidrias (ex:
metildietanolamina, MDEA) tem sido usadas para aumentar a eficiéncia energética do
processo (GUEVARA ef al,1998). A selecio da melhor mistura (blend) a ser
empregada baseia-se no mecanismo de reacdo das alcanolaminas com os gases acidos.
Alcanolaminas primarias e secundarias reagem rapidamente com o CO, formando o
carbamato e, portanto, apresentam taxas elevadas de remocdo. Em contrapartida,
alcanolaminas terciarias submetem-se a uma lenta reacdo do tipo acido-base. Dessa
maneira, sdo capazes de remover todo o CO, presente, mas a taxas de reagdo muito
baixas. Alcanolaminas estericamente impedidas, como 2-amino-2-metil-1- propanol
(AMP, GUEVARA et al,1998), sdao caracterizadas pela presenga de um grupo
substituinte volumoso proximo ao atomo de nitrogénio. Com uma alcanolamina
impedida, o carbamato pode se formar, mas ¢ instavel. A formagdo de carbamato
instavel provoca uma absor¢do estequiométrica ou /oading de 0,5 mol de CO, por mol
de alcanolamina, assim, quando se utiliza uma mistura aquosa de alcanolaminas o
propdsito ¢ maximizar as qualidades desejaveis das alcanolaminas individuais, isto €:
reter as altas taxas de absor¢do das alcanolaminas primérias ou secunddrias, oferecer
baixo custo de regeneracdo e reduzir as taxas de corrosao e de circulagio (GUEVARA

et al.,1998).

O desenvolvimento de um modelo termodinamico que descreva de forma adequada
estas misturas ¢ de fundamental importancia, podendo contribuir para reducao de custos

na etapa de execucdo do projeto de novas unidades industriais. Modelos
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termodindmicos sdo ferramentas importantes na execucdo de projetos de processos
quimicos com a finalidade de atender especificagdes de produtos, garantir e otimizar a
produgdo e o processamento. No calculo de equipamentos como: coluna de destilagao,
vaso de flash, compressor, bomba, trocador de calor ¢ importante determinar
adequadamente as propriedades termodinamicas dos fluidos e solidos envolvidos.
Dados experimentais estdo, normalmente, disponiveis em condi¢des limitadas. Neste
contexto, um modelo matematico que permita a extrapolacdo ou a predi¢ao de dados em
pressoes e temperaturas diferentes daquelas em que os dados experimentais estdo
disponiveis ¢ desejavel. Em ultima andlise, os modelos sdo uteis quando ¢ necessario
fazer previsdes matematicas de valores que ndo podem ser medidos ou quando essa
medi¢do ¢ muito dispendiosa. Alguns dos modelos termodindmicos mais utilizados sdo
as equagdes de estado (EdE) cubicas, por exemplo: Soave-Redlich-Kwong (SRK;
SOAVE, 1972) e Peng-Robinson (PR; PENG e ROBINSON, 1976), ambas baseadas na
EdE de van der Waals. Estas equagdes sdo especialmente utilizadas na industria de
petroleo, pois, além de serem simples quando comparadas a modelos mais recentes, ao
longo dos anos foram determinados parametros para uma vasta quantidade de
compostos e foram, também, desenvolvidos métodos de caracterizagdo e determinacgdo
destes parametros para fluidos de petréleo. Entretanto, os compostos aqui mencionados
(etanol, CO,, H,S, MEG, TEG, alcanolaminas e 4gua) sdo compostos que apresentam
associacao quimica, portanto, capazes de formar ligacdes de hidrogénio ou associagdes

cruzadas.

As ligagdes de hidrogénio exercem significativa influéncia no comportamento
destes componentes onde estdo presentes. Sem levar em conta a associacdo quimica, as
EdE’s cubicas apresentam predi¢cdes, em consequéncia, muito pobres para sistemas que
apresentem os compostos citados. Diversas teorias vém sendo desenvolvidas e
apresentam um tratamento explicito para as ligacdes de hidrogénio. A maioria delas
pode ser enquadrada em uma das trés categorias: teoria quimica, teoria de gés reticulado
e teoria de perturbagdo. Dentre estas, uma das mais importantes ¢ a SAFT (Statistical
Associating Fluid Theory) (AVLUND, 2011a). E uma teoria de perturbagio que foi
apresentada por WERTHEIM em quatro publicagdes entre 1984-1986 (WERTHEIM,
1984a-b; WERTHEIM, 1986a-b), entretanto a versdo original da equagdo de estado
baseada nesta teoria (EdE SAFT) s6 foi apresentada em 1988 (CHAPMAN et al.,

1988). Um grande nimero de variantes da equacdo original foi desenvolvido e os



modelos melhorados a partir da adicado de contribuigdes polares, quadripolares e da
extensdo para eletrolitos. Além disso, técnicas de contribuicdo de grupos foram
desenvolvidas para estimagdo de pardmetros de componentes puros quando os dados
experimentais ndo estao disponiveis (AVLUND, 2011b). Mas, mesmo diante do grande
esforco na melhora dos modelos baseados na SAFT, ainda existe um numero de
problemas nao resolvidos e o esfor¢o computacional para resolu¢do destas equagdes ¢é

alto tornando um desafio a aplicacdo desta teoria em problemas de engenharia.

Uma das equagdes obtidas a partir de uma variante desta teoria ¢ a equacao de
estado CPA (Cubic Plus Association). Foi proposta por KONTOGEORGIS et al. (1996)
e, segundo os autores, foi desenvolvida para lidar com sistemas complexos de uma
maneira matematicamente mais simples que outras equagdes originadas desta mesma
teoria. Esta equacdo foi aplicada com sucesso (em boa concordancia com dados
experimentais) para alcoois e agua (KONTOGEORGIS et al, 1996), em misturas
binarias contendo alcool ¢ hidrocarbonetos (VOUTSAS et al., 1997, YAKOUMIS et
al., 1997), polimeros e solventes (KONTOGEORGIS et al., 2000), aminas
(KAARSHOLM et al., 2005), sistemas multicomponentes contendo agua/alcool/alcanos
(KONTOGEORGIS et al., 1999; VOUTSAS et al., 1999) e em sistemas contendo
agua/glicol/alcool/alcanos (DERAWI et al., 2003).

Pelo cenario descrito anteriormente, pode-se observar que a equagao de estado
CPA apresenta-se como uma boa alternativa para descrever o comportamento de
misturas polares. Deste modo, o foco desta tese estd no desenvolvimento e analise do
desempenho da equacdo CPA em sistemas de interesse na industria de processamento
de gas natural. Além de propostas de novas metodologias de estimag¢ao de parametros
de componentes puros, com ¢énfase em compostos multifuncionais, para
desenvolvimento de um modelo matematico que leve em consideragdo os erros de
medidas dos dados experimentais, objetiva-se tornar possivel a aplicagdo do modelo
desenvolvido em problemas de engenharia a partir da implementagdo desta equacgdo
num simulador de processos. A validagdo da implementacdo computacional sera
realizada com base em comparag¢des com dados experimentais de equilibrio de fases de
misturas bindrias, e a andlise de desempenho serd realizada através da comparacdo com
equagdes de estado tradicionais e com ferramentas comerciais para diversas misturas

multicomponentes. A seguir, destacam-se os principais objetivos desta tese.



1.2 — Objetivos

Diante do exposto, o objetivo geral desta tese ¢ estender a equagao de estado
CPA (Cubic Plus Association) para misturas que contém uma variedade de sistemas de

interesse para industria de petroleo com foco no processamento de gas natural.

Como objetivos especificos, destacam-se:

e Estudar métodos de otimiza¢do e propor nova metodologia de estimacdo de
parametros para analise de correlacdo paramétrica e uso dos erros de medidas
dos dados experimentais de massa especifica de liquido e pressdo de vapor de
componentes puros.

e Estudar regras de combinagao dos parametros de associacdo e propor estratégias
de calculo desses parametros para posteriores predigdes de equilibrio liquido-
vapor de misturas de agua com CO; e em calculos de equilibrio liquido-liquido
de misturas de alcanolaminas e hidrocarbonetos.

e Realizar a interligagdo da EAE CPA com um simulador de processos visando
disponibilizar a equagdao para aplicacdo em problemas de engenharia e seu
possivel uso em novos projetos/avaliacao de unidades industriais.

e Avaliar e propor modificagdes em algoritmos de célculo de flashes para modelar
satisfatoriamente misturas contendo compostos supercriticos, por exemplo:
misturas de gas natural contendo metano, dgua e inibidores de hidratos em
baixas e altas pressoes.

e Avaliar o efeito das propriedades calculadas pela EAE CPA através de calculos
de balango de energia. Para isso serdo realizadas simula¢des de Unidades de
Desidratacdo de géas natural com Glicois e os resultados obtidos avaliados em
comparacao com calculos realizados em simuladores comerciais.

e Realizar vasta comparagdo entre a EdE CPA (incluindo as modificacdes
realizadas ao longo do desenvolvimento desta tese), SRK, PR e PR modificada
pelo GERG (Groupe Européen de Recherche Gaziere) e normatizada pela
International  Organization for Standardization em 2004, doravante,
denominada PR-ISO-04. Para isso as quatro equagdes serdo empregadas em
calculos de pontos de saturagdo em misturas de gds natural contendo agua e

gases acidos a altas pressoes.



1.3 — Organizacao do texto

A fim de alcangar os objetivos mencionados anteriormente, este texto ¢ dividido

em capitulos referentes a cada etapa relevante do desenvolvimento desta tese.

No Capitulo 2 sdo apresentados os processos de desidratacdo de gas natural
utilizando glicois e de absor¢cdo de gases acidos utilizando solug¢des de alcanolaminas.
Adicionalmente, o capitulo apresenta revisdo bibliografica referente aos modelos
termodinamicos normalmente empregados na industria de 6leo e gas. Sdo contempladas
as equacoes de estado cubicas e, também, modelos baseados em energia de Gibbs de
excesso. Posteriormente sdo apresentadas as teorias de associacdo ¢ a EdE CPA

abrangendo algumas aplicacdes e limitacdes.

O Capitulo 3 ¢ dedicado ao modelo utilizado nesta tese, contendo as expressoes
matematicas em detalhes. Contempla a descri¢ao da equagdo CPA, regras de mistura e
de combinacao utilizadas em aplica¢des desta equacao em misturas complexas como as
existentes nos processos mencionados. Sera apresentada, também, a terminologia
utilizada para os esquemas de associagdo. Neste capitulo ¢ também formulado o
problema de estimacdo de parametros. Sdo descritos os algoritmos de otimizacao
utilizados e as metodologias de estimagdo de parametros propostas incluindo uma nova

métrica de medi¢ao e metodologia de avaliacdo dos pardmetros obtidos.

Os resultados obtidos ao longo do desenvolvimento desta tese sdo apresentados no
Capitulo 4. A primeira parte do capitulo ¢ dedicada aos resultados de validacdo da
implementagdo computacional da EdE CPA no simulador PETROX® através de
comparacdes com dados experimentais e com resultados de ferramentais comerciais em
simulacdes de unidades de desidratagdo de gas natural com glicois. Para isso foram
utilizados dados experimentais de misturas bindrias de hidrocarbonetos presentes em
correntes de gas natural com inibidores de hidratos e de misturas binarias de inibidores
de hidratos com agua. Os detalhes sdo apresentados no Apéndice A. Posteriormente a
EdE CPA foi aplicada no estudo de misturas multicomponentes de géas natural contendo
H,S e CO; em uma ampla faixa de pressdo. Dessa maneira a capacidade preditiva de
equacdo ¢ avaliada em comparagdo com dados experimentais e com resultados de
equacdes de estado cubicas tradicionais. Este item de resultados apresenta um breve

resumo deste estudo e a avaliagdo completa ¢ apresentada no Apéndice B. Em seguida ¢



apresentada a aplicacdo das metodologias de estimagdo de pardmetros propostas nesta
tese em calculos de equilibrio liquido-vapor de alcanolaminas e calculos de equilibrio
liquido-liquido em sistemas contendo alcanolaminas e hidrocarbonetos. E feita uma
discussdo geral sobre os resultados da aplicacdo das metodologias propostas em
misturas de MEA com benzeno e os calculos sao mostrados em detalhe no Apéndice C.
A ultima parte deste item ¢ dedicada aos calculos realizados na tentativa de modelar o

equilibrio liquido-liquido da mistura MEA com n-heptano.

Finalmente, no Capitulo 5, sdo apresentadas as conclusdes da tese e sugestdes

para trabalhos futuros.



Capitulo 2 — Revisao Bibliografica

2.1 — Processamento de Gas Natural

O processamento de gas natural consiste basicamente na remoc¢do de alguns
componentes (dgua, gases acidos e hidrocarbonetos pesados — fracdes liquidas
usualmente a partir de C¢) a fim de ajustd-lo para transporte e distribui¢do atendendo
especificagdes comerciais. A distribuicdo dos processos utilizados entre a producao e
venda ¢ definida por razdes econdmicas. A primeira etapa consiste na remog¢ao das
fracdes liquidas de hidrocarbonetos e agua livre. As proximas etapas dependerdo da

maneira que o transporte do gas natural sera feito (LUNDSTRO@M, 2005).

Alguns compostos precisam ser removidos (total ou parcialmente) por razdes
impostas pelas proximas etapas de producdo e outros componentes precisam ser

removidos para cumprimento da legislacdo vigente. Entre eles destacam-se:
e Sulfato de hidrogénio (toxico e corrosivo)
e Diodxido de carbono (corrosivo e pode cristalizar em processos criogénicos)
e Agua (facilita a formagdo de hidratos e corrosao)

e Hidrocarbonetos pesados (podem condensar ou formar solidos nos sistemas de

transporte)

O controle do teor de 4gua, gases acidos e hidrocarbonetos pesados ¢ efetuado
através de unidades operacionais que realizam a purificagdo do gas natural com base na
separagdo destes componentes do gas processado. Para isso sdo utilizados processos
como, por exemplo: absorcdo, adsor¢do, fracionamento e permeacdo de gas

(SOLBRAA, 2002).

Com excec¢do dos processos com membrana, todos os citados anteriormente sao
baseados no principio de transferéncias de massa entre fases distintas: o componente a

ser separado €, seletivamente, transferido da fase gasosa para uma fase liquida ou sdlida.



2.1.1 — Processos de absorcao

Absor¢dao com solventes € a técnica mais empregada no processamento de gas

natural. O principio basico de um processo de absor¢do ¢ apresentado na Figura 2.1.

GAS NATURAL
PROCESSADO
SOLVENTE
RECICLADO
COLUNA
COLUNA FLASH REGENERADORA
ABSORVEDORA
GAS A >
NATURAL
BOMBA
—
< >
AN

Figura 2.1. Fluxograma esquematico de um processo de absorgao (adaptado de
Ol E SELSTQ, 2002).

O gés a ser processado entra em contato com um solvente seletivo através de um
fluxo contracorrente em uma coluna absorvedora. A recirculacdo do solvente ¢ o
numero de estdgios de separagdo sao obtidos com base na pureza pretendida a fim de
atender a especificacdo desejada. O solvente que sai da coluna de absor¢do ¢ enviado a
uma coluna de regeneragdo, geralmente operando a baixas pressdes. Apds regeneragdo o
solvente ¢ reciclado. Sao utilizados ainda, bombas e trocadores de calor para atingir os

niveis de pressao e temperatura necessarios as outras operagoes.

O solvente seletivo empregado para controle do teor de dgua ¢ o TEG.
Usualmente TEG ¢ utilizado como absorvente em unidades de desidratagdo de gas

natural. Essas unidades sdo empregadas antes da etapa de transporte deste gas.

Monoetanolamina (MEA), dietanolamina (DEA), diglicolamina (DGA),

diisopropanolamina (DIPA) e metildietanolamina (MDEA) sdo algumas das



alcanolaminas usadas para remogdo, por processo de absorcdo, de gases acidos do gés
natural pelo carater basico do grupamento amino. Os prefixos “mono”, “di” ou “tri”
indicam o grau de substituicdo em relacdo ao atomo de nitrogénio. R denota o grupo
funcional HOCH2CHz2- . Assim sendo, monoetanolamina t€m a notagdo quimica RNH2,
dietanolamina R;NH e trietanolamina R3N. As reacdes entre H,S e alcanolaminas sao
descritas em detalhes em diversas publicac¢des, por exemplo: GUEVARA et al. (1998).
Essas reagdes sdo rapidas e ocorrem com aminas primdrias, secunddrias e tercidrias.
Quando comparadas com as reagdes que ocorrem com o H,S, as reagdes entre
alcanolaminas e CO, sdo bem mais complexas e podem ocorrer de duas maneiras:
formagdo de carbonato com posterior formacao de bicarbonato ou pela formacao de

carbamato (SOLBRAA, 2002).

2.2 - Modelos Termodinamicos para Projeto e Analise de Processos

Para projeto e analise de processos de separacgdo, propriedades termodinamicas sao
necessarias com frequéncia, especialmente dados de equilibrio de fases. A importancia
de célculos termodinamicos pode ser evidenciada no fato de que, frequentemente, mais
de 40% do custo em muitos processos ¢ relacionado as unidades de separagdo
(PRAUSNITZ et al.,, 1999). Por essa razao, muitos simuladores comerciais possuem

uma gama de modelos termodinamicos a serem selecionados para uso.

Frequentemente nos questionamos se existem dados suficientes ou modelos
adequados para uma aplicagdo especifica. As necessidades, ainda que no mesmo setor
industrial, nao sdo sempre as mesmas. Dados experimentais para misturas
multicomponentes sdo, muitas vezes, escassos ou apresentam medi¢do dispendiosa,
mesmo para misturas muito conhecidas e com grande importancia industrial como, por
exemplo: agua, hidrocarbonetos e alcoois. Diferentes tipos de célculos sdo necessarios
dependendo do tipo de processo de separagdo envolvido (equilibrio sélido-liquido
(ESL), liquido-liquido (ELL), solido-gas (ESG), liquido-vapor (ELV) e etc.)
(KONTOGEORGIS e FOLAS, 2010).

A condicao basica para solucdo dos problemas de equilibrio de fases ¢ a
igualdade de potencial quimico de cada componente (PRAUSNITZ ef al., 1999). Como

consequéncia, dadas as condi¢des utilizadas nesta tese (mesmo estado de referéncia),
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tem-se a igualdade da fugacidade de todos os componentes (i) em todas as fases

(a,B,7, ) (Equagdo 2.1).
fe=fF=fr=- paai=12..,N (2.1)
Onde N ¢ o nimero de componentes.

Coeficientes de fugacidade (¢;) podem ser calculados a partir de dados
volumétricos ou alternativamente por uma equagao de estado — relacao de pressao (P),
volume (V) e temperatura (7). As equagdes de estado compreendem os modelos
termodindmicos mais importantes ¢ podem ser expressas como P(V,7) ou V(P,T). O

coeficiente de fugacidade de um componente ; numa mistura pode ser calculado pelas

Equacdes 2.2 ou 2.3.
5= Ji _ (2P _RT _ PV

RTIng; = RTIn L = [ ( ani)T,V,n Vl dv —RTIn (%) (2.2)
~ fi P(= RT

RTIng; = RTIn 2L = [ ( ;— ) dp (2.3)

Sendo R ¢ a constante universal dos gases ¢ y; a fragdo molar do componente i.

Em principio, as equagdes de estado sdo adequadas para descrever qualquer
condicdo de equilibrio. Entretanto, isso ndo ¢ observado na pratica principalmente no:
equilibrio sélido-liquido (ESL), liquido-liquido (ELL) e equilibrio liquido-vapor (ELV)
de misturas complexas. Em alguns casos pode ser conveniente o uso de modelos de
coeficiente de atividade, desenvolvidos especialmente para fases condensadas

(KONTOGEORGIS e FOLAS, 2010).
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2.2.1 — Modelos Classicos

2.2.1.1 — Equacoes de Estado Cubicas

Equacdes de estado sdo os modelos termodindmicos mais comumente utilizados
e aplicados em engenharia quimica, especialmente as equagdes do tipo cubicas. Entre
outras caracteristicas, isso se deve ao fato de que estas equagdes sdo adequadas para uso
em uma grande faixa de pressao (WALAS, 1985). Em muitos casos onde ¢ necessario o
calculo de equilibrio de fases na industria quimica, estdo presentes ao menos um
componente em condigdes subcriticas € um componente supercritico. Na maioria dos
sistemas da industria de 6leo e gas, hidrocarbonetos estdo presentes em misturas com
gases como: metano, CO,, N, e etc. Além disso, com frequéncia, agua esta presente

nesses sistemas.

As equagdes de estado cubicas mais conhecidas sdo: equacdo de van der Waals
(vdW, VAN DER WAALS, 1873), Redlich-Kwong (RK, REDLICH e KWONG, 1949),
Soave-Redlich-Kwong (SRK, SOAVE, 1972) e Peng-Robinson (PR, PENG e
ROBINSON, 1976). As duas ultimas sao tipicamente utilizadas na industria quimica e
de petréleo. De acordo com CHEN e MATHIAS (2002) e de HEMPTINNE ¢ BEHAR
(2006), sao também as primeiras escolhas no ramo petroquimico, processamento de gas

e processos de separacdo em presenca de ar.

A fim de estender estas equacdes para misturas, regras de misturas sdo necessarias
para os parametros de energia e covolume. Uma maneira de fazer isso ¢ utilizando as
regras de mistura classicas de van der Waals. E preciso ainda langar mio de regras de
combinacdo. As regras de combinacgdo classicas utilizam a forma geométrica para o
parametro de energia e a forma aritmética para o covolume (KONTOGEORGIS E
FOLAS, 2010). Cabe ressaltar que as regras de combinagdo ndo sdo dependentes de
composi¢do. Entre os pardmetros de interagdo binaria, k;; € o mais importante e
usualmente calculado com base em dados de equilibrio de fases de misturas. A seguir,
destacam-se algumas vantagens do uso das EdE’s cubicas (KONTOGEORGIS e
FOLAS, 2010):

e Modelos simples, calculos rapidos;

e S3o aplicaveis em amplas faixas de pressdo e temperatura;
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e Sao capazes de descrever propriedades de compostos em fase liquida e vapor
podendo ser utilizados para calculos de predi¢do de equilibrio de fases;

e Na maioria dos casos ndo hd necessidade do uso de dois parametros de
interagdo; para gases e hidrocarbonetos bons resultados sdo obtidos inclusive
para misturas;

e Resultados satisfatorios para altas e baixas pressoes (ELV);

e Bons resultados na predicao de ELV para misturas multicomponentes contendo
hidrocarbonetos e compostos nao-polares (usando parametros de interagao
obtidos a partir de dados de misturas binarias);

e Muitos bancos de dados e correlagdes disponiveis para k; ;;

ij»

Entrentanto, algumas limita¢cdes também podem ser citadas:

e k;j precisa ser estimado mesmo para misturas de gases com hidrocarbonetos.
Em alguns casos ¢ necessario incluir, também, dependéncia com temperatura no
pardmetro de interagdo k;; = f (T);

e Pobre descricdo do comportamento de misturas que apresentam associagcdo
quimica e de misturas de compostos polares com compostos ndo polares
(ORBEY e SANDLER, 1998; ELLIOT et al., 2007);

e Quando os dois parametros de interagdo sdo utilizados, os modelos ganham
flexibilidade, entretanto na maioria dos casos, ndo podem ser generalizados
como funcdo de algumas -caracteristicas dos componentes envolvidos
(KONTOGEORGIS e FOLAS, 2010);

e Equilibrio liquido-liquido (ELL) e sistemas que apresentam imiscibilidade
(como a mistura de 4gua, glicol e metano) ndo sdo correlacionados
satisfatoriamente. Na maioria dos casos, um unico parametro de interacdo ndo ¢
capaz de representar a solubilidade de ambas as fases. Exemplos de misturas de
metanol com alcanos sdo apresentados por GUPTA e OLSON, (2003);

e Resultados de ELV e ELL para misturas complexas multicomponentes sdo
insatisfatorios, especialmente em presenga de compostos auto-associativos e

agua (detalhes em LUNDSTROM, 2005).
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2.2.1.2 — Modelos baseados em energia de Gibbs em excesso

Em decorréncia das limitagcdes descritas no item anterior (2.2.1.1), as EdE’s
cubicas sdo utilizadas com sucesso em misturas que contém componentes apolares ou
levemente polares como misturas de hidrocarbonetos e componentes gasosos. Essas
limitagdes levaram, ao longo dos anos, ao uso de métodos de calculos chamados “gama-

fi (y —¢)”. Neste tipo de abordagem, a fase vapor ¢ descrita via EdE ¢ a fase liquida ¢é

descrita por modelos de coeficiente de atividade (), calculados a partir de energia de

Gibbs de excesso (g” ). Sdo modelos que descrevem a nio idealidade em fase liquida e

estdo divididos basicamente em duas categorias: os modelos do tipo “ramdom-mixing”
como, por exemplo, Margules, solu¢des regulares e van Laar; e os modelos que levam
em conta o efeito de concentracdes locais como, por exemplo, Wilson, NRTL e

UNIQUAC.

Os modelos do tipo “ramdom-mixing” foram muito utilizados até¢ 1965, mas
foram aos poucos substituidos pelos modelos de composi¢do local a partir do
desenvolvimento desta teoria nos anos 60 (WILSON, 1964), embora ainda existam
algumas aplicagdes praticas dadas as razdes a seguir (KONTOGEORGIS e FOLAS,
2010):

e S3o modelos simples (Margules, van Laar) e capazes de correlacionar em
muitos casos sistemas complexos (polares) (ELV);

e Parametros para muitos sistemas estdo disponiveis na base de dados do
DECHEMA,;

e Sdo uteis para estimativas em pacotes computacionais;

e Os parametros podem ser estimados facilmente com base em poucos

dados experimentais.

Entretanto, em decorréncia das forcas intermoleculares, misturas de moléculas
nunca sao inteiramente randomicas. Neste contexto, contabilizar essa ndo aleatoriedade
permite a constru¢do de modelos que gerem melhores descrigdes de equilibrio de fases.

Desde a criacdo do conceito de composicao local com a equacao de Wilson (WILSON,
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1964), pdde ser ampliada a faixa de aplicagdo dos modelos existentes. Sdo diversos os

modelos baseados nesse conceito (Figura 2.2).

Figura 2.2. Conceito de composicao local, onde x; indica a fragao molar do

componente i em torno de uma molécula central j. (adaptado de KONTOGEORGIS e
FOLAS, 2010).

Em escala suficientemente pequena e proxima a molécula central, a mistura de
moléculas ndo ¢ aleatéria e as composigdes locais sdo diferentes das concentragdes
médias globais. Por contabilizar as nao aleatoriedades locais, ¢ esperado que estes
modelos representem, de forma mais realistica, o comportamento de misturas
complexas. Obviamente, para isso, ¢ preciso conhecer a distribuicao das fragdes molares
locais, que sdo calculadas usando o fator de Boltzmann, e diferentes fun¢des sdo
utilizadas nos diversos modelos baseados neste conceito. Em muitos casos dois
parametros por mistura binaria sdo suficientes para descrever adequadamente o ELV.
Os parametros de interacdo binaria podem exibir dependéncia com a temperatura. Os
modelos de composi¢do local mais conhecidos e utilizados sdo: Wilson (WILSON,
1964), NRTL (RENON e PRAUSNITZ, 1968) e¢ UNIQUAC (ABRAMS ¢
PRAUSNITZ, 1975). Parametros para todos os modelos citados estdo disponiveis em

varias colecdes, especialmente, no DECHEMA (GMEHLING ef al., 1991-2014).
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No entanto, todos os modelos de g apresentam algumas deficiéncias. Sio
comuns a todos os modelos a forte correlacdo estatistica entre os parametros. Outras sao
mais especificas, relacionadas a problemas teoricos (por exemplo: NRTL nao t€ém um
termo entropico) ou relacionadas a aplicacdes praticas (no caso de alcoois, por exemplo,
¢ comum o uso de valores diferentes do mesmo parametro nos termos residual e
combinatorial do modelo UNIQUAC (KONTOGEORGIS e FOLAS, 2010)). Apesar
destas limita¢des, sdo boas ferramentas para célculos de equilibrio liquido-vapor em
baixas pressdes e calculos de equilibrio liquido-liquido usando apenas parametros
estimados a partir de misturas binarias. Além disso, para dois desses modelos (Wilson e
UNIQUAC) foram desenvolvidos métodos de contribuicdo de grupos (ASOG e

UNIFAC) muito uteis para calculos preliminares na auséncia de dados experimentais.

2.2.1.3 — Regras de mistura para Equacoes de Estado baseadas em energia de Gibbs
em excesso

Nos dois itens anteriores (2.2.1.1 e 2.2.1.2) foram apresentadas as equagdes de
estado cubicas e os modelos de coeficiente de atividade. Ambos tem suas aplicagdes
bem como limitagdes. Vantagens podem ser obtidas combinando os dois métodos de
calculo com a finalidade de obter um modelo adequado para célculos de equilibrio (ao
menos ELV) de misturas polares e ndo polares em baixas e altas pressdoes. A
combinagdo destes dois modelos gera modelos chamados de EdE/G™“*°. Sio,
basicamente, regras de mistura usadas tipicamente para o calculo do parametro de
energia das equagdes de estado. Essas regras permitem a incorporacdo de uma
expressdo para energia de Gibbs de excesso na EdE, permitindo sua aplicagdo em
calculos de propriedades termodinamicas de compostos polares e a altas pressdes. A
maioria destes modelos ¢ gerada a partir da igualdade da energia de Gibbs de excesso de
uma equagao de estado com a forma explicita de um modelo de coeficiente de atividade
a uma pressao de referéncia P (Equacdo 2.4). De forma similar, podem também ser

obtidos modelos via EAE/A®***,

EdE modelo,*

(&), -G, @4)
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Pressdes de referéncias convenientes podem ser, por exemplo, pressao infinita
(Huron-Vidal (HURON e VIDAL, 1979), Wong-Sandler (WONG e SANDLER,1992))
ou vacuo (MHV2 (DAHL e MICHELSEN, 1990), PSRK (HOLDERBAUM e
GMEHLING,1991)). O superindice * na Equag¢do 2.4 se refere ao modelo de coeficiente
de atividade, por exemplo, NRTL. O lado direito da Equagdo 2.4 ¢ obtido a partir de
uma forma explicita do modelo de coeficiente de atividade, e o lado esquerdo da

Equacgdo 2.4 ¢ obtido a partir da termodinamica classica (Equagdes 2.5 e 2.6).

E
—=Ing—%xIng; =TxIny, (2.5)
_ @ _ 6ngE
RTIny; = In% = (—ani )T’P’n#i (2.6)

Onde ¢; e ¢ sdo os coeficientes de fugacidade do componente i puro e da mistura,
respectivamente. Sua derivagdo a partir da EJE depende da regra de mistura. ¢; € o
coeficiente de fugacidade do componente i na mistura. A Equagdo 2.5, com algumas
consideragdes, permite a obtencdo do parametro de energia de mistura. Resulta, entdo,
uma regra de mistura para equacdo de estado que inclui um modelo de coeficiente de

atividade.

Apesar da ampliagdo da faixa de aplicabilidade da equacdo de estado ao ser
combinada com modelos de coeficiente de atividade ainda existem algumas limitagdes

listadas a seguir:

e Indisponibilidade de alguns parametros de interacdo do modelo UNIFAC

especialmente para sistemas que contém gases (compostos leves);

e Existem inconsisténcias termodinamicas com a imposicdo de igualdade de
energia livre de dois modelos de génesis diferentes. Esses efeitos ficam mais
evidentes para sistemas contendo moléculas assimétricas em tamanho, como por

exemplo, na aplicagdo da regra MHV1 em conjunto com o modelo
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UNIQUAC/UNIFAC resultando em modelos que contém dois termos
combinatoriais (KONTOGEORGIS e FOLAS, 2010);

e O modelo de composicao local continua sendo uma limitacdo da equacdo de
estado final; Compostos auto-associativos, compostos que formam solidos,
sistemas que apresentam ELL e equilibrio multifasico e multicomponente
continuam com dificuldades de serem representados adequadamente, uma vez
que ndo sao bem representados em baixas pressoes pelos modelos de coeficiente

de atividade.

2.2.2 — Teorias de Associacao

O foco desta tese ¢ a modelagem de compostos de interesse no processamento de
gas natural utilizando equagdes de estado. E utilizada na indastria uma série de
compostos quimicos no processamento de gas natural e em varios estagios de produgao
e processamento de petrdleo. Glicois, metanol e etanol sdo utilizados para evitar a
formagao de hidratos em processos de produgdo off-shore. Alcanolaminas sdo utilizadas
para remoc¢ao de gases como CO; e H,S de correntes de gas natural e em processos
auxiliares aos processos de tratamento de destilados médios. Esses compostos,
mencionados como exemplos, sdo chamados de compostos auto-associativos, capazes
de formar ligagdes de hidrogénio. Essas liga¢des exercem influéncia significativa no
comportamento termodindmico de misturas contendo esses compostos. As equacdes de
estado cubicas ndo apresentam um termo que contabilize de forma explicita a
associacdo quimica e, portanto, apresentam pobre desempenho quando utilizadas para

modelar sistemas complexos (AVLUND, 2011a).

Ao longo dos ultimos anos, uma variedade de modelos termodinamicos capazes
de contabilizar de forma explicita os efeitos das ligagdes de hidrogénio em solucdo
foram propostos. Esses modelos sdo chamados de “modelos de associacdo”. Sao
modelos adequados para descrever equilibrio de fases de misturas contendo compostos
polares ou componentes que apresentem forte associacdo quimica, como por exemplo:
agua, alcoois, aminas, fendis ou quaisquer outros capazes de formar ligacdes de
hidrogénio. A formagdo de ligagdes de hidrogénio entre moléculas do mesmo tipo, €

conhecida como auto-associacdo (exemplo: dgua pura), enquanto a formagdo de
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ligacdes de hidrogénio entre moléculas distintas ¢ chamada de associacdo cruzada
(exemplo: dgua com etanol). As teorias de associagcdo sdo divididas, basicamente, em
trés grandes familias: 1) teorias quimicas, 2) teorias de rede (quase-quimicas) e 3)
teorias de perturbacdo. Quando essas teorias sdo expressas na forma de um modelo
termodindmico, como uma equagdo de estado, duas contribui¢des estdo presentes com
frequéncia: um termo fisico, que leva em conta os desvios da idealidade gerados pelas
forcas fisicas; e um termo de associacdo, que considera as ligagdes de hidrogénio ou
outras interacdes quase-quimicas. Em geral, nas teorias quimica e de rede, as duas
contribui¢cdes ndo sdo inteiramente separaveis (Santos, 2010), entretanto, na teoria de
perturbagdo, os termos sao explicitos e aditivos. O fator de compressibilidade (Z), da

EdE ¢ normalmente expresso de acordo com a Equagao 2.7.

Z = 7Js  zossoc (2.7)

Sendo fis e assoc, respectivamente, a contribuicao fisica e de associa¢do para o fator
de compressibilidade. A aproximag¢do matemadtica utilizada para descrever as ligacoes

de hidrogénio ¢ diferente nas trés teorias de associagao:

J A teoria quimica ¢ baseada na formacdo de novas espécies e a extensdo da
associacdo ¢ determinada pelo numero de oligdmeros formados, como fungdo de
densidade, temperatura e composic¢ao.

. A teoria de rede (também chamada de teoria quase-quimica) contabiliza o
numero de ligagdes formadas entre os segmentos de diferentes moléculas que ocupam
sitios adjacentes na rede. A extensdao da associagdo €, entdo, determinada pelo nimero
de ligacdes.

. Nas teorias de perturbacdo, a contribui¢do para a energia livre total devido as
ligagdes de hidrogénio ¢ calculada a partir da mecanica estatistica e o parametro
importante para contabilizar essas ligacdes, neste caso, ¢ o nimero de sitios ligados por

molécula.

Essas teorias sao discutidas extensivamente na literatura. Detalhes sobre os

modelos de associagdo podem ser encontrados, por exemplo, em duas publicagdes
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apresentadas por ECONOMOU e DONOHUE (1991, 1996). Cabe ressaltar, porém, que
uma importante conclusdo apresentada de forma independente em publicagdes distintas
(ECONOMOU e DONOHUE, 1991; HENDRIKS et al., 1997, MICHELSEN e
HENDRIKS, 2001), ¢ o fato de que existem similaridades nas expressdes matematicas
para a contribuicdo das ligacdes de hidrogénio. A seguir, uma teoria de perturbacao ¢

discutida com mais detalhes.

2.2.2.1 — Statistical Associating Fluid Theory (SAFT)

Em quatro publicagdes (WERTHEIM, 1984a-b; WERTHEIM, 1986a-b),
WERTHEIM apresentou uma teoria de perturbacdo baseada em termodindmica
estatistica que contabilizava, de forma explicita, as ligagdes de hidrogénio. CHAPMAN,
JACKSON, RADOSZ ¢ GUBBINS, em 1988 a 1990, apresentaram a teoria em forma
de equacdo de estado, Statistical Associating Fluid Theory (SAFT), considerando os
efeitos como aditivos em termos de energia livie (CHAPMAN et al., 1989; CHAPMAN
et al., 1990). Ainda em 1990, HUANG e RADOSZ publicaram uma nova versao da
equagao SAFT e apresentaram também, parametros para diversos compostos. Esta
equacao ¢ referenciada por muitos autores como: SAFT original. A principal diferenca
entre as versdes apresentadas por HUANG e RADOSZ e por CHAPMAN e
colaboradores estd no termo de dispersio. HUANG e RADOSZ utilizam o termo de
dispersdao proposto por CHEN e KREGLEWSKI (1977) enquanto CHAPMAN et al.
usam a expressao apresentada por COTTERMAN et al. (1986). Ao longo dos anos,
varias versdes da SAFT vém sendo apresentadas, com destaque para a PC-SAFT

(GROSS e SADOWSKI, 2001).

Os modelos baseados nesta teoria de perturbacdo sdo, tipicamente, escritos como

uma soma de contribui¢des de energias de Helmholtz (4) (Equacio 2.8).

A
AsarT = RT Aidgeal T Asegmento T Acadeias T Qassociagio (2.8)
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Sendo a energia livre total obtida a partir das energias livres de gas ideal (a;ge4;), forgas
de atraco (asegmento), de formagdo de cadeias (Acqgeias) € de ass0Ciacdo (Agssociacio)-

A Figura 2.3 mostra uma construgao tipica da molécula descrita pela teoria SAFT.

As grandes diferencas entre as diversas versoes das equacdes originadas da
SAFT estdo na escolha do estado de referéncia, na funcdo de distribuicdo radial e no
termo de dispersdo utilizado. As contribuigdes de formacdo de cadeia e de associagdo

utilizadas sdo todas similares as da EAE SAFT original (AVLUND, 2011b).

O
~ o ©|Foasde | O oo Formagéao
< O | Atragé Ejele) :
¢ de cadeias
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Figura 2.3. Procedimento utilizado para calcular a energia livre de uma molécula
pela teoria SAFT. O fluido de referéncia ¢ considerado como esferas rigidas. As
energias livres devido as forgas de atragdo, as for¢as de formacao de cadeias e aos sitios
de associagdo sdo todas aditivas (Adaptado de KONTOGEORGIS e FOLAS, 2010).

2.2.2.1.1 Equagdo de Estado Cubic plus association (CPA): Por que estuda-la?

Como ja mencionado no Capitulo 1 deste texto, o objetivo desta tese € estender a
equagao de estado CPA para misturas presentes em uma variedade de sistemas de
interesse para industria de petréleo com foco no processamento de gas natural. A EdE
CPA combina a equagdo classica Soave-Redlich-Kwong (SRK) com o termo de
associacdo fundamentado na termodinamica estatistica e similar ao da teoria SAFT. O

proposito do desenvolvimento da EAE CPA ¢ adicionar a energia livre de um modelo
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baseado em uma equacao de estado cubica (SRK), largamente empregadas na industria
de petroleo, a energia livre de associacdo, fundamentada na teoria SAFT a fim de
descrever misturas de compostos que apresentam associagdo quimica. A EdE CPA
apresenta-se como um balanco entre exatidao e simplicidade, objetos de interesse na
industria de oleo e géas. Além da simplicidade e bom desempenho no tocante a
modelagem de equilibrio de fases de sistemas complexos, ndo ¢ esperado que a
implementagdo do termo de associagdo gere grande demanda de tempo computacional.
Espera-se que esses tempos ndo sejam muito maiores que os tempos demandados para
simulacoes com SRK ou outras equacdes de estado cubicas. Apesar de muitos
pesquisadores evitarem o uso de teorias de associagdo com a justificativa da alta
demanda computacional, pretende-se mostrar aqui que, com implementagdo
computacional adequada, os tempos demandados usando a EdE CPA sdo comparaveis

aos das equacdes de estado cubicas tradicionais.

Em termos praticos, o desenvolvimento da EdE CPA tem por objetivo gerar um
modelo termodindamico capaz de descrever o equilibrio de fases de misturas
multicomponentes contendo hidrocarbonetos e compostos polares (auto-associativos)
fornecendo calculos com boa acuracia, com base em dados apenas de componentes
puros e misturas binarias. A EJE CPA além de descrever sistemas contendo compostos
polares, recai na EdE SRK na auséncia de associacdo quimica. A representagdo do
equilibrio de fases de misturas de hidrocarbonetos pela EJE SRK ¢ considerado
satisfatorio e diversos procedimentos de caracterizagdao estao disponiveis para calculos
dos parametros dessa equagao para estes compostos. Dessa maneira, o desafio de tornar
uma equacdo de estado baseada em termodindmica estatistica aplicavel em calculos de
engenharia ¢ facilitado uma vez que ao incorpora-la, por exemplo, em um simulador de
processo, serdo necessarios apenas os calculos dos parametros dos componentes que
apresentam associacao quimica e todos os procedimentos de caracterizagao de petrdleo

ja disponiveis nestes softwares podem ser aproveitados.

2.2.3 — Aplicacdes da EAE CPA na industria de 6leo e gas

Proposta por KONTOGEORGIS et. al em 1996, a equagao de estado CPA foi

aplicada com sucesso em sistemas contendo alcoois e agua. VOUTSAS et al. (1997) e
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YAKOUMIS et al. (1997) aplicaram o mesmo modelo na modelagem de misturas
binarias contendo alcool e hidrocarbonetos. Em 1999, KONTOGEORGIS et al. (1999)
e VOUTSAS et al. (1999) testaram a equacdo em sistemas terndrios contendo agua,
alcool e alcanos obtendo resultados bem proximos aos dados experimentais. Ao longo
dos ultimos anos muitos outros trabalhos vém sendo publicados utilizando a equagado
CPA. Foram apresentados bons resultados na aplicagdo desta equagdo em sistemas
contendo polimeros e solventes (KONTOGEORGIS et al., 2000), sistemas
multicomponentes contendo agua, glicol, alcool e alcanos (DERAWI et al., 2003),
acidos organicos (DERAWTI et al., 2004) e aminas (KAARSHOLM et al., 2005) entre
outros de importancia para industria de 6leo e gas. KONTOGEORGIS e FOLAS (2010)
apresentaram ainda uma série de aplicagdes da CPA na industria de dleo e gés e na
industria quimica. Foram apresentados resultados de predi¢do de equilibrio de formagao
de hidratos, equilibrio de hidrocarbonetos em presenga de agua e em misturas de gases

acidos.

Com base em todas as publicacdes citadas anteriormente, a CPA apresentava-se
como um modelo promissor para calculos de pontos de saturacdo em correntes de gas
natural contendo agua. Entretanto, ndo foi encontrada na literatura uma comparagao
entre a CPA e outras equagdes de estado em sistemas multicomponentes contendo agua,
gas natural e gases acidos (CO; e H,S). Esses sistemas sdo de grande importancia para
industria de petréleo, especialmente no Brasil, em decorréncia da grande quantidade de
agua e gases acidos na area do Pré-Sal. Neste trabalho os resultados obtidos pela CPA
para diversos sistemas foram avaliados em comparac¢ao com dados experimentais € com
equacdes de estado tradicionais (PR e SRK), incluindo também a PR-ISO-04. Além
disso, a aplicagdo da CPA em condigdes extremas de pressao também foi analisada e os
resultados obtidos serdo comentados na secdo de resultados deste texto e em mais
detalhes no Apéndice B (manuscrito publicado no periddico Industrial & Engineering

Chemistry Research).

Outra aplicagdo de grande importancia para o processamento de gas natural ¢ a
modelagem do equilibrio de fases de correntes de gas natural em presenca de inibidores
de hidratos. Apos o trabalho de DERAWI et al. (2003) e da aplicagdo da CPA em
sistemas multicomponentes contendo glicol, alcool, dgua e alcanos, outros trabalhos
foram publicados e diversos conjuntos de pardmetros foram apresentados para o TEG

puro. Recentemente, ARYA et al. (2014) apresentaram uma comparacao de resultados
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utilizando os conjuntos de parametros apresentados na literatura para essa aplicagdo.
Uma vez definidos os pardmetros, ARYA et al (2014) utilizaram um pacote
termodinamico desenvolvido pela Universidade Técnica da Dinamarca baseado na CPA
nomeado de ThermoSystem para realizar simulacdes em sistemas comumente
encontrados em unidades de desidratagdo de gas natural. Esse pacote termodinamico
foi apresentado na literatura por BREIL er al. (2007) e suporta o protocolo CAPE-
OPEN mantido pelo consércio CO-LaN (2014). Usando o protocolo CAPE-OPEN ¢
possivel realizar simulagdes utilizando as operac¢des unitarias de qualquer simulador de
processo que também suporte esse mesmo protocolo. Entretanto, o ThermoSystem s6
suporta calculos de flash bifasico com temperatura e pressao especificadas. Para
calculos de flash multifasico ou com outras especifica¢des, os algoritmos do simulador
de processo devem ser utilizados. Os resultados obtidos por ARYA et al. (2014) para
sistemas com TEG sdo promissores € motivaram uma investiga¢do mais detalhada desse
sistemas nesta tese. Entretanto, em algumas condi¢cdes de temperatura e pressdo,
utilizando misturas que continham componentes em condigdes supercriticas, o0s
resultados obtidos pelo pacote termodinamico nao estavam de acordo com os dados
experimentais. Uma andlise mais cuidadosa mostrou que o problema de caracterizagao
das correntes calculadas ndo se devia ao pacote termodindmico, mas sim, ao algoritmo
de flash utilizado. Essa informag¢dao motivou a incorporacao, nesta tese de doutorado, da
equagao de estado CPA a um simulador de processos para que fosse possivel analisar e
alterar os algoritmos de flash na intencdo de confirmar as suspeitas; realizar simulacdes
posteriores em unidades de desidratacdo de gas natural comparando o novo modelo com
os modelos para aplicagdes com glicois disponiveis nos simuladores Aspen Plus®
(ASPEN, 2014) e PRO II® (PRO/IIL, 2010). A inclusdo desta equacdo foi realizada
utilizando o Simulador de processos PETROX® (NIEDERBERGER et al., 2009) por
apresentar as caracteristicas necessarias para o estudo pretendido. As modificacdes nos
algoritmos de flash do simulador para uso em conjunto com a EdE CPA foram
realizadas. Apds as alteragdes concluidas, foi comprovada, também, a capacidade da
equagao de modelar unidades de desidratacdo com glicois apresentando-se como uma
alternativa aos modelos presentes nos simuladores comerciais. Os detalhes dessa
implementagdo, bem como a validagdo do modelo, modificacdes nos algoritmos e
resultados obtidos na comparacdo com simuladores comerciais serdo discutidos na
secdo de resultados. Esses resultados constituem uma contribui¢do para literatura. Como

a CPA nao estd disponivel em simuladores de processos comerciais, ¢ inédita a
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comparacao sistematica de esfor¢o computacional. Os resultados sdo apresentados de
forma mais detalhada no Apéndice A (manuscrito enviado para Computers & Chemical

Engineering).

A remocao de didxido de carbono (CO,) ¢ de extrema importancia nas industrias
de refino de petrdleo no processamento de gas natural e, também, em industrias
petroquimicas. O processo industrial mais utilizado para tratamento e/ou remog¢do de
gases acidos (H,S e CO,) ¢ a absor¢ao destes em solugdes aquosas de alcanolaminas, o
que torna muito importante o conhecimento do comportamento do equilibrio de fases
das misturas correspondentes. AVLUND (2007) fez um estudo do uso da EdE CPA na
modelagem de sistemas contendo alcanolaminas. Avaliou os melhores esquemas de
associacdo para estes compostos. Entretanto, nao foi possivel descrever com acuracia o
equilibrio liquido-liquido de misturas de alcanolaminas com hidrocarbonetos mostrando
a necessidade de um estudo mais aprofundado ¢ a necessidade de melhorias nesta
equacdo a fim de modelar estes sistemas de forma satisfatoria. Em sua tese de
doutorado, AVLUND (2011b) estudou sistemas contendo alcanolaminas (AVLUND et
al., 2008 e AVLUND et al., 2011a) . Apesar das diferentes aplicacdes apresentadas nas
publicacdes distintas, as conclusdes obtidas por AVLUND et al. sdo bastante
semelhantes. A equagdo CPA mostrou potencial para modelar sistemas contendo
alcanolaminas, entretanto, dados de equilibrio liquido-vapor (massa especifica de
liquido e pressdo de vapor) nao sdo suficientes para modelar alcanolaminas puras. Com
a finalidade de melhorar a modelagem desses sistemas, apresenta-se aqui uma nova
metodologia de estimacdo de parametros com base na inclusdo de informagdes
adicionais na equacdo utilizada como fungdo objetivo. Além disso, métodos de
otimizacdo deterministicos ¢ ndo deterministicos (estocasticos) sdo utilizados em
conjunto de modo a fazer uso das melhores caracteristicas de cada um deles. A
metodologia foi aplicada em sistemas contendo alcanolaminas em calculos de ELV e
ELL. Os resultados sdo apresentados no capitulo de Resultados e em mais detalhes no

Apéndice C (manuscrito enviado para Fluid Phase Equilibria).
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Capitulo 3 — Metodologia

Este capitulo ¢ dedicado aos modelos matematicos e contempla a descrigdo da
equacdo de estado CPA, regras de mistura e de combinacdo utilizadas em aplicacdes
desta equagdo em misturas complexas; sdo descritos também os algoritmos de
otimizagdo ¢ metodologias de estimagdo de pardmetros propostas incluindo uma nova

métrica de medi¢do e de avaliagdo dos parametros obtidos.

3.1 — Equacao de Estado Cubic Plus Association (CPA)

Atualmente, na literatura, ¢ crescente a tendéncia do uso de EdEs baseadas em
mecanica estatistica para a modelagem de equilibrios de fases, principalmente aplicadas
a sistemas fortemente polares, cuja descricao dos fendmenos moleculares envolvidos ¢
consideravelmente mais complexa (KONTOGEORGIS et al., 1996; GROSS e
SADOWSKI, 2001; MULLER e GUBBINS, 2001). Os resultados obtidos na aplicacao
da equagdo CPA por diversos pesquisadores sugerem o seu uso na modelagem
termodindmica de diversos sistemas presentes no processamento de gas natural, em
destaque aqueles que envolvem misturas de componentes que apresentam associagao

quimica.

A equagcio de estado CPA é composta pela soma de dois termos. E a combinagio
da equacdo de estado classica Soave-Redlich-Kwong (SRK) com um termo de
associa¢do quimica similar ao da equag¢do SAFT. Proposta por KONTOGEORGIS et
al.(1996), ¢ expressa em termos de pressdo, de forma geral, pela Equagao 3.1.

a;r;g)zxi;(l — Xay) 3.1)

RT a(T) 1RT
oK R,
Vo—b V,(V,+b) 2V,

Sendo V;, o volume molar, X, a fragdo molar de moléculas do tipo i ndo ligadas aos

sitios do tipo A e x; € a fracdo molar do componente i. T ¢ a temperatura, P é a pressao,
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R ¢ a constante universal dos gases ideais € b € o covolume. X, ¢ calculado através da

Equacao 3.2.

1

1 AiB.
1+ WZ] Xj ZBj AP1Pi

XA' =

1

(3.2)

O somatério em B; deve ser feito sobre todos os sitios de cada componente e AABj ¢ a
intensidade de associacdo entre o sitio do tipo 4 na molécula i e o sitio do tipo B na

molécula j e ¢ representada pela Equagdo 3.3.

AiBj

. &
A4Ei= g (V)T Iexp< o

) - 1] b BB (3.3)

Sendo £4i8j e B4iBj a energia e o volume de associagdo, respectivamente, e g(V,,)"®/ ¢é

a funcdo de distribuicao radial para o fluido de referéncia (esferas rigidas).

A funcdo de distribuicdo radial (g) utilizada ¢ dada pela Equagdo 3.4
(KONTOGEORGIS et al., 1999).

1 1
—— g comé =—>b (3.4)

O parametro de energia da parte fisica ¢ dado pela Equagao 3.5.

a(T) = ag[1+ ¢, (1 - \/T—R)]Z (3.5)
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Sendo T, = T /T, e T, a temperatura critica.

Cinco parametros sdao necessarios para descrever um componente puro com a
EdE CPA. Trés da parte fisica da equagdo (ay, b e c;) e dois da parte associativa (48

e B48i). Nos casos de compostos que ndo se associam, passam a ser necessarios
apenas os trés parametros da parte fisica (¢4ii = 0 e B48i = 0) e a equacdo recai na

EdE cubica (KONTOGEORGIS e FOLAS, 2010).

3.1.1 — Regras de Mistura e de Combinacao

3.1.1.1 — Termo Fisico

Quando a equagdo de estado CPA ¢ utilizada para célculo de propriedades de
mistura, regras de mistura cldssicas sdo usualmente empregadas na literatura
(KONTOGEORGIS et al., 1996; ALVUND, 2007 e etc.) para o calculo dos pardmetros
da parte fisica. Regra de combinagao geométrica ¢ utilizada para o parametro de energia
a;j e regra de combinagdo aritmética € utilizada para o pardmetro de covolume. Para
misturas que contém apenas compostos auto-associativos como, por exemplo, alcool,
agua ou glicois, com n-alcanos, o pardmetro de interagdo bindria k;; € o tUnico
parametro da equagdo CPA a ser ajustado com base em dados de misturas (binarias). As
regras de mistura e de combinacdo para os parametros do termo fisico sdo apresentadas

nas Equacgoes 3.6 € 3.7.

a(T) = Zi Z] xixjaij(T), onde al](T) = qai(T)aj(T)(l - kl]) (36)

bi+bj

b = Y;x;b;, sendo b;; = >

(3.7)

3.1.1.2 — Termo de associacdo: misturas com associac¢do cruzada

Regras de mistura ndo sdo necessarias para o termo associativo. Entretanto,
algumas vezes ¢ preciso langar mdo de regras de combinagdo para calcular os dois

parametros de associacdo. Especificamente, para estender a equacdo de estado para
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misturas com dois componentes que apresentam associagao como, por exemplo: alcool
ou glicol com 4gua, regras de combinacgdo para a energia de associacdo (¢5/) e para o
volume de associagdo (84%) sdo necessarias para o calculo da intensidade (forca) de
associagdo (A%5/) na Equagdo 3.3. Segundo KONTOGEORGIS e FOLAS (2010),
varias regras de combinagdo (CR) foram sugeridas ao longo dos anos, mas somente a
regra CR-1 (Equagdes 3.8 ¢ 3.9) e a regra de combinacgao de Elliot (ECR, Equacao 3.10)
se mostraram promissoras, apresentando bons resultados. Além disso, DERAWI et al.
(2003) mostraram que quando a regra de combinagdo CR-1 ¢ utilizada, a forma
aritmética usada para célculo da energia de associagdo cruzada faz com que este
pardmetro seja proporcional a entalpia da ligacdo de hidrogénio (entalpia do termo
associativo). Da mesma forma, a forma geométrica utilizada para célculo do volume de
associacdo cruzado torna este parametro relacionado com a entropia da ligacdo de

hidrogénio.

A:B:, AiB;
ALB] — e2iPi4ye ]
2

BABj = [BABiRAE] (3.9)
A4iBj = [ AABiA4]Bj (3.10)

(3.8)

3.1.1.3 — Termo de associacdo: misturas com solvatacdo (associacdo induzida)

A EdE CPA pode ser também usada em misturas de um componente auto-
associativo com outro componente “inerte”, mas com possibilidade de associagdo
induzida entre estes compostos. Como exemplo, pode-se citar a mistura de agua com
hidrocarbonetos aromaticos. Sao as chamadas misturas com solvatacdo. Para estes
casos, usualmente, ¢ utilizada a regra CR-1 modificada, proposta por FOLAS et al.
(2006), e aplicada com sucesso em misturas de agua ou glicois com hidrocarbonetos
olefinicos e aromaticos (Equacdo 3.11). Nesta regra, o volume de associa¢do cruzada
(B“®/) é otimizado (estimado) com base em dados experimentais, enquanto o parametro
de energia de associacdo cruzada (¢%%)) ¢ igual a energia de associagdo do componente

que se associa (ex; agua ou glicol) dividido por dois (£"€"t¢ = 0).
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g.
gAiBj =§l e B4Pi (estimado) (3.11)

Cabe ressaltar que existem ainda casos onde dois componentes de uma mistura
ndo apresentam associagdo quimica, entretanto os efeitos de solvatagdo podem ocorrer
através de ligacdes de hidrogénio entre um doador de elétron e um receptor de elétron
ou simplesmente por transferéncias de carga. Exemplo destes casos sao misturas de
cetonas com éter. Como nestes casos nenhum dos compostos sdo auto-associativos, as
Equagoes 3.8, 3.9 ou 3.10, ndo podem ser utilizadas e outras formas de céalculo sao
necessarias. Propostas de modificagdo do uso da EdE CPA para casos com associagdo
induzida foram estudadas e uma metodologia ¢ apresentada na se¢do de resultados desta

tese e no Apéndice C.

3.1.2 — Esquemas de Associacio

Uma propriedade chave nos trés tipos de teorias de associagao aqui apresentados
¢ a fragdo de moléculas presentes na forma de mondmero nomeada, doravante, como
fragdo molar de mondémeros. Em teorias de perturbagdo como a SAFT, essa variavel ¢é
representada por X4, que significa a fracio de moléculas ndo ligadas através do sitio A.
Quando estdo presentes dois sitios de associacdo A e B, assumindo que a atividade de
um sitio ¢ independente da ligacdo que possa existir em outros sitios da mesma
molécula, a fracdo molar de monomeros ¢ definida pela Equacao 3.12, assumindo que

X4 =XxB8

X, = X4XB = (x4)? (3.12)
A Equacao 3.12 ¢ valida, por exemplo, para alcoois se dois sitios equivalentes forem
considerados, o que, na terminologia de HUANG e RADOSZ adaptada por

KONTOGEORGIS ef al. (1996) (Tabela 3.1) e utilizada ao longo do desenvolvimento

desta tese, seria chamado de esquema 2B.
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Tabela 3.1. Esquemas de Associagdo (KONTOGEORGIS et al.,1996)

Espécies Foérmula Esquema Fragao de Sitios
A
_Q: B 38 X+ = ‘YB,'. JYC = 2}"* —i]
A 1 H _ v4yEyC
Alcoois c X, =X'X°X
A
T 2B X4=X*
H X, =X‘X*X°x"
C /\ /\&Al /;.i - B _ c_ yD
Glicois ﬁ 4C ol P | X
X z‘}‘f,ilxﬁ"xr(xlﬂ
H H }
D B
A
B:Q:Hc 4C ‘Y.J =‘XE=-¥C =XD
A ||_3| ‘X} = )(HIYB.Y(A.D
gua
X4 = XS.'XC —2¥4i_g
3B

X} - .X’ | .YB.YLI

3.2 — Método do Enxame de Particulas (PSO)

O método do enxame de particulas (PSO), originalmente proposto por

EBERHART e KENNEDY (1995), baseia-se no comportamento de uma colegdo de

animais. Cada individuo do enxame, chamado de particula, recorda-se da melhor

solucdo encontrada por ele mesmo e da melhor encontrada por todo o enxame ao longo

da trajetéria de busca. As particulas se movimentam ao longo da regido de busca e

compartilham informagdes com outras particulas de acordo com as Equacdes 3.13 e

3.14, a seguir:

k+1 _ k ind
Up,d = W'Up,d + ylrl(xp’d

k+1

Xpa' = Xpat+Upg'

p.d
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Nas equagdes 3.13 e 3.14, p ¢ a particula e d denota a diregdo de busca. k
representa o niimero de iteracdes, v € a velocidade ou pseudo-velocidade da particula
ind

com posi¢do X. X e x9' representam regides dentro dos limites de busca que

apresentam os melhores valores para a fun¢do objetivo. x™¢ ¢ a melhor posicio
encontrada pela propria particula enquanto x9'° é a melhor posi¢io encontrada por todo
0 enxame. 1; € 1, sdo dois nimeros randomicos distribuidos na faixa [0,1]. y4,¥, e w
sdo parametros do método. w € o fator de inércia e foi inserido no algoritmo por SHI e
EBERHART em 1998 na intencdo de garantir a convergéncia do método. SHI e
EBERHART propuseram também o uso de um decréscimo linear de w a fim de
proporcionar um balanco adequado entre as primeiras iteragdes e as Ultimas para uma

busca global e melhor acuracia dos resultados finais.

A grande desvantagem deste método, e também de outros algoritmos ndo
deterministicos, ¢ o grande nimero de vezes que a fungdo objetivo precisa ser calculada,
0o que requer um grande esfor¢o computacional quando comparado com métodos
tradicionais (deterministicos). Entretanto, o grande numero de valores da fungado
objetivo pode ser utilizado para verificar a influéncia que as variaveis flexibilizadas
(pardmetros) exercem na geragdo das predigdes auxiliando a andlise estatistica e de
sensibilidade. Além disso, o método nao ¢ dependente dos valores iniciais, o que o torna
atrativo principalmente para célculos com fungdes ndo lineares, com varios parametros

a serem estimados.

3.3 — Nelder e Mead (Método dos Poliedros Flexiveis)

O método proposto por NELDER e MEAD (1965), denominado neste texto de
SIMPLEX, utiliza um poliedro flexivel, que em n dimensdes, tem n + 1 vértices,
X(k), k={12,..,n+ 1} (NELDER ¢ MEAD, 1965). Num plano bidimensional o
método pode ser representado por um triangulo. Em cada etapa a pior solucdo W ¢
identificada. Ou seja, a fungdo objetivo ¢ calculada e ¢ identificado o vértice que gera o

pior valor da fungao objetivo. W ¢ refletido em torno do centroide (C) (Equagdes 3.15 ¢

3.16).
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= BXG)

n

(3.15)

R=C+B({-W) (3.16)

Em que B ¢ um fator de reflexdo e apresenta valores entre 0 e 1 (0 < B < 1).

Frequentemente, W ¢ substituido pelo seu reflexo (R). Se R ¢ melhor que
qualquer soluc¢do no poliedro, o0 mesmo ¢ expandido (R,) através de um coeficiente de

expansao (1) (Equacao 3.17).

R,=C+n(C—-W) (3.17)

Entretanto, se R ¢ pior que W, o poliedro ¢, entdo, reduzido (R.), através de um
coeficiente de contragdo (k) ¢ a solugao ¢ localizada no mesmo lado de R. Quando R ¢
melhor que W e pior que qualquer outra solucdo, o poliedro ¢ contraido, e R, ¢

localizado em torno do centroide, mas ao mesmo lado de W'.

R.=C+xk(C-W) (3.18)

Para uma discussdo mais detalhada deste método, ver, por exemplo, LAGARIAS

et al., 1998.

3.4 — Estimacao de Parametros

Modelos matematicos sdo comumente utilizados na industria quimica para
diversos fins. Com base neles sdo feitas analises de dados experimentais, projetos,
controle, avaliacdo e otimizacdo de processos quimicos € bioquimicos. Sua maior
utilidade apresenta-se quando € necessario fazer previsdes matematicas de valores que

nao podem ser medidos ou a medi¢ao ¢ muito dispendiosa.
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Esses modelos sdo constituidos por uma série de equacdes (algébricas ou
diferenciais) que representam as relacdes existentes entre as variaveis independentes
(controlaveis) e as variaveis dependentes (observaveis) (SCHWAAB et al., 2007). Mais
especificamente, no caso de modelos de equacdes de estado, ¢ evidenciada a relagdo
existente entre as propriedades termodinamicas do sistema, sendo possivel, a partir

destas, fazer previsdes das condi¢des operacionais do processo.

Entretanto, no momento da constru¢do do modelo atematico, devido a dificuldade
de medi¢ao de algumas variaveis, faz-se necessario o uso de parametros a serem
estimados com base nos dados que estdo disponiveis, com a finalidade de aumentar a
confiabilidade do modelo desenvolvido. Para isso, ¢ preciso definir o método de
otimizacdo e as métricas que serdo utilizadas para comparagao dos dados preditos com

os dados experimentais.

De acordo com SCHWAAB e PINTO (2007), estimar parametros ¢ utilizar um
modelo como referéncia e variar os parametros até que os valores preditos por este
modelo sejam os mais proximos quanto possivel dos dados experimentais, respeitando
as incertezas da medi¢do. O problema de estimacdo de pardmetros pode ser divido em
trés subproblemas. O primeiro deles ¢ definir uma métrica adequada e essa etapa € de
fundamental importancia, pois ¢ baseado nela que pode ser desenvolvido o
procedimento de inferéncia paramétrica. A segunda parte do problema ¢ encontrar o
ponto Otimo para a métrica formulada e, no caso de modelos ndo lineares, como a
equacdo de estado CPA, estudada nesta tese, solucdes analiticas ndo estdo disponiveis
tornando necessario o uso de procedimentos numéricos para realizar a minimizagao da
funcdo objetivo. O terceiro subproblema consiste em formular uma interpretacdo

estatistica dos resultados e realizar a avaliagdao da qualidade da previsao efetuada.

3.4.1 — Métricas

O procedimento de estimagdo de parametros para modelar componentes puros
com a equacdo CPA tem sido apresentado na literatura utilizando os dados
experimentais de pressao de vapor e massa especifica de liquido. No Item 2.2.3 deste
texto, foram citadas diversas aplicacdes desta equacdo de estado, e em todas elas, o

desenvolvimento da equacdo para cada aplicacdo especifica utilizou como fungdo

34



objetivo a Equacdo 3.19 apresentada a seguir. Entretanto, AVLUND et al. (2008,
2011a), ao tentar modelar compostos multifuncionais com base nesta estratégia de
estimacao, concluiram que dados de pressdo de vapor e massa especifica de liquido ndo
sao suficientes para modelar o componente puro uma vez que diversos conjuntos de
parametros eram encontrados na etapa de minimizagao da funcao objetivo. Muito pouco
¢ discutido na literatura em relagdo aos algoritmos de otimizagdo utilizados, entretanto
YAKOUMIS et al. (1998) entres outros autores, afirmaram que os parametros da EdE
CPA sdo muito dependentes das estimativas iniciais utilizadas. Recentemente, LIANG
et al. (2014) tentaram incluir informagdes de propriedades residuais e velocidade do
som na estimacdo de parametros para agua e concluiram que a dependéncia com
temperatura ndo ¢ descrita adequadamente com essa estratégia. KONTOGEORGIS e
FOLAS (2010) sugerem a utilizagdo da Equacdo 3.19 diversas vezes (com diferentes
condi¢des iniciais, obtendo em consequéncia diferentes conjuntos de pardmetros) e o
uso subsequente de dados de equilibrio liquido-liquido como uma métrica para avaliar a
qualidade dos conjuntos de parametros obtidos na etapa anterior. Essa estratégia foi
utilizada para obtencdo dos parametros da EJE CPA para agua (descrita por
YAKOUMIS et al.,1998) e para outros componentes puros (por exemplo: metanol e

glicois) e os resultados obtidos foram considerados satisfatorios.

Nesta tese sdo propostas duas metodologias para incluir informacdes de
equilibrio liquido-liquido diretamente no procedimento de estimag¢do de parametros.
Para realizacdo da inferéncia paramétrica baseada em dados de ELV ¢ utilizada a

Equacao 3.19.

Nexp

. 1 (P.sat,calc - P
Fobjgry = Z : -
ELV Nexp (Psat,exp)2

i=1 i

sat,expy 2 Lig,calc _ Ligexp 2
) + Pi P;

(ppiq,exp)z (3.19)
1

t,cal Lig,calc ~ ; ;.
Sendo P e p. "% a pressdo de vapor e massa especifica de liquido calculados

satex sat,ex ~ . . r J
pela EdE CPA. P, Pe p; P sd0 os dados experimentais e Nexp € 0 nimero de

dados experimentais utilizados.

Para avaliagdo dos céalculos baseados em dados de ELL ¢ utilizada a Equagao 3.20.
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Nexp

2 [( POLAR calc XPQLAR,exp)Z + (thcalc hcexp) ] (3.20)

Fobjgy, = 0,i

exp

POLAR calc hc,calc

Sendo x,, a fragdo molar do componente polar na fase organica e X ; ¢ a

composi¢ao do componente apolar na fase polar, ambos calculados pela equagdo de

POLAR exp hc ,exp

estado CPA. Os dados experimentais sdo X, Xpi

Em alguns casos especificos ¢ utilizada a soma das Equacdes 3.19 e 3.20 e os
detalhes das duas metodologias distintas sdo apresentados nos Itens 3.4.2 e 3.4.3 a

seguir.

Cabe ressaltar que, na mistura binaria MEA-n-heptano, em razao da dificuldade
de modelagem, foi testada também a Equacdo 3.21 para realizar a estimacao do

pardmetro de interagdo bindria (k;;).

Nexp POLAR,calc _ POLAR exp)z (th,calc hc exp)

1 (Xo,i p.i (3 21)
( POLAR,exp hc,exp .
Xo,i (Xp.i )

3.4.2 — ELV e ELL: Calculos sequenciais (Approach A)

Na primeira metodologia proposta, os dados de pressdo de vapor e massa
especifica de liquido do componente puro sao utilizados de forma sistematica com a
finalidade de encontrar conjuntos de parametros (ag,b,cq,€€ef) que sdo
estatisticamente aceitaveis com base em comparagcdes com os erros de medidas
experimentais reportados nas bases de dados utilizadas. O segundo passo consiste em
usar dados de misturas binarias em condi¢des de equilibrio liquido-liquido para realizar
a selec@o do melhor conjunto de parametros entre os obtidos no passo anterior. Essa
metodologia ¢ conceitualmente similar aquela descrita por YAKOUMIS et al. (1998) e
utilizada por AVLUND et al. (2008, 2011a), entretanto nestes trabalhos somente alguns

poucos conjuntos de parametros eram usados para avaliagdo da predi¢cdo da equagdo em
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calculos de ELL. A ilustracdo da metodologia ¢ apresentada na Figura 3.2. Ao fazer uso

extensivo do PSO, para realizar a sele¢do do espago de pardametros, ¢ possivel avaliar a

qualidade de predicdo de ELL usando todos os conjuntos de parametros obtidos que

podem representar satisfatoriamente ELV do componente puro, considerando o erro

experimental dos dados de pressdo de vapor e de massa especifica de liquido.

Figura 3.2: Metodologia utilizada no Approach A: Célculos de equilibrio liquido-vapor

Executa - PSO

* Fungdo Objetivo: ELV
Enorme intervalo paramétrico
100 particulas e 100 iteragdes

de Liquido)

Define CUT OFF

» Define erro aceitdvel (Pressdo de Vapor)
* Define erro aceitavel (Massa especifica

* Calcula o maximo valor da Fobj ewv

A 4

Fobj ELV
< 0 maximo permitido?

Calcula Fungdo Objetivo
(ELL)

|

—_—

SIM NAO

Definindo o:
T i e Espago de busca;
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Célculos usados apenas
para analise de
sensibilidade paramétrica

Seleciona as 10 melhores
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v

Volta ao ELV
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ENCONTRAA SOLUGAO
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3.4.3 — ELV e ELL: Calculos simultaneos (Approach B)

Na segunda metodologia estudada, dados de ELV do componente puro e dados de ELL
de uma mistura bindria do mesmo componente com um segundo componente que nao se
auto-associa sdo utilizados diretamente na funcdo objetivo. A métrica para este
approach ¢ calculada como uma combinacdo de duas outras fun¢des: Equagoes 3.19 e
3.20, ambas multiplicadas por um fator ({;e {,). Similar ao que foi apresentado por

LIANG et al. (2014), nesta tese este fator foi considerado com valor unitario (Equagao

3.22).

Fobjumoe = ¢ Fobjgry + G Fobjgy, (3.22)

DAS et al.(2006) utilizaram os algoritmos apresentados nos Itens 3.2 e 3.3 deste texto e
apresentaram dois esquemas distintos de hibridizagao: tandem e cascade. Nesta tese foi
adotada a hibridizacdo do tipo cascade. O PSO ¢ aplicado em todas as particulas do

enxame seguido do SIMPLEX. O algoritmo utilizado ¢ descrito a seguir:

Iteracao = 0.

Inicia as posi¢des das particulas (de forma randdmica).
Inicia todas as velocidades (zero).

Atualiza todas as posi¢des de acordo com a Equacao 3.14.
Calcula a fung¢do objetivo na posi¢do de cada particula.
Atualiza a melhor posi¢do de cada particula.

Atualiza a melhor posi¢ao global.

Atualiza as velocidades de acordo com a Equacgao 3.13.

A S A T e

Iteracao = Iteracao +1.

[a—
S

. Se Iteracdo > valor maximo de iteracoes, executa SIMPLEX. Sendo, volta ao

passo 4.

A fim de reduzir o esfor¢o computacional e garantir que o resultado final obtido

por essa metodologia reproduziria de forma satisfatoria os dados de pressao de vapor e
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massa especifica de liquido do componente puro, uma etapa anterior ¢ sempre realizada

usando apenas dados de ELV (Equagdo 3.19) e o PSO puro. Neste cenario o primeiro

passo define as condigdes iniciais a serem utilizadas na etapa seguinte em que os dois

objetivos (ELV e ELL) sao utilizados simultaneamente (Equagao 3.22). A ilustracao da

metodologia ¢ apresentada na Figura 3.3.

Executa - PSO

Define CUT OFF

Fungdo Objetivo: ELV

Enorme intervalo paramétrico
100 particulas e 100 iteragdes

* Define erro aceitdvel (Pressdo de Vapor)

* Define erro aceitavel (Massa especifica
de Liquido)

* Calcula o maximo valor da Fobj e

b 4

Fobj ELV
< 0 maximo permitido?

N

SIM NAO

Calculos usados apenas

)

A 4
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sensibilidade paramétrica

y
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Executa - PSO
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v
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(ELV+ELL)

Executa SIMPLEX

Funcao objetivo
(ELV+ELL)
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Figura 3.3: Metodologia utilizada no Approach B: Célculos de equilibrio liquido-vapor
e liquido-liquido simultaneos
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Capitulo 4 — Resultados e Discussao

Esta se¢do ¢ divida em trés partes. No Item 4.1 sdo comentados os resultados
obtidos a partir da implementa¢do da EAE CPA no simulador de processos PETROX®.
A validagdo do cdédigo computacional foi realizada com base em comparagdes com
dados experimentais € com outros modelos termodindmicos existentes no simulador.
Posteriormente, o modelo implementado foi aplicado em simulacdes de unidades de
desidratacdo de gas natural com TEG e os resultados foram comparados com
simuladores comerciais utilizando os pacotes termodindmicos disponiveis nestas
ferramentas para aplicagdes com glicois. No Item 4.2 a EJE CPA foi aplicada em
calculos de pontos de saturagdo de dgua em correntes de gés natural contendo CO, e
H,S. Os resultados obtidos foram comparados nao s6 com aqueles obtidos a partir das
equacdes tradicionais PR e SRK, mas também foi utilizada a equacdo de PR-ISO-04,
modificada especialmente para modelagem de sistemas contendo 4gua. Por tltimo, no
Item 4.3 as metodologias de estimacdo de parametros propostas nos Itens 3.4.2 ¢ 3.4.3
sdo aplicadas a compostos multifuncionais e discute-se o papel do parametro de volume
de associagdo cruzada em misturas com associa¢do induzida. Os trés itens deste capitulo
sao frutos de trabalhos submetidos e/ou publicados em periddicos internacionais. Os
resultados sdo discutidos nesta secdo de forma sucinta fazendo referéncia a alguns
resultados e a maiores detalhes que sdo apresentados nos Apéndices A, B e C,
respectivamente. Com a leitura desta se¢do sera fornecida apenas uma visdo geral dos
resultados obtidos nesta tese na intencdo de evitar repeticdo de informagdes.

Recomenda-se, portanto, que seja feita a leitura dos apéndices em paralelo.

4.1 — Implementacio da EdE CPA no simulador de processos
(PETROX®): comparacao com dados experimentais e com
simuladores comerciais

E crescente na literatura o uso de equagdes de estado baseadas em mecanica

estatistica. Predigdes de equilibrio de fases de diversas misturas mostram a efetividade

desses modelos, entretanto, pouco se vé com respeito ao uso dessas equacdes em
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problemas de engenharia. Um dos objetivos desta tese €, portanto, possibilitar essa

aplicacdo e contribuir para literatura nesse aspecto.

Desde 1999, a equagao de estado CPA vem sendo desenvolvida pelo Center for
Energy Resources Engineering (CERE) da Universidade Técnica da Dinamarca (DTU).
Recentemente foi desenvolvido, pelo mesmo centro de pesquisas, um pacote de calculo
de propriedades termodinamicas baseado na EdE CPA (chamado de ThermoSystem) que
¢ compativel com o protocolo CAPE-OPEN mantido pelo consorcio CO-LaN (Colan,
2014). ARYA et al. (2014) utilizaram o ThermoSystem em conjunto com o HYSYS®
em simulac¢des de unidades de desidratacdo de gés natural com TEG e os resultados se
mostraram promissores para essa aplicagdo especifica. Entretanto, o ThermoSystem
suporta apenas flash bifasico com especificagdo de pressdo e temperatura, nado
abrangendo todas as aplicagdes de interesse. Em condi¢des extremas de pressao, como
acontece nos reservatorios do Pré-Sal, ¢ dificil a convergéncia do modulo externo, em
razdo da necessidade do uso dos algoritmos de flash do simulador de processos
utilizado. Além de alguns problemas numéricos, a intencdo de realizar andlises de
desempenho computacional motivou a inclusdo desse modelo termodindmico num
simulador de processos usando uma biblioteca dindmica ao invés do protocolo CAPE-
OPEN. Para estudar os problemas de convergéncia apresentados e algumas falhas
obtidas na caracteriza¢do de algumas correntes com compostos supercriticos, optou-se
pelo uso do simulador de processos PETROX®. Este simulador teve sua estrutura
inicial desenvolvida na Universidade Federal do Rio de Janeiro, e posteriormente
adquirida, modificada e mantida pela Petrobras. A razao dessa escolha se deve a
possibilidade de alteragdo no codigo computacional facilitando a aquisicdo de
conhecimento e proposi¢ao de novas metodologias na intencdo de superar os obstaculos

de cada aplicagdo especifica.

No Apéndice A, a estrutura da implementacdo no simulador, do modelo
termodinamico (EdE CPA), é apresentada em detalhes. S3o discutidas as mudancas
realizadas na interface do simulador, os componentes estudados e o tratamento
matematico dado aos componentes que ndo se associam ou que sdao oriundos de

métodos de caracterizacdo de petroleo (pseudo-componentes).

Pelos motivos j& descritos na Introducdo, os inibidores de hidratos constituem

um grupo de compostos quimicos de grande importancia no processamento de gas

41



natural. Dados experimentais de misturas de inibidores de hidratos com agua e gas

natural foram utilizadas nesta etapa do desenvolvimento para avaliagdo do efeito da

inclusdo do termo de associagdo e validagao do codigo computacional. Na Figura 4.1

sao apresentados, como exemplos, calculos de pontos de bolha e de orvalho de misturas

binarias de etanol com hidrocarbonetos utilizando as equagdes de estado CPA e SRK.

Todos os célculos foram realizados utilizando 100 pontos. Para constru¢do desses

graficos foram utilizadas regras de mistura

iguais a zero nos dois modelos.
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Figura 4.1: (a): Etanol-C,. (b): Etanol-C;_(c): Etanol-C,4. (d): Etanol—Cs, (e): Etanol—

Cs. (f): Etanol-C7, ELV. Linha continua:

CPA (k;; = 0). Linha pontilhada: SRK

(ki; = 0). Dados Experimentais: SUZUKI et al., 1990; JOUNG et al., 2004, GORAL et
al., 2002.
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Com base nos resultados apresentados na Figura 4.1, ¢ evidenciada a eficiéncia
da inclusdo do termo de associagdo pela visivel melhora nos resultados quando
comparados com os resultados obtidos pela EdE SRK. Cabe ressaltar que os resultados
ainda podem ser melhorados através da estimagdo do parametro de interagdo bindria
(kij), caso seja de interesse. Todos os parametros necessarios a reprodugdo da Figura
4.1 estdo descritos no Apéndice A. Além desses sistemas, outras misturas foram
estudadas abrangendo os inibidores termodinamicos de hidratos mais utilizados
mundialmente (metanol, etanol, MEG e TEG). Célculos de perdas de inibidores para
fase vapor quando sdo adicionados diretamente ao fluido de reservatorio foram
realizados. Este estudo, se corroborado com dados experimentais e/ou industriais, pode
resultar em grande economia para a industria de 6leo e gas. Apos a validagdo do codigo
computacional o desempenho da equagao CPA foi também avaliado em calculos
consecutivos de flash. O tempo demandado para execug¢do das simulacdes foi
comparado com aqueles demandados pelas equacdes de estado cubicas, SRK e PR. Os
resultados apresentados no apéndice A mostram que a implementagdo do termo de
associacdo aumenta o esforco computacional, entretanto, esse aumento € muito pequeno
justificando e sugerindo a aplicacdo dessa equagdao na modelagem de misturas

complexas presentes nas etapas de processamento de gas natural.

Finalmente, o modelo CPA foi aplicado a uma simulagdo do processo de
desidratacdo de gas natural com TEG (ver ultima se¢do de resultados do Apéndice A).
Os resultados obtidos foram comparados com os resultados do Simulador PRO I ® ¢
do simulador Aspen Plus®. Ambas as ferramentas utilizam pacotes especificos para
aplicagdes com glicois. Os resultados obtidos pelos trés simuladores sao bem similares,
entretanto, a CPA utiliza regras de mistura cldssicas enquanto os modelos disponiveis
nos simuladores comerciais utilizam regras de mistura como as que foram descritas no
Item 2.2.1.3 ou apresentam constantes empiricas adicionais ajustadas e pardmetros de

interagdo binaria assimétricos.

Do ponto de vista teorico, a CPA apresenta vantagens em relagdo aos outros
modelos disponiveis em simuladores comerciais, para aplicagdes em misturas que
contém inibidores de hidratos, por ser um modelo que leva em conta as ligagdes de
hidrogénio de forma direta e ndo através do acoplamento de uma equagado de estado com
um modelo de composi¢ao local. Os resultados obtidos nesta etapa do desenvolvimento

sdo promissores ¢ mostram que a qualidade da predicdo de equilibrio de fases pela EdE
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CPA ¢ superior aos calculos realizados pela EdE SRK. A implementa¢do da EdE CPA
no simulador de processos permite uma grande quantidade de aplicagdes, incluindo
acompanhamento em tempo real de processos e otimizacdo off~line de plantas de

desidratacao de gas natural.

Apbs a etapa de desidratacdo do gas natural é de grande importancia o
conhecimento do ponto de saturagdo do gas tratado para realizagdo da etapa de
transporte em condicdes adequadas com garantia de escoamento destas correntes. Essa
necessidade motivou o estudo do comportamento da EdE CPA na modelagem de

sistemas multicomponentes incluindo gases acidos e 4gua numa ampla faixa de pressao.

4.2 — Calculo de pontos de saturacio em correntes de gas natural
contendo agua, CO, e H,S em ampla faixa de pressao

A importancia da modelagem de misturas multicomponentes contendo agua ¢
reconhecida ndo s6 no processamento de gas natural, mas em muitas dareas de
desenvolvimento com destaque para producao de energia e ambiental (ver LI e
FIROOZABADI, 2009 e ZIRRAHI et al., 2010). Em relagdo ao processamento de gas
natural, essas misturas merecem grande destaque em casos onde o transporte precisa ser
realizado em condigdes extremas (altas pressdes e baixas temperaturas). Nesse cenario,
o conhecimento mais detalhado sobre o comportamento de fases pode representar
redu¢do de investimentos nas etapas subsequentes do processamento do gas
transportado, além de garantir o escoamento dessas correntes com seguranga na etapa de

transporte.

Modelar misturas com agua, ou seja, descrever com precisdo o equilibrio de
fases destas misturas multicomponentes ¢ uma tarefa desafiadora em consequéncia das
ndo idealidades existentes, principalmente devido as ligagdes de hidrogénio e a
associacdo cruzada entre agua e CO,. Existe uma série de equagdes de estado que sdo
utilizadas para descrever o comportamento destas misturas, mas ndo existia na literatura
uma comparacdo ampla entre o desempenho dessas equacdes em condigdes de alta

pressao.
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No Apéndice B sdo apresentados detalhes da modelagem dessas misturas. Os
calculos foram realizados com auxilio do simulador PETROX® e sdo apresentados
resultados de comparagdes entre as equacdes PR, SRK, CPA e PR-ISO-04 para diversas
correntes de interesse da industria de Oleo e gas. Para realizacdo desta etapa do
desenvolvimento, a modificagdo da equagdo de PR proposta pelo GERG (Groupe
Européen de Recherche Gaziére) foi incorporada a equagdo PR original e inserida no
PETROX®. Essa modificacdo versa sobre a relagdo entre a quantidade de dgua e o
ponto de orvalho da 4gua em misturas de gas natural em altas pressoes (até 300 bar).
Essa nova equagdo foi normatizada na ISO-18453 em 2004 e ¢ descrita com mais
detalhes no Apéndice B.

Todos os calculos foram realizados utilizando regras de mistura classicas e
parametros de literatura. Apenas para a EJE CPA uma etapa de estimagdo de
parametros foi realizada com a finalidade de modelar a 4gua pura e a mistura bindria
agua ¢ CO,. O uso do PSO na etapa de estimacdo de pardmetros ¢ no auxilio a
construgdo das anélises de sensibilidade do comportamento da fungdo objetiva utilizada
(Equagao 3.19) em relagdo aos parametros do modelo se mostrou eficiente. Neste caso
especifico ndo foram necessarios dados adicionais para realizar essa etapa. Ou seja,
como os dados experimentais de massa especifica da dgua liquida e de pressdao de vapor
apresentam erros muito pequenos (<0,2% para pressdao de vapor) na base de dados do
Design Institute for Physical Properties, referenciado nesta tese como DIPPR (2004),
foi possivel encontrar um intervalo paramétrico, usado no método SIMPLEX, que
estivesse numa regido de um unico minimo da funcdo objetivo. Em rela¢do a mistura
binaria agua e CO,, a etapa de estimacdo de parametros foi de extrema importancia,
uma vez que as outras trés equagdes de estado avaliadas nesta fase do trabalho ndo sao
capazes de modelar a inversao de umidade que ocorre nessa mistura em condigdes de
alta pressdo. Ao considerar o CO, como uma molécula que ndo se auto associa, mas
permitindo a possibilidade de associa¢do cruzada com a agua a EJE CPA ¢ capaz de
modelar esse sistema como pode ser visto na Figura 4.2 (y% ¢ o percentual molar de
agua). Para pressdes acima de 160 bar, apenas a CPA apresentou convergéncia de
calculo de ponto de orvalho. Na Figura 4.3 sdo apresentados os resultados desta
avaliacdo. Diversas outras misturas foram analisadas e os resultados sao discutidos em
mais detalhes no Apéndice B. Como destaque, correntes de gas natural com altas
quantidades de metano demandaram modificagdes na dependéncia com temperatura do

parametro de interacdo bindria deste componente com dgua na EdE PR-IS0-04 e os
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resultados sdo apresentados na Figura 4.4. O circulo na Figura 4.4 evidencia a regido de

alteracdo no k;;. Nas Figuras 4.3 ¢ 4.4, Ay% ¢ o desvio entre a composi¢do de adgua

calculada pelo modelo e o valor experimental, definido por: 100 (ycalc f20) /Y

exp
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Figura 4.2: Predicdo da quantidade de dgua (fracdo molar * 100) na mistura binaria:

agua - CO; calculada pela EAE CPA (m). Linha solida: 348.15 K. Linha pontilhada:

298.15 K. Dados Experimentais: WIEBE e GADDY, 1941.
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Figura 4.3: Predi¢dao da quantidade de agua na mistura binaria: agua-CO; calculada

por: CPA (m) e SRK (¢), PR (@) e PR-ISO-04 (A). Grafico da esquerda: 0< Pressao
(bar) < 160; Grafico da direita: 160< Pressao (bar) < 710. Linha s6lida: Dados
Experimentais (WIEBE e GADDY, 1941; VALTZ et al., 2004).
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Figure 4.4: Predi¢do da quantidade de 4gua na mistura multicomponente: agua-Gas
Natural (94% C; + 4% C, + 2% nCy) calculada por: CPA (m) e SRK (¢), PR (®) ¢ PR-
ISO-04 ( A);Grafico da esquerda: equacdes originais; Grafico da direita: Kij para agua-

C; modificado. Linha sélida: Dados Experimentais (CHAPOY et al., 2005).

Os resultados obtidos nesta avaliacdo mostraram que a CPA ¢é, em geral, mais
adequada que EdE SRK e as outras duas equagdes estudadas na modelagem de
componentes polares como a agua e em misturas deste componente com correntes de
gas natural contendo CO, e H,S. Entretanto, esses resultados sdao dependentes da
metodologia utilizada para realizar a etapa de estimagao de parametros. A CPA ¢ um
modelo termodindmico ndo linear e apresenta minimos locais ao longo do procedimento
de minimizacdo objetivo. A metodologia utilizada aqui para modelar a 4gua pura (PSO
seguido do SIMPLEX) apresenta-se como uma alternativa para avaliacdo dos

pardmetros minimizando a dependéncia das condig¢des iniciais.

43 - Aplicacio da EdE CPA em compostos multifuncionais
(Alcanolaminas)

Gases acidos estdo presentes com frequéncia em correntes de gas natural e
precisam ser removidos para que sejam evitados problemas de corrosdo entre outras
razoes, sejam elas econdmicas ou ambientais. Diversos processos estdo disponiveis para
realizar este tipo de tratamento, entretanto, a absorcdo com solugdes aquosas de
alcanolaminas ¢ o processo mais utilizado para esse fim (HUTTENHUIS et al., 2007).
As alcanolaminas sdo solventes de baixo custo, facilmente produzidas na industria de

oxido de etileno. Por essa razao, além do uso em unidades industriais de absorcio, as
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alcanolaminas sdao também utilizadas em wusinas de carvao (KVAMSDAL e
ROCHELLE, 2008) em processos de captura de CO, (MEDEIROS et al., 2013), etc.
Boas caracteristicas em relagdo a captura de CO, (alta capacidade de absor¢ado, cinética
rapida, solubilidade em agua e baixo custo (LEPAUMIER et al., 2009)) fazem da MEA
um solvente de referéncia para esse fim.

Embora as alcanolaminas sejam usadas amplamente no setor industrial, pouca
atencdo tem sido dada na literatura no que diz respeito a modelagem termodinamica
desses compostos utilizando teorias de associacdo (AVLUND, 2008). Por serem
compostos multifuncionais, o cenario ¢ desafiador. AVLUND ef al. (2008, 2011a)
utilizaram a EdE CPA na modelagem de misturas de MEA, DEA ¢ MDEA com
hidrocarbonetos, dgua e alcoois concluindo que dados de ELV ndo sdo suficientes para
modelar esses sistemas. Semelhante a andlise de sensibilidade realizada para a agua, a
metodologia discutida no Item 4.2, foi aplicada para MEA, DEA e MDEA. Os erros dos
dados experimentais de pressao de vapor e de densidade de liquido s3o altos para estes
compostos (como exemplos podem ser destacados erros da ordem de 5% na pressao de
vapor para DEA de acordo com o DIPPR, 2004). Se for considerado que o modelo
matematico precisa representar no minimo o dado experimental mais ou menos o seu
erro de medida, pode ser calculado, com base na Equacgdo 3.19, um valor maximo
aceitavel para a funcdo objetivo. Entretanto, em decorréncia dos erros associados aos
dados experimentais, para esses compostos, ¢ da caracteristica multimodal da fungao
objetivo, multiplas solugdes matemadticas sdo possiveis. Ou seja, podem ser encontrados
varios conjuntos de pardmetros que satisfazem os dados experimentais. Esses resultados
corroboram, do ponto de vista matematico, o que foi afirmado por AVLUND et al.
(2008). Optou-se, portanto, por usar dados de ELL como informacao adicional para
auxilio na seleg¢do entre os conjuntos de parametros obtidos.

Nesta etapa do desenvolvimento, as duas metodologias de estimagdo de
parametros propostas nos Itens 3.4.2 e 3.4.3 foram entdo aplicadas a MEA. Os
resultados obtidos sdo promissores e, portanto, detalhados no Apéndice C. Neste estudo
os calculos de equilibrio liquido-vapor foram realizados utilizando dados experimentais
do DIPPR (2004). Os calculos de equilibrio liquido-liquido foram realizados utilizando
dados experimentais da mistura binaria MEA-Benzeno (SORENSEN e ART, 1995).
Benzeno foi escolhido por apresentar efeito de solvatagdo na mistura com MEA. Dessa
maneira, pode ser avaliada também a influéncia do pardmetro de volume de associag@o

cruzado (S4i8)) nesse sistema. Na primeira metodologia proposta (descrita no Item
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3.4.2), assumiu-se que o S4B ¢é igual ao BPOL4R, com a finalidade de avaliar a
possibilidade de modelar esse sistema sem estimagdao de nenhum parametro adicional.
Os resultados obtidos foram excelentes evidenciando que a multiplicidade de solucdes
exibida pela EJE CPA pode ser explorada de forma a reduzir o espago de parametros do
problema. Quando a segunda metodologia proposta (descrita no Item 3.4.3) foi aplicada,
os resultados obtidos mostraram que quando sdo utilizados pesos iguais a um na
Equacdo 3.22, o equilibrio liquido-vapor ¢ privilegiado em detrimento do ELL em razdo
da magnitude da func¢do objetivo e dos diferentes graus de liberdade no ELV e no ELL.
Como o objetivo principal, nesta etapa, ¢ modelar o componente puro e utilizar
informacdes de ELL como uma restricdo do problema, os pesos foram mantidos com
valor unitario. LIANG et al. (2014) testaram a inclusao de diversas propriedades na
fungdo objetivo através da soma de fatores ponderados por valores experimentais de
referéncia. Entre outras conclusdes, sempre que uma propriedade era adicionada na
funcdo objetivo a predi¢ao de propriedades relacionadas a essa propriedade melhorava
em detrimento de outras (ndo incluidas). Uma analise de pesos em torno destas
propriedades derivadas da equacdo de estado e a construgdo de graficos de Pareto
poderia auxiliar na tomada de decisdo fornecendo proporc¢des adequadas de acordo com
a aplicacdo que se deseja alcangar.

Embora as solugdes encontradas nas duas metodologias tenham gerado
conjuntos de parametros distintos, ambos foram aplicados em calculos de misturas de
MEA com égua, gerando resultados praticamente idénticos como pode ser visto nas
Figuras 4.5 e 4.6. Os parametros utilizados para dgua pura foram os mesmos utilizados
no Item 4.2 ¢ a regra CR-1 (Equagdes 3.9 e 3.10) foi utilizada para céalculo dos
parametros de associagdo cruzada. Na Figura 4.5 o parametro de iteracdo binaria ndo foi

estimado (k;; = 0). Na Figura 4.6, k;; foi estimado para cada conjunto de pardmetros da
MEA pura e os resultados obtidos foram mais uma vez semelhantes (k;j approach 4) =
—0,1507; kijcaprroach By = —0,1545) e mais proximos dos dados experimentais. As

Figuras 4.5 e 4.6 representam um exemplo de aplicagdo dos resultados obtidos a partir

das metodologias propostas, os detalhes de célculo sdo apresentados no Apéndice C.

49



7

-H,O ELV (363.15K) com esquema 4C para MEA e Agua. Dados

Frac¢ao Molar de HZO

MEA

5

(eq) 10deA op ossaag

Figura 4.
Experimentais obtidos de LANDOLT-BORNSTEIN (2008). Simbolos (0): Approach A

(kij = 0); Linha solida: Approach B (k;; = 0).

0.4 0.5 0.6 0.7 0.8

0.3

0.2

0.1

I I I I I I I =)
o~ o w < en [o\} - (=)

gX 104

(eq) 10de A Ip oessaag

Fracao Molar de HZO

r

H,O ELV (363.15K) com esquema 4C para MEA e Agua. Dados

Experimentais obtidos d¢ LANDOLT-BORNSTEIN (2008). Simbolos (0): Approach A

MEA-

Figure 4.6

(kij = —0,1507); Linha solida: Approach B (k;; = —0,1545).

50



4.3.1 — Testes realizados com a mistura binaria MEA — n-heptano

A mesma andlise de sensibilidade da fungdo objetivo em relacdo aos parametros,
construida para a MEA, comentada no Item 4.3 e apresentada na secao de resultados do
Apéndice C, foi também conduzida para DEA e para MDEA. Em ambos os casos ndo
foi possivel definir um conjunto Unico de pardmetros que representasse a alcanolamina

pura usando apenas os dados de massa especifica de liquido e pressao de vapor.

Entre outras tantas informagdes que poderiam ser adicionadas a fungao objetivo,
na tentativa de resolver essa limitacdo, o LLE foi escolhido. Do ponto de vista pratico e
da industria, ¢ importante ter um modelo matematico que seja capaz de modelar os
sistemas em que as alcanolaminas estdo presentes. Do ponto de vista tedrico, ndao ¢
razoavel ter um modelo que seja capaz de modelar uma mistura multicomponente que
contenha agua, alcanolamina, hidrocarbonetos e CO,, mas nao seja capaz de modelar
uma “simples” mistura bindria composta apenas pela alcanolamina de interesse € um
hidrocarboneto. Os pacotes computacionais comerciais disponiveis para aplicagdes com
alcanolaminas tem essa caracteristica. Entre outros fatores, isso se deve ao fato de que
dados experimentais sdo escassos para misturas binarias em detrimento da grande
quantidade de dados disponiveis que quantificam /oading de H,S e CO; nos sistemas

multicomponentes supracitados.

Utilizar um hidrocarboneto alifatico parecia o mais adequado para testar os
parametros da alcanolamina pura uma vez que um componente “inerte” poderia ser
modelado pela EAE SRK. De posse das propriedades criticas desse componente e do seu
fator acéntrico todo o sistema binario estaria definido e nenhum outro pardmetro ou
regra de combinagdo adicional precisariam ser utilizados. Ap6s uma busca na literatura,
foi encontrada uma unica referéncia (GUSTIN e RENON, 1973) que continha
informacgodes de equilibrio liquido-liquido da mistura MEA — n-heptano. Nota-se, com
base nessa informagdo, que pouca atencao tem sido dedicada para esses sistemas.
Utilizando, portanto, essa unica referéncia, foram realizados testes na mistura bindria:

MEA e n-heptano.

Inicialmente os testes foram realizados utilizando os parametros de literatura.
AVLUND et al. (2008) publicaram parametros da EAdE CPA para MEA e tentaram

modelar essa mistura bindria conseguindo resultados razoaveis, entretanto os proprios
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autores concluiram que a CPA tém potencial para modelar esses sistemas mas que os
parametros nao sdo os melhores. Apos a reproducdo dos resultados de literatura com o
codigo computacional desenvolvido aqui, os algoritmos de otimizagdo foram testados
com a finalidade de aplicar a metodologia proposta nos Itens 3.4.2 ou 3.4.3. Estudos
preliminares indicaram que o parametro de interagdo binaria (k;;) era fundamental para
descrever adequadamente o equilibrio liquido-liquido desse sistema. Dessa forma, foi
necessario incluir um lago interno de estimagdo desse pardmetro (k;;) a cada conjunto
de parametros de puro testado. A escolha do melhor conjunto de pardmetros passou a
ser definida, ndo mais pelo valor da fung@o objetivo, uma vez que a estimagdo do k;; no
lago interno direcionava todos os calculos para uma mesma ordem de grandeza. O
critério passou a ser a andlise do k;; € a selegdo passou a ser feita pelo menor valor
obtido para este parametro. Infelizmente os resultados obtidos nao foram superiores aos
de literatura e ndo justificavam, portanto, a proposicdo desta metodologia devido ao

grande esfor¢o computacional.

Cabe ressaltar que, antes de direcionar os estudos para mistura MEA-Benzeno,
testes adicionais foram realizados com n-heptano e contemplavam a inclusdo de um
parametro adicional de ajuste no célculo de energia de associagdo cruzada bem como a
possibilidade de um “pseudo” efeito de solvatagdo nessa mistura. Nenhuma dessas
tentativas trouxe sucesso. GUSTIN e RENON (1973) destacam que os erros de medida
sdo mais altos para as faixas de composi¢do menores que 0,25 e maiores que 0,75.
Como pode ser observado na Figura 4.7, os dados experimentais da mistura MEA-n-
heptano encontram-se nessas faixas. Nao foi encontrado na literatura um conjunto de
dados experimentais que pudesse corroborar os resultados obtidos nas tentativas
anteriores. Na Figura 4.7 foram utilizados dois conjuntos de parametros obtidos para
MEA pura apresentados no Apéndice C. O parametro de interacdo bindria foi estimado
utilizando como métrica a Equagdo 3.20. A comparagdo com os resultados de literatura

¢ apresentada na Tabela 4.1.
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Tabela 4.1: Parametros da EAE CPA para MEA obtidos pelos Approaches A e B
propostos nesta tese, k;;'s estimados e os resultados da métrica utilizada com e sem a

estimagdo (Equacao 3.20) na mistura binaria: MEA-n-heptano em comparagdo com os

resultados apresentados pela referéncia (AVLUND et al., 2008).

a, b 1o £ B£.103 kij Funcio Ob.
(bar.L?.mol™?) (L.mol™) (bar.L.mol™) (ELL)
Ref. 14,112 0,05656  0,7012 181,77 535 0,000  438%10°
Ref. 14,112 0,05656 0,7012 181,77 5,35 0,017 9,03%107
A 14,382 0,05532 0,6268 184,21 4,73 0,000 3,44%10°
A 14,382 0,05532 0,6268 184,21 4,73 0,020 1,25%10°°
B 13,118 0,05552 0,8211 161,17 10,39 0000 6,47%10°
B 13,118 0,05552 0,8211 161,17 10,39 0,029 1,83*10°
0.01
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Figura 4.7: MEA-n-hepano (ELL). MEA modelada utilizando o esquema 4C.
Simbolos (*): Dados experimentais obtidos em GUSTIN e RENON (1973). Linha
pontilhada: CPA utilizando parametros publicados por AVLUND et al. (2008). Linha
tracejada: CPA utilizando pardmetros calculados pelo Approach A ¢ k;; = 0,020. Linha

solida: CPA utilizando parametros calculados pelo Approach B e k;j = 0,029.

A métrica descrita pela Equacao 3.21 foi também utilizada para restimar os

valores de k;;,

na tentativa de melhorar a predi¢do nas faixas mais baixas de

composi¢do. Entretanto, com base na Tabela 4.2, conclui-se que ndo houve melhora

significativa dos resultados de predicdo do ELL, em comparagdo com os valores de

referéncia.
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Tabela 4.2: Parametros da EAE CPA para MEA obtidos pelos Approaches A e B
propostos nesta tese, k;;'s estimados e os resultados da métrica utilizada com e sem a

estimagdo (Equacdo 3.21) na mistura binaria: MEA-n-heptano em comparagdo com os

resultados apresentados pela referéncia (AVLUND et al., 2008).

a b I £ B£.103 kij Fungdo Obj.

(bar.L?.mol™?) (L.mol™) (bar.L.mol™) (ELL,)

Ref. 14,112 005656 0,7012 181,77 535 0,000  0,7659
Ref. 14,112 0,05656 0,7012 181,77 5,35 0,017 0,0932
A 14,382 0,05532 0,6268 184,21 4,73 0,000 0,4044
A 14,382 0,05532 0,6268 184,21 4,73 0,016 0,1130
B 13,118 0,05552 0,8211 161,17 10,39 0,000 0,6849
B 13,118 0,05552 0,8211 161,17 10,39 0,021 0,1836
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Capitulo 5 — Conclusoes

Nos tltimos anos, muitos trabalhos foram publicados na literatura usando teorias
de associagdo para modelar misturas complexas. Embora muito esforgo esteja sendo
dedicado a avaliagao e desenvolvimento desta teoria, com especial destaque para a

SAFT, a aplicagdo destas equagdes em problemas de engenharia ¢, ainda, escassa.

A EdE CPA ¢ um modelo termodindmico relativamente recente e nao esta
disponivel em simuladores comerciais. A inclusdo desta equacdo de estado num
simulador de processos, realizada nesta tese, permite ndo s6 o uso desta equacao em
projetos de novas unidades e andlises de processos mas, também, facilita estudos
teoricos de andlises de balancos de energia e outras propriedades derivadas da EdE CPA
pouco exploradas na literatura. O outro aspecto das contribuigdes desta tese esta
relacionado a novas metodologias de estimagdo de parametros dos componentes puros,
as formas de calculo dos parametros de associagdo cruzada analisadas culminando no

desenvolvimento desta equacdo para aplicagdo em compostos multifuncionais.

Os resultados apresentados no Apéndice A mostram que a adi¢do do termo de
associacdo ao modelo SRK gera um modelo (CPA) que fornece descricdo adequada de
sistemas contendo metanol, etanol, MEG, TEG, agua e hidrocarbonetos usualmente
presentes em correntes de gas natural. Os resultados obtidos a partir de simulagdes em
sistemas contendo componentes polares estdo de acordo com os dados experimentais.
Foi mostrado que os resultados obtidos pela EdE CPA sdo muito superiores aos
resultados da EdE SRK. Na descricdo de misturas que apresentam associacao cruzada,
como MEG e agua, os resultados obtidos pela EdE CPA sao similares aos alcangados
com o uso do modelo de composicao local NRTL. A EdE CPA apresenta vantagem em
relagdo ao modelo de NRTL por descrever misturas em altas pressoes. Além da
descri¢do satisfatéria das misturas com espécies polares estudadas, os testes de
desempenho computacional mostram que a implementa¢do do termo de associacdo ndo
aumenta significativamente o tempo de simulacdo quando comparados com os tempos
demandados pelas equagdes classicas (SRK e PR). Essa analise ¢ inédita apresentando-
se como uma grande contribui¢do desta tese, uma vez que ¢ comum o0 pensamento, nem

sempre verdadeiro, de que modelos termodinamicos baseados em teorias de perturbacao
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apresentam alta demanda computacional. Os resultados das simulacdes realizadas para
avaliar a perda de inibidores para fase vapor, em ampla faixa de pressdo e temperatura,
mostram que o modelo apresenta-se como uma ferramenta de grande utilidade para o
estudo de condi¢des operacionais em processamento de correntes de gas natural. O
modelo foi testado numa simulagdo de uma planta de desidratacao de gas natural com
TEG. Os resultados foram comparados com resultados obtidos a partir de simula¢des
realizadas nos simuladores comerciais ASPEN PLUS® e PRO II® utilizando modelos
termodinamicos especificos para glicois. Os resultados mostram que a EJE CPA ¢

confiavel para aplicagdes de processos envolvendo este grupo de compostos.

Com base nos resultados apresentados na Se¢do 4.2, e no Apéndice B, pode ser
afirmado que a EdE CPA apresenta, em geral, superior desempenho na modelagem de
de misturas que contém substancias polares como a agua e H,S quando comparada as
EdE’s SRK, PR e PR-ISO-04. As previsdes da EdE CPA em misturas de dgua com
CO, sao melhoradas substancialmente ao ser assumido que pode haver associagdo
cruzada entre eles, mas mantendo o CO, como um componente que ndo se auto-associa.
E importante ressaltar que a EJE CPA apresenta minimos locais ao longo do
procedimento de estimacdo de parametros. Na modelagem da dgua pura, foi mostrada
que o uso do PSO seguido do SIMPLEX ¢ uma boa estratégia para obtencdo de
minimos globais no espaco de pardmetros, minimizando a dependéncia das condi¢des

iniciais.

No Item 4.3 e no Apéndice C, sdo apresentados resultados da aplicagdo da EdE
CPA em alcanolaminas. E evidenciado que os resultados obtidos utilizando a EdE CPA
sao dependentes da metodologia de estimagdo de parametros utilizada. Duas
metodologias de estimacdo de parametros foram propostas e sugerem a inclusdo direta
de informacdes de LLE na funcdo objetivo. Essas metodologias permitem que todas as
solugdes obtidas dentro do intervalo de busca, definido com base no erro dos dados
experimentais, sejam testadas. E importante enfatizar que ao assumir que o S4i8i era
igual ao BPOLAR  foi possivel modelar a mistura MEA-Benzeno sem necessidade de
estimacdo de nenhum parametro adicional, ou seja, apenas os parametros dos
componentes puros foram suficientes para calcular as solubilidades em ambas as fases
organica e polar. Quando os parametros obtidos para MEA, calculados pelas duas
metodologias propostas, foram utilizados na modelagem da mistura MEA-agua (ELV)

menores desvios entre os dados calculados e experimentais de pressdes de ponto de
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bolha e de orvalho, com menores valores de k;

j» foram encontrados mostrando que a

metodologia ¢ adequada e os conjuntos de parametros obtidos para esse sistema geram

melhores resultados que o conjunto de pardmetros disponivel na literatura.

Além das conclusdes e contribuicdes destacadas, diversos possiveis caminhos e

questionamentos sdo destacados a seguir como sugestdes para futuros trabalhos:

Aplica¢do da equagdo de estado CPA em misturas de interessa em simulagoes
de reservatorio.: Célculos de flash sdo responsaveis por grande parte do tempo
demandado nas simula¢des de plantas industriais. Muitos autores salientam a
dificuldade do uso de modelos baseados em teorias de associagdo em
decorréncia da demanda computacional. Entretanto esta tese mostrou que a
implementagdo do tempo computacional ndo gera tempos de simulagdo muito
maiores que os tempos demandados em simulagdes realizadas com as EdE’s
cubicas SRK e PR sugerindo, portanto, que testes futuros sejam realizados em
simuladores termodinamicos de reservatorio.

Avaliag¢do das perdas de inibidores de hidratos para fase vapor: Os resultados
da analise de sensibilidade realizada para avaliacdao das perdas de etanol e MEG
para fase vapor mostram como resultados valores menores que as folgas
usualmente praticadas na industria do processamento de gas natural. Com base
nesses resultados, ¢ sugerida, portanto, como trabalho futuro a andlise
experimental de misturas de gés natural em algum dos sistemas estudados. Caso
esses resultados sejam corroborados podem representar uma importante reducao

de investimento operacional.

Andlise de misturas de agua com H,S: Ao considerar a possibilidade de
associagdo cruzada entre a agua e o CO,, foi possivel modelar essa mistura com
boa precisdo. Existem trabalhos na literatura que apresentam resultados para
mistura de 4gua com H,S, entretanto, em baixas pressdes. E encorajado o estudo
dessa mistura em altas pressdes avaliando se a estratégia utilizada para CO, pode
ser aplicada ao H,S.

Aplicagdo das metodologias de estimag¢do propostas em outras equagoes
baseadas em teorias de associagdo: Com base nos resultados apresentados ao

longo da tese surge o seguinte questionamento. Além de multiplicidade de
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resultados a equagdo SAFT apresenta raizes espurias em algumas situagdes. As
metodologias propostas poderiam evitar a obtengdo destas raizes?

o FEstudar o sistema DEA-Cs e DEA-C;s: Em razao da dificuldade de modelagem
do ELL da mistura MEA-C; e da existéncia de dados experimentais para as
misturas DEA-C;s ¢ DEA-C;3 na literatura, sugere-se a aplicacdo das
metodologias propostas utilizando um conjunto de dados para estimagdo e outro
para teste e vice-versa. Além disso, a constru¢ao do grafico de Pareto ¢ sugerida
para verificar qual a influéncia na predi¢ao do ELV quando a mistura utilizada
para calculos de ELL ¢ alterada. Os resultados serdo completamente diferentes
ou apenas pesos diferentes nos levariam para o0 mesmo minimo global, ou seja,
mesmo conjunto paramétrico?

e FErros de medidas: Diversos conjuntos de dados experimentais foram usados ao
longo do desenvolvimento desta tese. Entre eles, poucos, apresentavam o erro
das medidas o que, dificulta consideravelmente a realizagdo de uma anélise
estatistica mais rigorosa das predigdes matematicas do modelo estudado. E
importante que experimentalistas sejam encorajados a realizar as suas analises
com base nesse tipo de informacao para publicagdes futuras.

o Generalizagdo do cdlculo dos k;;'s: Séries homoélogas de hidrocarbonetos
poderiam ser estudadas em misturas com componentes polares na intengdo de
gerar correlagdes para céalculo dos pardmetros de interagdo binaria facilitando a
geracao de um banco de dados desses parametros. Infelizmente poucos dados
experimentais estdo disponiveis para modelagem de misturas de hidrocarbonetos
com alcanolaminas, entretanto dados de misturas de hidrocarbonetos com

alcoois ou glicdis poderiam ser utilizados.

Portanto, considera-se que, para além das contribui¢des explicitadas ao longo
desta tese, abrem-se muitas possibilidades de pesquisa, que certamente ndo se esgotardo
aqui. Por fim, vale salientar que a inclusdo do modelo termodindmico CPA num
simulador de processos permite a exploracdo de novas modificacdes e o trabalho ora

apresentado abre caminho para avancgos futuros.
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Abstract

Thermodynamic hydrate inhibitors are widely used in the oil and gas industry, by
reducing the temperature or increasing the pressure of hydrate formation. Methanol is
the inhibitor most widely used worldwide, though ethanol, MEG and TEG are common
alternatives. On modeling these compounds, standard equations of state, such as SRK or
PR, do not give reliable results due to association effects, especially in mixtures with
water. Therefore, the CPA equation of state was included in an in-house process
simulator as an in-built model in this work (PETROX®). In order to validate the
implementation, comparisons were carried out through simulations of binary systems
containing hydrate inhibitors and water or hydrocarbons using CPA and SRK. The
results obtained for CPA are in good agreement with the experimental data validating
the computational aspect and showing the improvement achieved by the addition of the
association effect in the SRK model. CPA was then applied to calculate the loss of the
inhibitor to the vapor phase as a function of temperature and pressure, in a system
containing a natural gas stream and different amounts of water. Also the needed
computational time of using CPA equation was compared with that using SRK in
flashes calculations. Results show that the simulation time demand is not much larger
than the time elapsed using SRK or other cubic equations of state. Finally, simulations
of dehydration units using TEG were conducted and the CPA results were compared
with two commercial simulators which used their available thermodynamic packages
for glycol applications, proving that CPA calculations are in good agreement with these
models and showing that this is an adequate way to simulate complex mixtures

containing natural gas, water and hydrate inhibitors.

Keywords: glycol, methanol, ethanol, Cubic Plus Association (CPA), PETROX®, VLE

Corresponding Author: Frederico W. Tavares, tavares(@eq.ufrj.br, phone: +55-21-3938-
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1. INTRODUCTION

A group of chemicals widely used in the oil and gas industry are the gas hydrate
inhibitors. As a last resort these, very expensive chemicals, are added directly to the
reservoir fluid. Methanol is the thermodynamic hydrate inhibitor most frequently used
worldwide. These chemicals are effective as inhibitors only in the aqueous phase by
reducing the temperature or increasing the pressure of hydrate formation. Alternatives to
methanol may be listed: ethanol, (mono) Ethylene Glycol (MEG) or Tri Ethylene
Glycol (TEG). MEG is preferred in applications where temperatures are expected
around -10 ° C because of the low viscosity at low temperatures while the TEG is
preferable when small vapor pressure is needed (Lundstrém, 2005). Both inhibitors can
be recovered, however the regeneration of methanol or ethanol is not an economically
viable process, because the loss to the vapor phase is high compared with glycols due to
the volatility difference between these compounds. The precise knowledge of the
equilibrium of hydrates in the presence of inhibitors and the phase equilibria of mixtures
containing these compounds and water is therefore crucial to prevent hydrate formation
problems and to design units for transportation, production and processing of natural

gas (Haghighi , 2009).

Some of the thermodynamic models used in the oil and gas industry are the cubic
equations of state (EoS); for example: Soave-Redlich-Kwong (SRK, Soave, 1972) and
Peng-Robinson (PR, Peng and Robinson, 1976), both based on the van der Waals EoS.
These equations are used especially because they are simple when compared to newer
models, such as SAFT or CPA. Besides, over the years parameters for a wide number of
compounds were determined and characterization methods to calculate these parameters
for hydrocarbons have also been developed. However, hydrate inhibitors are compounds
capable of forming hydrogen bonds. Both cubic equations of state do not have a term
that takes into account the association effect, and their predictions can be very poor for
such systems. Several theories have been developed and have an explicit treatment for
the hydrogen bonds. Among these, one of the most important theories is the Statistical
Associating Fluid Theory (SAFT) (for a review see: Kontogeorgis and Folas, 2010). A
large number of variants of the original equation have been developed and the theory
has been improved over the years. Group contribution techniques were developed to

estimate parameters for pure components when the experimental data are not available
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(Avlund, 2011). Despite the great effort in improving the SAFT equation, there are still
a number of unresolved problems and the computational effort to solve these equations
is high making the application of this theory in engineering problems a particular

challenge.

One of the equations obtained from a variant of the SAFT theory is the Cubic Plus
Association equation of state (CPA). CPA was proposed by Kontogeorgis et al. (1996)
to handle complex systems in a mathematically simpler way than SAFT. This equation
was successfully applied to alcohols and water (Kontogeorgis et al., 1996) in binary
mixtures containing alcohol and hydrocarbons (Voutsas et al., 1997; Yakoumis et al,
1997), polymers and solvents (Kontogeorgis et al., 2000), organic acids (Derawi et al,
2004), amines (Kaarsholm et al, 2005) multicomponent systems containing water /
alcohol / alkanes (Kontogeorgis et al.,1999; Voutsas et al, 1999) and systems containing
water / glycol / alcohol / alkanes (Derawi et al., 2003). In the absence of compounds
which form hydrogen bonds, CPA reduces to SRK presenting itself as a balance

between accuracy and simplicity, objects of interest in the oil and gas industry.

In addition to the simplicity and good performance with respect to modeling phase
equilibria of complex systems, the computational implementation of the association
term does not generate large simulation time demand, i.e. the simulation time is not
much larger than the required times for simulations with SRK or other cubic equations
of state. Because of these reasons, in this work, the CPA model, developed by the
Center of Energy Resources Engineering (CERE), has been included in the Petrobras’
Process Simulator (PETROX®). To the best of the authors’ knowledge, it is the first
time that this model is included in a process simulator as an in-built thermodynamic

model without using the CAPE-OPEN protocol.

The application of new technologies in engineering designs involves not only the
development of new mathematical models but also the implementations of these models
in software for process simulation. Due to the characteristics of the oil and the natural
gas processed by Petrobras, from the Brazilian waters, it is necessary to develop new
technologies or new refining schemes for these specific feeds. Moreover, as the
production in deep or ultra-deep waters is increasing, new challenges and new questions
have to be answered. In this context, the development of an in-house process simulator

has strategic advantages for the company and these tools become part of the technology
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development. Therefore, this work aims to present results of calculations carried out
using Petrobras’ Process Simulator — PETROX® (Niederberger et al., 2009) after the
inclusion of the CPA EoS, as one of the thermodynamic models available in the
simulator. Although we present an implementation using the Petrobras’ Process
Simulator, the results and experience presented here are useful for other simulators and

other research groups.

The CPA EoS and the Process Simulator are presented in some detail in the background
section. The third section shows the interfacing or communication of the CPA model
with the flash algorithms in the simulator. In the results section, computational efforts in
using CPA or SRK are analyzed and comparisons with experimental data are presented.

Industrial application results and conclusions are presented in the last sections.

2. BACKGROUND

2.1. Cubic Plus Association Equation of State (CPA EoS)

The CPA equation is composed by a summation of two terms: the classic Soave-
Redlich-Kwong equation plus an association part from statistical thermodynamics. In

terms of pressure, it is given by (equation 1) (Kontogeorgis et al., 1996):
RT a(T) 1RT ding
P= —~ ———(1+ z Z 1-X 1
Vo.—b V,(V,+b) zvm( ) xip (1~ Xa) @

Where V,, is the molar volume, x; is the mole fraction of component i, T is the

temperature, P is the pressure, R is the universal gas constant and b is the co-volume.

The physical energy parameter (a(T)) is calculated by Equation 2:

a(T) = a1+ ¢y (1 - \/T—R)] (2)

X4, 1s the mole fraction of sites type A in molecule i not bonded to other active sites

(equation 3):
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1

XAi=1+iZ Z AAiBj
Vv, ~i%j 4B

(3)

where A%iBi is the association strength (equation 4), €%iBi is the association energy,
BAiBj is the association volume and g (V)™ is the radial distribution function for

reference fluid (rigid spheres) (equation 5).

. SAiBj .
AAIB]= g(vm)ref [exp( o ) _ 1] bij BA]B] (4)
ref _ 1 . . 1 B b; + b]-
g(Vm) = m, withn = mb and bij = > (5)

Therefore, five parameters are necessary to describe a pure component using CPA EoS:
Three of them in the physical part of the equation (ay, b and c;) and two in the
association part (¢%iBi and pAiBi). The co-volume b (see equation 4) is present in both
parts of the EoS. For extending CPA EoS to mixtures, mixing rules and combining rules

are required. Details are shown in Appendix A.

2.2. PETROX® — Petrobras’ Process Simulator

Process simulation at Petrobras started in the end of the 60’s, when independent
computational programs to calculate phase equilibria and other properties were
developed and used to design new operation units and to teach new engineers. However,
these programs were not suitable for use in an entire plant analysis because the results
had to be transferred from one module to another. In 1989, using a program developed
by the Federal University of Rio de Janeiro (Castier, 1985) as its basis, a group of
engineers started the development of the PETROX®. In 1993, after the implementation
of the distillation column module, the first version was completed. The development of
the conversion models had been started together with the transfer of technology from
Kellog for Fluid Catalytic Cracking units. At the same time, simulation models for
Delayed Coke, Hydrotreating and Suphur Recovery Units were developed in the
Petrobras Research Center and included in the simulator. PETROX® has a graphical

user interface written in C++ and C#.net and a calculation core written in C and in
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FORTRAN. The graphical interface is the software communication with the user. The
math calculations are performed in the simulation engine (FORTRAN) and the C
language makes the communication between the other languages. Nowadays
PETROX® has the same operation units that usually are present in other process
simulators like Aspen Plus® and PRO II®. Additionally, it has more than 2200
characterized oils (national and foreign) and 750 pure components properties in its data

bank.

3. COMPUTATIONAL ASPECTS: Interfacing the CPA model

Since 1999, the CPA has been developed by the CERE, Department of Chemical and
Biochemical Engineering of the Technical University of Denmark (DTU). Latter on a
thermodynamic property package based on CPA (named as ThermoSystem), which
supports the CAPE-OPEN standard maintained by the CO-LaN consortium (Colan,
2014) has been developed (Breil et al., 2007) and used for industrial TEG process
simulation using Aspen HYSYS process simulator (Arya et al., 2014). However,
supporting only PT flashes (Arya et. al, 2014), this module calculates thermodynamic
properties and transfers them to the Aspen HYSYS (or other process simulators) flash
algorithms with no control about the numerical methods used in it. Convergence
difficulties in extreme temperature and pressure conditions and the intention to conduct
computational performance analysis in comparison with other EoS’s are, among other
factors, the main reasons to include the CPA model in one process simulator not using a
CAPE OPEN protocol, but a Dynamic Link Library (dll) instead, making CPA an in-
built thermodynamic model. One example of the numerical problems that was solved
here will be presented in the results section. The implementation structure used in this

work is showed in Figure 1.
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Figure 1: CPA and PETROX® link structure

In a first version, the focus of the implementation was in the natural gas processing
including water, acid gases and hydrate inhibitors. Therefore, 25 components were
considered and studied. They are: Oxygen, water, nitrogen, hydrogen sulfide, methane,
ethane, propane, i-butane, n-butane, i-pentane, n-pentane, n-hexane, n-heptane, n-
octane, n-nonane, n-undecane, n-dodecane, MEG, di-ethylene glycol (DEG), TEG,
methanol and ethanol. The new thermodynamic package was called in its first version as
CPA-Glycol. The CPA.dIl reads the compounds, its properties and the operational
conditions to calculate the fugacity coefficients and the residual properties in order to
incorporate them to the flash algorithms. Other compounds like pseudo-components
(non-associating) will be treated using the SRK model already implemented in the
simulator. It is important to emphasize that the dll used here is the same library used to
construct the ThermoSystem. In another words, the calculation core used in the
PETROX is the same as that one used in the thermodynamic package developed by the
CERE.
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4. RESULTS AND DICUSSION

To analyze the applicability of the CPA model in the simulator comparisons with NRTL
(Renon and Prausnitz, 1968) and SRK have been made for binary mixtures containing
hydrate inhibitors with water and methanol/ethanol with hydrocarbons respectively.
CPA was then applied in binary mixtures containing glycols and hydrocarbons. All the
experimental data references used in this work are available in Table 1. Numerical
problems in multicomponent calculations have also been analyzed including time
demand and sensitivity analysis to evaluate the hydrate inhibitors loss to the vapor
phase. Finally, it is presented an example of an industrial application in a natural gas
dehydration unit using TEG. The results obtained from PETROX® are compared with
results obtained from Aspen Plus® and PRO II® commercial simulators using their
own thermodynamic property packages for glycol applications. The CPA pure
component parameters used in this work can be seen in Table 2, the NRTL binary

interaction parameters (Tj;, Tjj, @;;) in Table 3 and the CPA binary interaction parameters

(kjj) in Table 4.

Table 1: Experimental data used in this work

Reference
MetOH + H,O  Gmehling et al (1991-2014)
EtOH + H,O  Gmehling et al (1991-2014)

MEG + H,0 Chiavone et al (1993)
TEG+H,O  Gmehling et al (1991-2014)
MEG + C; Zheng et al (1999)
MEG + C, Jou et al (2006)
TEG+C, Jou et al (1987)
TEG+C, Jou et al (1987)
MetOH + Cs Joung et al (2004)
MetOH+Cq Goral et al (2002)
EtOH + C, Suzuki et al (1990)
EtOH + C; Joung et al (2004)
EtOH + C4 Goral et al (2002)
EtOH + Cs Goral et al (2002)
EtOH + C¢ Goral et al (2002)
EtOH + C, Goral et al (2002)
EtOH + Cg Goral et al (2002)
EtOH + Cy Goral et al (2002)
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Table 2. CPA pure components parameters used in this work. Water and Glycols are
modelled as 4C molecules whereas alcohols as as 2B molecules (Ref: from the CERE

databank).
b (L/mol) ap (bar.L2.mol?) cl g (bar.L/mol) B *10°

H,0  0.0145 1.2278 0.6736 166.5595 69.2
MetOH  0.0310 4.0533 0.4310 245.9235 16.1
EtOH  0.0491 8.6721 0.7369 215.3321 8.0
MEG  0.0514 10.8196 0.6744 197.5308 14.1
TEG  0.1321 39.1282 1.1692 143.3779 18.8
C 0.0291 2.3204 0.4472 0.0000 0.0
C, 0.0429 5.5067 0.5846 0.0000 0.0
Cs 0.0578 9.1192 0.6307 0.0000 0.0
Cy 0.0721 13.1435 0.7077 0.0000 0.0
Cs 0.0910 18.1990 0.7986 0.0000 0.0
Cs 0.1079 23.6823 0.8313 0.0000 0.0
C; 0.1254 29.1796 0.9137 0.0000 0.0
Cs 0.1424 34.8769 0.9942 0.0000 0.0
Co 0.1604 41.2529 1.0463 0.0000 0.0

Table 3. NRTL binary interaction parameters (Tj;, 7j; and a;) used in this work.

NRTL
Tij i )

MetOH + H,0 —147.4092/RT* 538.0563/RT" 0.2982

EtOH + H,0 11.3437/RT* 1022.9466/RT* 0.2935

MEG + H,O —52.6807 /RT* 16.1579/RT* 0.3047

TEG + H,O —0.0015 — 0.234 * T° —1.704 + 0.004 * T°  2.8500

® Gmehling et al. (1991-2014); R = 1.9872041 cal mol” K.
® Mostafazadeh et al. (2009).

Table 4. CPA binary interaction parameters (k;;) used in this work (Ref: from the

CERE databank).
CPA
ki

MetOH + H,O -0.0900
EtOH + H,0 -0.1100
MEG + H,0 -0.1150
TEG + H,O -0.1000
MEG + C, 0.1786
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MEG + C, 0.1452
TEG+C;  0.1371+8.3100/T(K)
TEG+C, 0.1350

4.1. CPA Thermodynamic Model Validation

Glycols and alcohols form hydrogen bonds or similar interactions with themselves and
with other compounds that have proton donor/acceptor (e.g. water). Cubic equations of
state do not take into account these hydrogen bond effects and consequently they cannot

accurately describe phase equilibria of these systems (Kontogeorgis and Folas, 2010).

At first, phase equilibria in systems containing water and hydrate inhibitors have been
considered. We applied CPA in mixtures with water plus methanol (MeOH), Ethanol
(EtOH), MEG, and TEG. The results are showed in Figure 2. The results using SRK
(classical mixing rules) for systems with cross association effects are very poor and,
therefore, they are not presented here. For comparison, we have used the NRTL model
instead (Renon and Prausnitz, 1968). As can be seen the CPA results are in good
agreement with experimental data showing the CPA equation of state is adequate to
model these systems. Moreover, CPA can also be used at extreme conditions. In the
natural gas processing this is of great importance especially when the transportation

needs to be done at high pressures and low temperatures.
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Figure 2: (a): water — methanol. (b): water-ethanol. (c): water-MEG. (d): water-TEG
VLE. CPA and NRTL calculations are performed using 100 points. Solid line: CPA.
Dashed line: NRTL. Experimental data are from: Gmehling et al., 1991-2014;

Chiavone et al., 1993.

Methanol is the hydrate inhibitor most frequently used worldwide. In Figure 3, bubble

point and dew point pressures obtained using CPA and SRK for binary mixtures

containing methanol and hydrocarbons in different temperatures are presented and

compared with experimental data. For these binary mixtures, CPA and SRK

calculations are carried out using classical mixing and combining rules and kj; = 0 to

analyze the predictive capability of the both models. The CPA pure parameters used are

presented in Table 2 and the SRK pure parameters are calculated using the components

critical properties and its acentric factors. All the trends are constructed using 100

calculated points.
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Figure 3: (a) and (b): Methanol — Cs and (¢) and (d): Methanol — Cs VLE. All
calculations are performed with kj; = 0. Solid line: CPA. Dashed line: SRK.
Experimental data are from: Joung et al., 2004 and Goéral et al., 2002.

The results obtained by the CPA model, as we expected, are clearly much better than

the SRK results showing the applicability of this model for the self-associating systems

analyzed.

Another thermodynamic hydrate inhibitor, largely used in Brazil, is ethanol. A more

accurate knowledge on the phase behavior of the systems containing ethanol, water,

hydrocarbons, in many cases, can represent fewer investments in the natural gas

processing or flow assurance. In Figure 4, bubble point and dew point pressures

obtained using CPA and SRK for binary mixtures containing ethanol and hydrocarbons

are presented. The comparison between these two equations of state are performed in

the same way we did with the binary mixtures containing methanol and hydrocarbons,

i.e, classical mixing rules and k;; = 0 for both models. The results obtained by the CPA

EoS are, again, better than the results obtained by the SRK EoS as expected.
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The bubble pressure average absolute deviations defined as, AAP, pple% =

(100/Neyp) lejfﬂ(Pbeijle’k — PSS o)/ Poabblex| » for the systems analyzed with
CPA EoS and compared with NRTL and SRK in section 4.1 are summarized in Tables
5 and 6, respectively.

Table 5: Bubble Pressure average absolute deviations (AAP,pp1e% ) for comparison
between CPA EoS and NRTL in binary mixtures containing water and hydrate
inhibitors

CPA NRTL
MetOH + H,O, T=25°C 3.4 0.8
EtOH + H,O, T = 50°C 2.6 2.2
MEG + H,O, T=90 °C 2.9 0.6
TEG + H,0, T=25°C 4.0 1.5
Average 3.2 1.3

Table 6: Bubble Pressure average absolute deviations (AAP,pp1e% ) for comparison
between CPA and SRK EoS in binary mixtures containing alcohols and hydrocarbons

CPA SRK
MetOH + C3, T=40.4 °C 18.1 25.3
MetOH + C3, T=70.1 °C 20.4 36.9
MetOH + G, T =45 °C 7.9 16.9
MetOH + Cg, T = 60 °C 8.6 19.2
EtOH + C,, T=25°C 11.6 219.4
EtOH + C5, T=60.8 °C 10.9 30.9
EtOH + C4, T =20 °C 7.6 22.5
EtOH + Cs, T=30 °C 6.8 25.0
EtOH + C¢, T =-10 °C 24 21.1
EtOH + C;, T=50 °C 43 17.8
EtOH + Cs, T=75 °C 5.8 18.8
EtOH + Co, T =70 °C 24 10.5
Average 8.9 38.7
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Figure 4: (a): Ethanol-C;. (b): Ethanol-C;j, (c¢): Ethanol-C4. (d): Ethanol-Cs (e):
Ethanol-Cg, (f): Ethanol-C5. (g): Ethanol-Cs. (h): Ethanol-Cy VLE. All calculations are
performed with kj; = 0. Solid line: CPA. Dashed line: SRK. Experimental data are from:

Suzuki et al., 1990; Joung et al., 2004; Goral et al., 2002.

The results presented in Table 6 show the improvement achieved by the addition of the
association effect in the SRK model. The CPA EoS results can be either improved by
fitting the k;; using phase equilibria binary data.

Once the implementation was validated, CPA EoS was then applied in VLE calculations
in systems containing glycols and light hydrocarbons at different temperatures. Figures
5-8 show comparisons between the experimental and calculated bubble point pressures
using the CPA EoS for the binary mixtures MEG-methane, MEG-ethane, TEG-methane
and TEG-methane. All the CPA trends are constructed using 100 calculated points.

50
~=CPA - T = 50°C
Ox_CH4-T=50°C 1
40 |...cPA - T = 100°C OF
Ox_CH4 -T=100°C Q" -
530 - CPA -T=125°C O. _-A
s Ax CH4-T=125°C oA
& 20 4 3
10
0
0.00 0,01 0,02 0,03 0,04
Mole Fraction of C1

Figure 5: MEG — methane VLE (kj; = 0.1786). Solid line: CPA at 50 °C. Dotted line:

CPA at 100 °C. Dashed line: CPA at 125 °C. Experimental data are obtained from
Zheng et al., 1999, and Jou et al, 1994 apud Zheng et al, 1999.
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Figure 6: MEG — ethane VLE (k;; = 0.1452). (a) Solid line: CPA at 50 °C. Dotted line:
CPA at 75 ° (b) Solid line: CPA at 100°C. Dotted line: CPA at 125°C. Experimental
data are from Jou et al., 2006.
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Figure 7: TEG — methane VLE (k;; = 0.1371 +8.31 / T(K)). (a) Solid line: CPA at 25

°C. Dotted line: CPA at 50°C. (b): Solid line: CPA at 75 °C. Dotted line: CPA at 100
°C. Dashed line: CPA at 125 °C. Experimental data are from: Jou et al., 1987.
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Figure 8: TEG — ethane VLE (kj; = 0.135). (a): Solid line: CPA at 25 °C. Dotted line:

CPA at 50 °C. (b): Solid line: CPA at 75 °C. Dotted line: CPA at 100 °C. Dashed line:
CPA at 125 °C. Experimental data are from Jou et al., 1987.

Figures 5 — 8 show that the CPA model is a good choice to be used in glycol
applications. These results are in good agreement with experimental data showing that
the CPA provide nice phase equilibria calculations even when mixtures containing polar
compounds with different sizes e.g., MEG with methane are evaluated. Examples of

CPA average absolute deviations (AAP,,p1e% ) for glycol applications are presented in

Table 7.

Table 7: CPA Bubble Pressure average absolute deviations (AAP,ypp1e% ) in binary
mixtures containing glycols and hydrocarbons

CPA
MEG + C;, T=100 °C 6.4
MEG + C,, T=100 °C 6.3
TEG+ Cy, T=100°C 1.3
TEG + C,, T =100 °C 3.3

4.2. Dealing with numerical problems: a typical example

One system of particular interest in the oil and gas industry is a multicomponent

mixture containing natural gas, water and hydrate inhibitor. As mentioned in the
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introduction section, the precise knowledge of the phase equilibria of these mixtures is
crucial to prevent hydrate formation problems and to design natural gas process units.
As it is well known, these chemicals are only effective as inhibitors in the aqueous
phase. When they are added directly to the reservoir fluid it is important to quantify the
loss of these chemicals to the vapor phase. To analyze that, the ThermoSystem was
used in the Aspen HYSYS in one simulation using a mixer and a flash module. We
mixed water with ethanol and a natural gas stream, hereafter, NKT (Petrobras, 2013).
The simulation scheme is presented in Figure 9 and the NKT composition can be seen
in Table 8. As the results were not reliable, we conducted a test assuming that the
natural gas was almost pure methane to analyze the thermodynamic behavior of this
compound. The feed for the flash calculation was then a mixture with 98.34 percent of
methane, 0.99 percent of water and 0.66 percent of ethanol. The flash conditions were:
2°C and 250 bar. The results obtained using ThermoSystem in Aspen Plus® and
PETROX® showed that only vapor product exist. However, looking at the phase
envelope results and the sensitivity analyses made at a constant pressure (250 bar,
Figure 10) it was possible to see that the mixture at this flash condition was above the
dew point curve. Therefore, we could suspect that the problem was in the flash
algorithm and not in the thermodynamic package. After some analysis we could solve
the problem by changing the initialization procedure for the flash algorithm in the
simulator. Usually the Wilson K-factors (Michelsen, 1993) are used as initial
conditions. Now, in the implemented simulator, when there are supercritical compounds
and the CPA model is used, the initial K-factors are calculated by the Chao and Seader
approach (Chao and Seader, 1961) instead of Wilson (Michelsen, 1993). Calculations
details are described in Appendix B. This is just an example, among others, of a
successful application that could be achieved by including directly the CPA model in

the simulator not using a built-in flash.
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Figure 9: Simulation scheme. Sensitivity analyses to analyze the loss of hydrate
inhibitor to the vapor phase in a mixture with: Natural Gas (NKT) plus Ethanol
(EtOH) and water (H,0).

Table 8: Gas Natural (NKT) composition

Compound Composition (%)
C 71.44
C 12.31
Cs 8.42

1-Cy 1.16
n-Cy 2.34
1-Cs 0.44
n-Cs 0.51
n-Cg 0.22
n-C; 0.11
n-Cg 0.03
n-Cy 0.01
D-Cm 0.01

N, 1.16
CO, 1.84
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Figure 10: (a) Dew point calculations (300 points); (b) Sensitivity analyses at 250
bar. Mixture: 98.34 percent of methane, 0.99 percent of water and 0.66 percent of

ethanol.

Figures 11 and 12 show important results for the oil and gas industry. Once the ethanol

phase behavior was validated in mixtures with water and hydrocarbons in the last

section, and the numerical problem on modeling mixtures with high methane content

was solved, multicomponent calculations were performed to evaluate the ethanol loss to

the vapor phase in several conditions. The axes in Figures 11 and 12 represent pressures

and temperatures, the colors and the color bar represent the loss of hydrate inhibitor to

mol inhibitoryapor

the vapor phase (100*(

mol inhibitorfeeq

)). Calculations are performed using a

sensitivity analysis tool with 20 temperature intervals and 20 pressure intervals.
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Figure 11: Ethanol Loss (%) to the vapor phase. Feed: 100 kmol/h NKT + 20 kmol/h
Ethanol and: (a) 20 kmol/h H,O; (b) 10 kmol/h H,O; (¢) 1 kmol/h H,O; (d) 0.001
kmol/h H,O

Based on Figure 11 it can be seen that, as expected, the ethanol loss increases if the

amount of water decreases. However the maximum loss is about 25 percent.

Since the discovery of the Pre-Salt layer, in Brazilian waters, engineers have to deal
with high pressure conditions. An increasing ethanol loss has motivated studies using
MEG directly in the reservoir fluid. For comparison purposes, CPA calculation results
using MEG are presented (Figure 12) for different amounts of water in the feed. The
results indicate that the MEG loss is less than 1% for all the cases analyzed. In this
section we present predictions for multicomponent systems. By comparing results with
experimental data we will make sure that CPA provides reliable results at the conditions
presented in Figures 11 and 12 using the given pure component parameters and binary

parameters.
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Figure 12: MEG Loss (%) to the vapor phase. Feed: 100 kmol/h NKT + 20 kmol/h
MEG and: (a) 20 kmol/h H,O ; (b) 10 kmol/h H,O ; (¢) 1 kmol/h H,O; (d) 0.001 kmol/h
H,O

4.3. Computational Performance Analysis

Rigorous phase equilibrium calculation (e.g., flash) is a time-consuming part in process
simulations, so it is important to evaluate and analyze the simulation time demand
generated by the implementation of the association term. To perform this, the
simulation flowsheet presented in Figure 9 was used to construct a computational
performance analysis. Using a sensitivity analysis tool many simulations were
performed and the simulation times are compared with results obtained from the SRK
and PR equations of state. As the time demand depends also on other factors in the
computer (memory for example) every analysis was conducted three times and the
average performance was used and presented in Table 9. Flash simulations were carried
out using a PC with an Intel ® Core ™5 cru; Q 650@ 3.2GHz; 4.00 GB RAM,

Windows 7 professional.
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Table 9: Speed comparison results: Flash calculations with CPA, SRK and PR

Time elapsed (sec)

# of Flash calculations

CPA SRK PR

10 <1 <1 <1
100 2.0 1.3 1.3
1000 15.0 12.0 12.3
10000 178.0 164.7 166.0

As can be seen, the simulation times using CPA are slightly higher than those using
SRK, which is similar to PR. These results indicate that the CPA EoS is as fast as cubic
equations of state and useful in many engineering applications. Of course, the time
demand depends on how the computational code is written and the convergence criteria
used. Michelsen (2006) presents strategies to improve CPA convergence that makes it

very convenient for engineering calculations.

4.4. Example of an Industrial Application — Natural Gas Dehydration Units
using TEG

The Pre-Salt reservoirs from Santos Basin (Brazil) represent a discovery of huge
volumes of light oil (28 to 30 degrees API), with high gas content (GOR in Tupi area
greater than 200 m’/m’), ultra-deep-water (greater than 2,000 meters), deep carbonate
reservoirs (deeper than 5,000 meters), spread over very large areas, high CO, content,
high-pressure and low temperature (Beltrdo et al., 2009). This scenario demands
adaption and development of specific technologies for such conditions. TEG is used as
an absorbent in natural gas dehydration units to remove the water from the natural gas
before it is transported. Glycol absorbs also small quantities of methane and other
pollutants which are emitted into to the atmosphere from the regenerator unit (Folas et.
al, 2006). In order to overcome engineering challenges and to design/optimize the
dehydration unit accurately, it becomes necessary to model accurately the
thermodynamic behavior of such systems. Without accounting for the association effect,
as showed in the section 4.1, cubic equations of state are not recommended in this case.
The use of EoS/G" or EoS/A" models is one way to account, indirectly, for this effect.
However, a more direct approach is to use an equation of estate coupled with the
association theory (Arya et. al., 2014).
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In order to compare results from these two different approaches, simulations are
performed using CPA as an in-built thermodynamic model in PETROX® and
thermodynamic property packages for glycol applications available in two well-known

commercial process simulators.

4.4.1. PETROX .vs. ASPEN PLUS

The first system analyzed was one example available in the Aspen Plus commercial
process simulator developed by Aspentech, which consist of a absorber colum using
TEG to remove water from the natural gas. The thermodynamic method used in
PETROX® was the CPA EoS and the model used in Aspen Plus was the TST (EoS/A"),
in accordance to what the User’s Manual of the program recommends (Aspen, 2014).
Arya et al. (2014) presented comparisons between ThermoSystem simulation results
and available experimental data. In this work, our intention is to compare the packages
provided for glycol application. The simulation flowsheet is shown in Figure 13. Where
LTEG is the lean TEG, WGAS is the wet natural gas, RTEG is the rich TEG and DGAS
is the dry natural gas.

Figure 13: Absorber Flowsheet (made in PETROX®)

The obtained results are presented in Table 10. It can be seen that the results are
similar. Looking at the rich TEG stream it is possible to see that the amount of
absorbed water is similar and the temperature results are practically equal. The
results obtained for the dry gas once more are practically the same. The values in
bold show the water and TEG mole flow in the Rich TEG and the gas mole flows in

the Dry Gas. The calculated temperatures are also similar indicating that not only
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phase equilibria are well modeling with CPA, but also derivative properties like

residual enthalpy.

Table 10: Absorber with TEG simulations results: Comparisons between PETROX

using CPA model and ASPEN PLUS using TST (EoS/A®) model.

Mole Flow, kmol/h
TEG
H20
CcOo2
N2
Cl1
C2
C3
C4
C5
C6
Mass Flow, kg/h
Temperature, °C
Pressure, kPa
Molecular Weight

IN ouT
Lean TEG Wet Gas Rich TEG Dry Gas
PETROX ASPEN PETROX ASPEN PETROX ASPEN PETROX ASPEN
84.9732 84.9732 173319 17331.9 111.430 109.977 17305.5 17306.9
84.6203  84.6203 0.00000  0.00000  84.6186 84.6167 0.00170 0.00360
0.35290 0.35290 24.2647 24.2647 24.5570 24.4211 0.06060 0.19640
0.00000 0.00000 69.3277 693278 0.07880 0.01590 69.2506 69.3118
0.00000 0.00000 277.311 277311 0.01310 0.00250 277.300 277.308
0.00000 0.00000 16292.0 16292.0 1.50950 0.25660 16290.5 16291.8
0.00000 0.00000 467.962 467.962 0.11210 0.13830 467.841 467.824
0.00000 0.00000 133.456 133.456  0.08250 0.15320 133.369 133.303
0.00000 0.00000 43.3298 43.3298 0.26820 0.11770 43.0607 43.2122
0.00000 0.00000 13.8655 13.8656  0.16350 0.08820 13.7014 13.7774
0.00000 0.00000 10.3992 10.3992  0.02630 0.16710 10.3718 10.2321
127142 127142 296997 296997 13214.7 13190.6 296496 296521
40.5556  40.5556 29.4444  29.4444  30.7868 30.7999 31.3330 31.5005
4136.85 4136.85 344738 344738  3447.38 3447.38 3447.38 3447.38
149.626  149.626 17.1358 17.1358  118.592 119.940 17.1331 17.1331

4.4.2. PETROX .vs. PRO II

To improve our comparison, we also analysed the applicability and consistency of the
CPA model in a entire natural gas dehydration unit using as an example one simulation
flowsheet indicated by the Pro II process simulator (Pro II, 2010). The complexity of
this case is higher than the former because it includes differents units and recycles. The
CPA model was used in PETROX® and SRKM (a;; = F(ai, aj, kyj, kjj, Ci]-)) was used
in PRO II. Even though the Panagiotopoulos-Reid modification, used in SRKM, is
useful to represent highly polar systems, the equation stated is restricted for binary

systems. SimSci-Esscor modified the aj; term by including another empirical constant

(Cjj) that measures interaction between components (Pro II, 2010). The simulation

flowsheet is presented in Figure 14 and Table 11 shows comparison results.
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Figure 14: Natural Gas dehydration unit with TEG Flowsheet (made in PETROX®)
Table 11: Absorber simulations results taken from one natural gas dehydration unit
using TEG: Comparisons between PETROX using CPA model and PRO II using
SRKM model.
IN ouT
Lean TEG Wet Gas Rich TEG Dry Gas

PETROX PROII PETROX PROII PETROX PROII PETROX PROII
Mole Flow, kmol/h 18.8157  18.4846 1943.22  1943.22  22.1981  20.6593 1939.84 1941.05
TEG 16.7610  16.7963  0.00000  0.00000  16.7608 16.7957 0.00020 0.00060
H20 2.05460 1.68820 0.87970 0.87970  2.85710 2.45700 0.07710 0.11090
CO2 0.00000  0.00000 26.5127  26.5127  0.08520 0.08660  26.4286 26.4261
C1 0.00000  0.00000 1711.96 1711.96 0.96200 0.40140 1710.96 1711.56
C2 0.00000  0.00000 124.503 124.503 0.27640 0.07550 124.249 124.427
C3 0.00000  0.00000 33.2332  33.2332  0.21770  0.05140  33.0265 33.1817
C4 0.00000  0.00000 4.64220 4.64220 0.07640  0.03670 4.56810 4.60550
C5 0.00000  0.00000 1.37900  1.37900  0.04290 0.00490 1.33720 1.37410
Cé6 0.00000  0.00000 1.04890  1.04890  0.00690 0.01290 1.04330 1.03590
Mass Flow, kg/h 2554.10  2552.79 35861.4 35861.8 2647.17 2612.02 35769.5 35802.4
Temperature, °C 54.4400 54.4445 26.6667  26.6672  27.0826  27.0606  28.9942 29.0146
Pressure, kPa 51.6539  51.6543 51.6542 51.6543 51.6542 51.6543 51.6542 51.6543
Molecular Weight 135.743  138.103 18.4546  18.4548 119.252 126.433 18.4394 18.4449
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In this case, even with the existence of recycles and different convergence criteria used
by both simulators, the results are similar especially when looking at the principal
components in Rich TEG and Dry Gas streams in bold. The calculated temperatures are
close to each other. We used several significative digits to show the temperature
differences and the exatly result obained by both simulators. However, from an
engineering point of view both results are the same, showing that CPA EoS can be used
to simulate TEG units for design and optimization. Besides, accounting the association
effect directly, as we are doing using CPA, could be more suitable than the EoS/A"
models and also more suitable than adjustments made by the inclusion of an empirical
constant and asymmetric interactions (kj; # k;j;) for applications at high pressure
conditions and an inclusion of such model in commercial process simulators is

encouraged.

5. CONCLUSIONS

The results presented here show that using an association theory coupled with SRK EoS
(CPA) we can have satisfactory description of the systems containing methanol,
ethanol, MEG, TEG, water and hydrocarbons usually present in natural gas streams.
The obtained results in simulations of binary systems containing self-associating
compounds using CPA EoS are in good agreement with experimental data, opposite to
SRK EoS. When systems with cross-association were evaluated such as mixtures with
ethanol and water, the CPA results are similar to the NRTL method, with an advantage
that we could use CPA even in extreme high pressure conditions like when ethanol is

used as a hydrate inhibitor and it is added directly to the reservoir fluid.

CPA is a rather recently developed model and it is not available in commercial process
simulators (Arya et al, 2014). To use this for process design, we include the
thermodynamic package based on CPA in PETROX®. The addition of an association
term increases the simulation time demand, but the tests performed in this work show
that the difference when compared with SRK and PR is very small, showing that CPA is
adequate and useful for simulators and tests in reservoir simulations are also

encouraged.
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After the model validation CPA was applied to multicomponent systems. Loss of
hydrate inhibitor for the vapor phase as a function of temperature and pressure were
illustrated. The applicability of the CPA EoS was tested by simulating an entire natural
gas dehydration unit using TEG. It was validated by comparisons with two well-known
commercial simulators. The results found by the CPA method implemented on
PETROX® are similar to those found by Aspen Plus and PRO II showing that it is as
reliable as currently available thermodynamic packages glycol applications. Besides,
most of them use EoS/G* models for such applications and CPA is a more directy way

to acount for association effects.

96



Appendix: A

Cubic Plus Association Equation of State — Mixing and combining rules

For extending CPA EoS to mixtures, conventional mixing rules are employed in the
physical term for the energy and co-volume b parameters. For the energy
parameter a;;(T), the geometric mean rule is used (A.1). For systems that contain only
self-associating mixtures, €.g., glycol with n-alkanes, the interaction parameter k;; is the

only adjustable parameter (A.2).

a(T) = X X xix;a(T) (A1)

o;;(T) = /ai(T)aj (D(1 - ky) (A.2)

In the expression for the association strength in the CPA EoS (equation 4), we have the
parameters €48 and BABi called the cross-association energy and the association
volume. To calculate these parameters combining rules are also need. Usually for cross-
association systems, e.g., glycol with water, CR-1 (A.3 and A.4) and Elliott (A.5)

combining rules are used and, therefore they were used in this work.

Ai B] _ gAiBi +sAj Bj

€ (A.3)

2

BAB) = \/BAiBiBAB; (A.4)
AAIB) = |/ AABi AA}Bj (A.5)

For modeling system with solvation, e.g., glycol with benzene, not presented in this
work, modified CR-1 combining rule is used. The cross association volume B8 is
fitted to experimental data and CR-1 combining rule is used for the cross association
energy parameter %iBi. Although we do not present results with such system here, this

combining rule is also implemented in the simulator.

At last we can list a customized CR-1 rule where the cross association volume B%ii and

the cross association energy %8 are both fitted to experimental data. Li and
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Firoozabadi (2009) present results using this combining rule for systems that they call

“pseudo-associating” like water with CO,.
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Appendix: B

Initial K-factors: components above the critical conditions in flash algorithm using
the CPA equation of state

The vapor-liquid equilibrium ration is given by equation B.1:

=

1

=

i
I

i

v?% (B.1)

o

i

The quantity v° is a pure component property and can be correlated within the
framework of the principle of corresponding states. The liquid fugacity coefficient of a
pure component is a well-defined thermodynamic property under conditions where the
component actually exists as a liquid. At conditions where the component does not exist
as a liquid the v° becomes hypothetical and the correlations proposed by Lyndersen,
Greemkorn and Hougen (1955) and by Curl and Pitzer (1958) cannot be used. Such
conditions may occur in mixtures when the temperature is above the critical temperature
of the component. Chao and Seader (1961) proposed an extension which has been
correlated within the framework of Pitzer’s modified form of the principle of

corresponding states. (equation B.2).

logv® = log v(® + wlog vV (B.2)

According to Chao and Seader (1961), the first term on the right-hand side of the
equation B.2 gives the fugacity coefficient of simple fluids characterized by a zero value
of the acentric factor. The second term is in the nature of the correction, accounting for
departure of properties of real fluids from those of the simple fluids. They have been

fitted with approximating functions and are given by equations B.3 and B.4:

A
logv® = A, + ?1 + AT, + AT + A TS + (As + AT, + A, T?)P:

r

+(Ag + AoT,)P2 — logP, (B.3)
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W _ _ 122060 3 _ _
log v 4.23893 + 8.65808T, . 3.15224T3 — 0.025(P. — 0.6)(B.4)
r

The coefficients in equation B.3 can be found in Table 1 from Chao and Seader, 1961.

For methane and hydrogen special coefficients are also presented in the same reference.

The activity coefficient y is given by the Hildebrand’s (1950) equation which belongs to
the van Laar type (equation B.5):

Vini(8; — 8)°

- (B.5)

Iny; =

The solubility parameter 6; and the liquid molar volume V,,,; are found in table 2 from

Chao and Seader, 1961. § is an average of the solubility parameter for the solution given

by equation B.6:

2%V i 6

S =
i XiVini

(B.6)

The fugacity coefficients of the compounds in the vapor phase were considered equal to

1 (equation B.7):

¢ =1 (B.7)
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Nomenclature

List of Abbreviations

AAP, pp1e% = average absolute deviation, defined as:

Nexp
APoupte% = (100/Noxp) D" " |(PEiBren—

CPA = cubic plus-association

CR-1 = combining rule 1

mCR-1 = modified combining rule 1

EoS = equation of state

SAFT = statistical associating fluid theory

SRK = Soave-Redlich-Kwong

PR = Peng Robinson

CERE = Center for Energy Resources Engineering
DTU = Technical University of Denmark

List of symbols

a, = physical energy parameter of CPA EoS— bar L2 mol™

b = co-volume parameter — L mol™

c; = parameter in the energy therm of CPA EoS
g = radial distribuition function

kj; = binary interaction parameter

K = equilibrium ratio

Nexp = number of experiments

P = pressure

R =1ideal gas universal constant

T = temperature

V,, = molar volume
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X, = fraction of sites A in molecule i not bonded at other sites

x; = mole fraction of component i in the liquid phase
y; = mole fraction of component i in the vapor phase
Greek Letters

aij, Tjj, Tji = NRTL binary interaction parameter

BAiBj = association volume parameter between a type-A site in molecule i and a type-B
site in molecule j

Y = activity coefficient

A%iBj = association strength between a type-A site in molecule i and a type-B site in
molecule j (L mol™)

0; = solubility parameter of the component i

0 = average of the solubility parameter for the solution

eAiBi = association energy between a type-A site in molecule i and a type-B site in

molecule j (bar L mol™)

PLig = liquid density

¢; = fugacity coefficient of the component i
Superscripts / subscripts

calc = calculated

Exp = experimental

r = reduced
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ABSTRACT: Since the discovery of the Pre-Salt layer in Brazilian waters, production of high gas—oil ratio (GOR) has increased
considerably. This gas has a high content of water, CO,, and sometimes H,S. A study in different conditions was conducted using
several equations of state (EoS) such as Peng—Robinson, GERG-modified Peng—Robinson (PR-ISO-04), Soave—Redlich—
Kwong, and Cubic Plus Association (CPA). Petrobras’ Process Simulator has been used to perform the phase equilibrium
calculations. All the EoS except for CPA used parameters from the literature. A new parameter estimation procedure for CPA has
been proposed using a particle swarm optimization algorithm followed by the SIMPLEX method presenting themselves together
as an optimal approach. The results show that PR-ISO-04 can be considered to be an improvement compared to the original
Peng—Robinson but CPA appears to be the most promising approach to be used for predicting dew points for water-containing
mixtures, especially at high pressures.

1. INTRODUCTION from the processed gas. For this, separation processes such as
absorption, adsorption, and gas permeation fractionation are

The Pre-Salt reservoirs from Santos Basin (Brazil) represent a s
utilized.” Almost all the separation processes are based on the

discovery of huge volumes of light oil (28 to 30 degrees API),

with high gas content in a very short time span. This basin transfer of matter between the phases present: the component to
represents a challenging scenario: ultradeep water (greater than be separated is selectively transferred from the gaseous to a liquid
2000 m), deep carbonate reservoirs (deeper than 5000 m), or solid phase.
spread over very large areas, with a high gas—oil ratio (GOR in For design or analysis of these separation units, thermo-
the Tupi area greater than 200 m*/m*), CO, content (8—12% dynamic properties are often necessary, especially to predict the
in Tupi), high pressure, and low temperature.' This scenario phase equilibrium data. The importance of thermodynamic
demands adaption and development of specific technologies for calculations may be evidenced by the fact that often more than
such conditions. 40% of the cost in many processes is related to the separation
Natural gas processing consists of removal of several com- units.*
ponents, such as water, acid gases, and heavy hydrocarbons— In order to overcome these engineering challenges, it becomes
usually liquid fractions of Cg, substances—in order to adjust its necessary to model the thermodynamic behavior of natural gas
properties for transport and distribution and for meeting mixtures containing water, CO,, and H,S in different conditions.
commercial specifications.” Some compounds must be removed Currently there are several equations of state (EoS) that are
from natural gas due to limitations in the following production used to describe the behavior of these streams, but there are no
steps, and others must be removed to follow current legislation, thorough literature comparisons between these EoS at high
for example: pressure conditions. Therefore, this work aims to present
e Hydrogen sulfide (H,S): toxic and corrosive results of calculations carried out with Peng—Robinson (PR)>
e Carbon dioxide (CO,): corrosive and can crystallize in and Soave—Redlich— Kwong (SRK);® GERG-modified Peng—
certain process conditions Robinson (PR-ISO-04),” and Cubic Plus Association (CPA)®
e Heavy hydrocarbons: can condensate in transport EoS. Moreover, all phase equilibrium calculations were performed
systems
e Water (H,0): can form hydrate and cause corrosion Received: October 26, 2014
The control of water, acid gases, and heavy hydrocarbons Revised:  December 15, 2014
content is obtained by unit operations performing the purifi- Accepted: December 17, 2014
cation of natural gas based on the separation of these components Published: December 17, 2014

ACS Pub“ca'tions © 2014 American Chemical Society 743 DOI: 10.1021/ie504224x
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using Petrobras’ Process Simulator—PETROX,” making these
results useful for design and real time process analysis.

The PR-ISO-04 and CPA EoS, implemented in PETROX,
are the focus of this study, and they are presented in some
detail in the second section of this paper. In the third section,
the plug-ins for CPA and PR-ISO-04 with PETROX are dis-
cussed. The formulated parameter estimation problem for a
pure compound with the CPA EoS is described in the fourth
section. It is established that CPA parameters depend a lot on
the initial guess, and a new procedure is proposed to overcome
this problem. Finally, results and conclusions are presented in
the last sections.

2. EQUATIONS OF STATE (EOS)

Among the EoS mentioned in the previous section, the original
Soave—Redlich—Kwong,” as well as Peng—Robinson,” are already
well-known in the literature, and therefore, they will not be
discussed further here.

The GERG (Groupe Européen de Recherche Gaziere) group
proposed a modification for the Peng—Robinson EoS in 2004
focused on the relationship between water content and water
dew point (and vice versa) of natural gas at high pressures
(up to 300 bar). It is standardized in ISO-18453 and will be
described in the next section.

Another relevant equation in the literature is the Cubic Plus
Association Equation of State (CPA EoS). Because it takes into
account hydrogen bonds such as those present in water, it was
decided to use CPA EoS in this work and compare its perfor-
mance to the more established models. Besides, CPA reduces
to SRK for nonassociating compounds. This means that pure
component parameters are available for these compounds and
the already-optimized binary interaction parameters between
these compounds can be used.'” Moreover, as the petroleum
industry is familiar with cubic equations of state, it may be more
willing to use CPA than other SAFT-type models. This equa-
tion of state has been applied successfully in several systems in
the oil and gas industry such as alcohol and water,® binary
mixtures with alcohol and hydrocarbons,11 and amines."

2.1. GERG-Modified Peng—Robinson EoS. The method
proposed by GERG is based on the Peng—Robinson EoS,
modifying the alpha-function for water, shown in eq 1.

a(Ty)

=[1+ 401 - L' + 4,1 - ') + A1 - L)'
(1)
In which Ty = T/T, is the reduced temperature. T, is the
critical temperature for each compound, and the coefficients
(A}, A,, and A;) of eq 1 are divided into two parts: For vapor
pressure data below 273.15 K, A; = 0.106 025, A, = 2.683 845,
A; = —4.756 38. For vapor pressure data above 273.15 K, A, =

0.905 436; A, = —0.213 781, A; = 0.260 05.

Besides, the binary interaction parameters (k;) were calcu-
lated by a least-squares fit algorithm, using data from ref 13 for
binary mixtures with water and from ref 14 for the other binary
systems, as it is listed in ISO-18453. Binary mixtures with H,S
remain the same as in the original PR. For the binary systems
water—CO,, water—C,;, and water—C,, it was necessary to
include a temperature dependent parameter to obtain a better
description of the phase equilibrium (eq 2):

T
k(T ko | ——— —1
(T "'1(273.15 )

= ko +

)
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All calculations carried out with the GERG-modified Peng—
Robinson method used k; listed in ref 7. For the binary mixture
water—C,, it has been also tested a different approach for
temperatures above 313.15 K detailed in the results section.

2.2. Cubic Plus Association Equation of State. The
CPA equation, proposed by Kontogeorgis et al,? is composed
by a summation of two terms: the classic Soave—Redlich—Kwong
equation plus an association part deducted from statistical ther-

modynamics. In terms of pressure, it is given by (eq 3):

p= RT _ a(T)
V,—b V. (V,+b)
1RT alng]
- ——|1+4p x ), (1—X,)
2 Vm( % zl: ; N 3)

In which V is the molar volume, x; is the mole fraction of
component i, T is the temperature, P is the pressure, R is the
universal gas constant, and b is the covolume. a(T) is the physical
energy parameter and is calculated by eq 4:

a(T) = ap[l + ¢(1 — \/TR)]Z (4)

In eq 3, X, is the mole fraction of sites type A in molecule i

not bonded to other active sites (eq 5).
1

i = 1 AB.
- . i
1+ . Z}.x]ZBjA )
where A% is the association strength (eq 6), €*® is the associ-

ation energy, #*% is the association volume, and g(Vm)ref is the
radial distribution function for reference fluid (rigid spheres)

(eq 7).

AB
AAB = (V) £ — 1 lp.pAB
g(V,) [eXp(—RT ib

Xa

(6)

1

Vv ref — ,
(V) Py

. 1 b, + bj
withn = 4717 and b,-j = 5 -
m 7

Therefore, five parameters are necessary to describe a pure
component using CPA EoS: Three of them in the physical part
of the equation (ag, b, and ¢,) and two in the association part
(e*® and ﬁA‘B’). For nonassociating compounds, CPA equation
turns into a classic cubic equation of state (SRK in this case),
though its parameters can be estimated based on experimental
data of vapor pressure and/or liquid density in order to get
better results in some cases. For extending CPA EoS to mix-
tures, combining rules for the association energy and the associ-
ation volume are required for cross-associating systems.

3. LINK WITH PETROBRAS’ PROCESS SIMULATOR
(PETROX)

Using a program developed by the Federal University of Rio de
Janeiro in 1985, a group of engineers started the development
of PETROX in 1989, and in 1993 its first version was made
available, after the implementation of its first module, the dis-
tillation column.” Later on other modules were implemented
into PETROX, forming the software as it is today.

PETROX consists of a graphic interface written in C++ and
C#.net and a simulation engine written in C and Fortran

DOI: 10.1021/ie504224x
Ind. Eng. Chem. Res. 2015, 54, 743—757
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Simulation Engine

Interface i
(C++/Visual C) i
(CR.NET)

Figure 1. PETROX's structure (Reprinted with permission from the
work of Niederberger et al.” Copyright 2009 Elsevier).

(Figure 1). The graphic interface makes the communication
with the user easier, and it is this part of the code that reads
input data and carries them over to the software core. Math
calculations are made in Fortran and the external layer in C
promotes communication between the former languages. It is
available for Petrobras employees, but it also can be used by
universities for research purposes.

To include the PR-ISO-04 EoS in PETROX, the original PR
EoS, already implemented, was used as the basis and the
modifications described in section 2.1 were included.

In order to include CPA EoS in the simulator, most of the
necessary modifications were made inside the calculation core,
inserting the model developed by the Center for Energy
Resources Engineering (CERE) from Denmark Technical
University (DTU). There were also some changes in the inter-
face, regarding input data and communication with other
modules already implemented in the simulator. Computational
aspects will be discussed in a future work. Additionally, param-
eter estimation for CO,, pure water, and its interaction param-
eters with CO, at high pressure conditions has been done in
order to validate the implementation and to evaluate a novel
approach to calculate these parameters.

4. PARAMETER ESTIMATION FOR CPA

Mathematical models are often used in chemical process indus-
try for experimental data analysis, chemical and biochemical
processes behavior evaluation, designs, control, and optimization.
They consist of a system of equations (algebric or differential)
which represents the relationship between independent and
dependent variables. In the case of EoS, these variables are the
thermodynamic properties of the system, and it is possible from
them to calculate and sometimes predict operational process
conditions.

According to Schwaab et al,’ in order to evaluate variables
that cannot be measured (model parameters), they must be
estimated from available experimental data by minimizing an
objective function which measures the difference between
model predictions and experimental results but always consid-
ering that the experimental data have errors.

Usually, these models are nonlinear (as is the case in this
work), rendering analytical solutions unavailable. Consequently,
numerical iterative procedures must be used both for the
minimization of the objective function and for the evaluation
of the parameter interval. Also, there are other obstacles in
the minimization of the objective function when there are
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Figure 2. PSO selected results for water (4C scheme) for a, and b
parameters. Objective function calculated by eq 8. Experimental data
used from DIPPR correlations."”
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Figure 3. PSO selected results for water (4C scheme) for a, and b
parameters. Objective function calculated by eq 8. Experimental data
used from DIPPR correlations’® (Zoom): (dashed—dotted line) to
guide the reader.

nonlinear models such as the size of the parameter space, the
existence of local minima, the continuity of the objective
function, and the sensitivity of the objective function to each
model parameter.'

The last two points can cause numerical difficulties experienced
by standard methods of optimization, which are derivative-based
ones. Therefore, stochastic methods, such as particle swarm opti-
mization (PSO), are better suited for these calculations.

4.1. Algorithm—Particle Swarm Optimization. The
optimization method used in this work is particle swarm
optimization, first presented by Kennedy and Eberhart."” PSO
is based on behavior of animals which live in flocks, such as
fishes and birds. It optimizes the objective function through
exchange of information among the particles (individuals) of a
group. Each particle remembers the best solution found by
itself and by the whole swarm. They move at variable speeds
along the search space (parameters space), corresponding to a
sum of three members: one related to inertia (how the particle
moves); another related to the attraction of the particle to the
best point it has found; and the last one related to the attraction
of the particle to the best point the swarm has found.'”

DOI: 10.1021/ie504224x
Ind. Eng. Chem. Res. 2015, 54, 743—757
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Figure 4. PSO selected results for water (4C scheme) for 4, and ¢; parameters. Objective function calculated by eq 8. Experimental data used from
DIPPR correlations:" (left) objective function until 0.05; (right) objective function until 0.001; (dashed—dotted line) to guide the reader.
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The main advantages of this method are its simplicity
and strength due to searches’ random and global features

especially in the initial iterations.'® As they evolve, the particles
concentrate around more specific regions, near the final
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Table 1. CPA Pure Component Parameters Used in This Work®

b (L/mol) a, (bar-L?/mol®) @ & (bar-L/mol) B x 10°
water 0.0145 1.2277 0.6740 166.5489 69.2
CO, 0.0274 3.5082 0.7602 0 0
H,S 0.0285 4.4505 0.6027 0 0
C, 0.0291 2.3204 0.4472 0 0
C, 0.0429 5.5067 0.5846 0 0
Cy 0.0578 9.1193 0.6307 0 0
iC, 0.0747 12.9101 0.7021 0 0
nCy 0.0721 13.1435 0.7077 0 0

“Values in bold were investigated in this work. The others are from the CERE databank.

solution. The global search is called exploration, and the local because the procedure of parametric inference can be
search is called exploitation, and proper balancing between developed based on this. The second subproblem is to find
them (manipulating search parameters) is very important for the optimum point for the metric formulated. Later it is nec-
assurin$ simultaneously global search and good precision of essary to analyze the results through a quality assessment per-
results." formed prediction.

4.2. Methodology. In order to guarantee a global character For the pure compound parameter estimation we have used
in the parameter estimation for the CPA EoS, the problem has correlation data from the Design Institute for Physical Property
been divided into three parts in this work: The first subproblem package, hereafter referred to as DIPPR (2004)."” The metric
is to define an appropriate metric, and this step is crucial used is given by the following eq 8.
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Where P! and p% are vapor pressure and liquid density
calculated by the CPA EoS, P and p%“? are the experi-
mental correlation data, and N, is the number of experimental

exp

data.

By using the PSO algorithm it has been selected a parameter
inference to use as an initial guess in the SIMPLEX method*’
for improved performance.'®

5. RESULTS AND DICUSSION

Support Information Table S1 summarizes the references of
the experimental data used in this work. The results with the
various models are shown in the next subsections.

5.1. CPA EoS Pure Parameter Estimation. Although
water has been previously modeled by Kontogeorgis et al,*” in
this work it has been decided to look at the objective function
behavior and its relation with the five CPA parameters. It is
important to emphasize that even if the pure parameters
estimated in this study turn out to be close to those already
presented in the literature, this work presents a new way to
perform these calculations without initial guess dependency. It
should also give a better understanding about the CPA model
parameters. The calculations were made using 100 points in the
reduced temperature range of Ty = 0.42—0.95. Using the PSO
algorithm more than 3000 calculations have been performed to
construct a sensitivity analysis regarding the pure parameters for
water. The results are presented in a 3D form in Figures 2—8. In
these figures, the color points change according to the objective
function value for each pair of parameters.

First of all, looking at Figure 2, it appears that the sensitivity
of the objective function to g, and b parameter is not going to
cause numerical difficulties if one of these selected values is
used as an initial guess in standard methods of optimization.
However, using a zoom in Figure 2, see Figure 3, it can be seen
that one of the obstacles in minimization with nonlinear models
is the existence of local minima. Three regions are shown in
Figure 3 and, in this case, if the wrong initial guess is used in a
derivative-based method the search will not be global and the
parameters estimated are not going to be the best values.

The same can be concluded with the other physical param-
eter combinations presented in Figures 4 and 5. As the b
parameter is somewhat special, appearing in both the physical
and in the association part of the CPA EoS, Figures 6—8 shows
the objective function trends with respect to b and &; b and j;
e and f.

Based on Figures 2—8, we can select the appropriate initial
value to be used in the SIMPLEX algorithm; therefore, the final
parameter set for water can be found. As the pure parameters
calculated in this work for water (see Table 1) are basically the
same as those published by Kontogeorgis et al,*” these results
confirm that the PSO algorithm followed by the SIMPLEX
algorithm is successful and can be used in many cases especially
when there is no knowledge about the CPA parameter space.

Table 2. CPA Binary Interaction (k;) Parameters Used in This Work®

k; water CO,

water 0.0046 + 0.000331T (K)
CO, 0.0046 + 0.000331T (K)

H,S 0.1913 0.1179

C, 0.0098 0.0882

C, 0.5437 + 143.2/T (K) 0.1335

C, 0.1135 0.1522

iC, 0.0000 0.0000

nC, 0.0875 0.1122

H,S
0.1913
0.1179

0.0760
0.0847
0.0917
0.0761
0.0897

& ©, @s iC, nC,

00098 05437 + 1432/T(K) 01135 0 0.0875

00882  0.1335 01522 0 0.1122

0.0760 0.0847 0.0917 0.0761 0.0897
0 0 0 0

0 0 0 0

0 0 0 0

0 0 0

0 0 0 0

“Values in bold were investigated in this work. The others are from the CERE databank.
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Table 3. Water Molar Fraction Average Deviations for All Equations of State in This Study and the Percentage of the
Experimental Data Available Used to Calculate the Error Due to the Convergence Problems in Some Points

CPA
water—CO, AAY% 16.110
convergence% 100.0
water—H,S AAY% 11.030
convergence% 100.0
water—C,; AAY% 6.757
convergence% 100.0
water—C,—C,—nC, AAY% 1.759
convergence% 100.0
water—C,—C,—C;—iC,—nC, AAY% 13.743
convergence% 100.0
water—C,—C,—C;—CO, AAY% 5.157
convergence% 100.0
water—C,—H,S—CO, AAY% 7.591
convergence% 100.0
water—C,—C;—H,S—-CO, AAY% 11.172
convergence% 100.0

"Values in brackets indicate the AAY% when k; (water—C,) was modified.

PR-ISO-04 SRK PR
12.292 25.780 20.300
69.2 56.9 49.2

9.588 15.308 9.770
66.0 72.3 66.0
8.785 6.901 6.686
82.6 82.6 82.6
5.023 (2.615%) 2427 2.035
100.0 100.0 100.0
13.054 25.430 22.063
100.0 100.0 100.0
7.133 18.969 15.009
100.0 100.0 100.0
21.249 36.342 30.268
100.0 94.7 100.0
33.353 (16.906%*) 34.567 22.809
83.8 81.1 81.1

5
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Figure 11. Water content predictions (mole fractions X 100) in CO,
phase calculated by CPA (M): (solid line) experimental data from
ref 21 at 348.15 K. (dashed line) experimental data from ref 21 at
298.15 K.
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Figure 12. Water content predictions (mole fractions X 100) in the in
CO, phase calculated by CPA (H), SRK (4), PR (@), and PR-ISO-04
(A) Eos: (solid line) experimental data from ref 22 at 308.21 K;
(dashed line) experimental data from ref 22 at 318.22 K.

This can be stated as Kontogeorgis and co-workers have
made extensive and time-consuming studies (described e.g. by
Yakoumis et al.**) for determining the optimum association

749

scheme and parameters for water with CPA. Essentially, several
water parameter sets were found that, in those earlier CPA
studies were checked against liquid—liquid equilibrium (LLE)
data for water—alkanes for arriving to a single water set for the
model.

The approach presented in this work offers an alternative
to this earlier more laborious and time-consuming (and less
systematic) approach.

The same procedure was applied for CO, (nonassociating
compound) in the reduced temperature range of Ty = 0.7—0.95.
The calculated errors in terms of vapor pressure for both
compounds are shown in Figures 9 and 10. In these figures AP%
is defined as 100(P{c — P§*®) /Py where P is the experimental
vapor pressure accepted in the DIPPR database and P{'° is
the calculated value. AAP% is the average absolute deviation for
DIPPR correlations and the four equations of state evaluated in
this work, defined as AAP% = (100/NP) Y~ (PF — Pg) /PEel.
For water, PETROX uses modified a-functions for SRK>* and
for PR* (egs 9 and 10).

AsRi water = [1 + 0.662(1 — T"%)T? ©)
Opp water = [1.008568 + 0.8215(1 — T,*) T,
> < 0.85 (10)

In Figure 9, the dash-dot line represents the errors in the
vapor pressure predictions for the PR using the original alpha-
function.’ It can be seen that the modification used (eq 10)
improved the results for this model for T}> < 0.85.

The smallest average absolute deviation for water is obtained
using PR-ISO-04, possibly due to modifications of the original
PR particularly toward improving the results for water with
natural gas. For CO,, CPA performs better than the other
models evaluated in this study showing that the optimization
procedure proposed to minimize the objective function is quite
successful. Also it is always possible to calculate the vapor
pressure in the critical condition with CPA; however these
results should be used carefully because the biggest errors
predictions are exactly in the critical area once the highest
temperature used in the parameter estimation procedure is

DOI: 10.1021/ie504224x
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Figure 15. Water content calculations (mole fractions X 100) versus experimental data in the binary mixture: water—H,S calculated by CPA (M) and
SRK (4) [left]; PR (@) and PR-ISO-04 (A) [right] EoS: (solid line) experimental data from ref 23.

smaller than the critical point (CPA AAP% (TR < 0.95) =
0.887).

Support Information Table S2 summarizes the absolute devi-
ations in pressure for water and CO, for all equations of state
studied in this work.

Tables 1 and 2 show, respectively, the parameters used in this
work for pure components (Table 2) and the binary inter-
actions parameters (k,l) (Table 3) for the CPA EoS. The values
in bold were investigated in this work, and the others are from
the CERE databank.

5.2. CPA Mixture Calculations (CO,—Water). It has been
stated that the natural gas in the Pre-Salt cluster, Santos basin,
in Brazilian waters, has a high content of water and carbon
dioxide. Therefore, phase equilibria for the binary mixture is

750

important and had been analyzed here as well. For similar cases
Li and Firoozabadi*® presented a significant improvement by
applying a concept which they called “pseudo-association”.
According to them, the origin of the cross association can be
due to the permanent quadripolar moment of CO,. In a similar
fashion, in this work it has been considered that there is cross
association between water and CO,; however CO, remains as a
nonself-associating compound i.e. for modeling pure CO, only
the three parameters of the physical term are necessary. The
same procedure has been used previously with CPA by
Tsivintzelis et al.>” Here, the cross association volume (0.0159)
and the reduced cross association energy (1.7 X 10° (K)) were
fitted simultaneously with the binary interaction parameter (k;).
Due to the complexity for modeling this mixture, it was
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Figure 16. Water content error calculations in the binary mixture
water—H,$ calculated by CPA (M), SRK (4), PR (@), and PR-ISO-04
(A): (solid line) experimental data from ref 23.

necessary to define a temperature dependent k; (kij(T) = kyo +
kl-}-,lT). The objective function used in this case is similar to the
one defined in eq 8 but now with Dew point pressure as the
only dependent variable. Experimental data from refs 21 and 22
have been used to calculate dew point pressures. Figure 11
shows the water content calculations at high pressures for the
CPA EoS. For pressures greater than 100 bar, CPA can describe
satisfactorily water—CO, and appears to be a robust and prom-
ising model for predicting dew points at these conditions. The
same cannot be seen with cubic equations of state. Due to the
high degree of immiscibility in both the organic and water
phases, some simulators have a special property method to treat
the water phase as organic-free (also called free water).>® This
practice works well for water and hydlrocarbons,39 but in this
case (water—CO,), we can only find reliable results for cubic
EoS for pressures up to 100 bar (Figure 12).

CPA has been previously used with success for CO,—water
systems, e.g. by Tsivintzelis et al.>” Also Li and Firoozabadi*®
developed an accurate model by using a cubic-plus-association
equation of state, which was combined with Peng—Robinson.
The thermodynamic perturbation theory together with PR
were used to describe the physical contribution and hydrogen
bonding of water. In that work it was shown the same tendency
as can be seen in Figure 11. It is expected that the water
content in a vapor binary mixture decreases as the pressure
increases. However, in mixtures with CO, this tendency
changes at some point and this effect is pronounced at low
temperatures. Assuming cross association, the SRK-based CPA,
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Figure 18. Water content error calculations in the binary mixture
water—C; calculated by CPA (H), SRK (4), PR (@), and PR-ISO-04
(A): (solid line) experimental data from refs 24—25.

used in this work, can also reproduce this binary mixture
behavior and the results are in good agreement with the experi-
mental data. Moreover, among the four equations of state
evaluated in this work, CPA is the only one that can actually
describe well aqueous CO, mixtures at high pressures and
presents a promising advanced model to be used in the oil and
gas industry.

At this point, it is important to emphasize that according
to the ISO-18453 the PR-ISO-04 can be used up to 300 bar;
however, there were no presented results for the binary mixture
water—CQO, in that reference and it was not possible for us to
obtain successful results from 200 to 300 bar.

5.3. Water Saturation Point Calculations. The impor-
tance of water-containing mixtures is widely recognized in
many areas particularly in the fields of energy and environment
(see, e. g, refs 36, 40, and 41). In the natural gas processing this
is of great importance especially in cases when the trans-
portation needs to be done at high pressures and low tempera-
tures. More accurate knowledge on the phase behavior of
such systems, in many cases, can represent fewer investments
in the following process steps and, in other cases, represent
flow assurance. However, it has been challenging to accurately
describe these water-containing systems due to the non-
idealities largely due to hydrogen bonding of water molecules
and others (cross association between water and CO, for
example). In Figures 13—28 are presented calculations per-
formed with the SRK, PR, PR-ISO-04, and CPA EoS compared
to experimental data for different mixtures of interest in the
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Figure 17. Water content calculations (mole fractions X 100) versus experimental data in the binary mixture: water—C; calculated by CPA (M) and
SRK (4) [left]; PR (@) and PR-ISO-04 (A) [right] EoS: (solid line) experimental data from refs 24 and 2S.
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Figure 21. Water content calculations (mole fractions X 100) versus experimental data for the multicomponent mixture water—natural gas (84.4%
Cy + 10% C, + 4% Cy + 0.6% iC, + 1% nC,) calculated by CPA (M) and SRK (4) [left]; PR (®) and PR-ISO-04 (A) [right] EoS: (solid line)

experimental data from ref 27.

natural gas industry. For each case evaluated in this work, we a calculator that can manipulate the water stream until the flash

present comparisons between the experimental and calculated temperature becomes equal to the experimental value. It is
water mole fractions by the four equations of state. We also important to emphasize that, in some extreme cases presented

present deviations versus pressure in order to easier understand here, the pair temperature and pressure represent a point

the modeling trends and results. Ay% is the deviation between outside the phase envelope, and in these cases, we will not be

the calculated water content and the experimental data and is able to get convergence in the calculator module.

defined as 100(yss, — y22,)/y2%... Each calculation presented The first system analyzed is the water content calculations in

in Figures 13—28 was carried out using a dew point flash with a binary mixture with CO,. In this case CPA EoS performs better

pressure specified. To calculate the water content we have used than the other equations as can be seen in Figures 13 and 14.
752 DOI: 10.1021/ie504224x
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Figure 22. Water content error calculations for the multicomponent
mixture water—natural gas (84.4% C, + 10% C,; 4% C; + 0.6% iC, +
1% nC,) calculated by CPA (M), SRK (4), PR (@), and PR-ISO-04
(A): (solid line) experimental data from ref 27.

The average absolute deviation (AAY%) for CPA is 16.1%
against experimental data from refs 21 and 22. The results
obtained by PR-ISO-04 are also in good agreement with the
experimental data with an AAY% = 12.3%; however, as can be
seen in Figure 14, it was not possible to get convergence in
dew point calculations in the simulator in 30% of the cases
(pressures >160 bar).

Figures 15 and 16 show the results for the binary water—H,S.
In this work, to make calculations with CPA EoS, H,S is treated
as proposed by Tsivintzelis et al.:** two proton donors in solva-
tion with water and no self-association. For pressures greater
than 160 bar only CPA can calculate the pressure dew point
and water content. This treatment represents an improvement
(AAY% = 11.0%) in relation to SRK (AAY% = 15.3%).

Although we could obtain convergence for PR-ISO-04 in
only 66% of the cases against 100% for CPA, the modified
Peng—Robinson has the best absolute deviation in this case
(AAY% = 9.6%). As a suggestion for future work, a similar
approach to that applied to water—CO, in the CPA calculations
could be used for water—H,S to improve the results at high
pressures.

Figures 17 and 18 show the results for the binary mixture
water—methane. In this case CPA deviations (AAY% = 6.8%)
are basically the same as for SRK (AAY% = 6.9%); however,
once more, CPA can deal with water content mixtures at high
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Figure 24. Water content error calculations for the multicomponent
mixture water—natural acid gas (13% CO, + 75% C, + 8% C, + 4%
C;) calculated by CPA (M), SRK (4), PR (@), and PR-ISO-04 (A):
(solid line) experimental data from ref 28.

pressures converging in all the cases against the data from both
references used (refs 24 and 25).

PR-ISO-04 calculations are not quite as good in this case
(AAY% = 8.8%), and the results from the original PR are
actually better (AAY% = 6.7%).

Following the work on binary mixtures, some calculations
have been performed also for multicomponent systems. Natural
gas mixtures with and without acid gases have been studied.
Figures 19 and 20 show some calculation results for a natural
gas mixture with 94% of methane. The deviations for all equa-
tions of state evaluated in this case are small and all can
reproduce the experimental data. The CPA EoS shows a rather
small deviation (AAY% = 1.8%) but systematically under-
estimates the water content.

Once again PR-ISO-04 calculations (AAY% = 5.0%) are
worse than PR (AAY% = 2.0%). As mentioned previously in
the PR-ISO-04 equation a temperature dependent k; for the
binary mixture water—C, is used. Also, the range of tem-
perature defined in the ISO-184537 is 223.15 < T (K) < 258.15
and 278.15 < T (K) < 313.15. To deal with this problem, in
this work, the k; was set to a constant value for temperatures
greater than 313.15 K and equal to the calculated value at this
temperature. Figure 20 shows the errors in PR-ISO-04 pre-
dictions with the original k; (left) and with the modified one
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Figure 23. Water content calculations (mole fractions X 100) versus experimental data for the multicomponent mixture water—natural acid gas (13%
CO, + 75% C, + 8% C, + 4% C;) calculated by CPA (M) and SRK (#) [left]; PR (®) and PR-ISO-04 (A) [right] EoS: (solid line) experimental

data from ref 28.
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Figure 26. Water content error calculations for the multicomponent
mixture water—natural acid gas (C, + CO, + H,S) in different
compositions calculated by CPA (H), SRK (4), PR (@), and PR-ISO-
04 (A): (solid line) experimental data from refs 29 and 30.

(right), and it is possible to conclude that with this strategy the
calculations with PR-ISO-04 are improved (AAY% = 2.6%).
Figures 21 and 22 show comparisons in water content calcu-
lations and the associated errors for a natural gas mixture with
84.4% C,, 10% C,, 4% Cs, 0.6% iC,, and 1% nC,. CPA (AAY% =
13.7%) and PR-ISO-04 (AAY% = 13.1%) have essentially the

same performance in this case. Both of them perform much better
than either SRK (AAY% = 25.4%) or PR (AAY% = 22.1%).

Figures 23 and 24 show comparisons in water content
calculations and associated errors for a natural acid gas mixture
with 13% CO,, 75% C,, 8% C,, and 4% C;. CPA has the smallest
average deviation in this case (AAY% = 5.2%) compared to
PR-ISO-04 (AAY% = 7.1%), with the latter presenting a significant
improvement compared to PR (AAY% = 15.0%). Moreover, as
can be seen in Figure 24 the error tendency increases with
pressure for all EoS, except CPA.

Figures 25 and 26 show the results for the multicomponent
mixture of water-natural acid gas (C; + CO, + H,S) in different
compositions. In this case, CPA average deviation is lowest
among the equations of state evaluated (AAY% = 7.6%). As can
be seen in Figure 26, PR (AAY% = 30.3%) and SRK (AAY% =
36.3%), usually applied in the oil and gas industry, have a poor
performance in this case even for low pressures. PR-ISO-04
(AAY% = 21.2%) presents slightly better results than the
original PR once there is some improvements for CO,, due to
its temperature dependent k; for CO,-water and a new k;
for CO,—C,, but H,S is treated in the same way as in the
original PR.

Looking at the results obtained from PR-ISO-04 (Figure 26),
because of the dew point temperatures in some experimental
data being higher than 313.15 K, calculations have been
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Figure 27. Water content calculations (mole fractions X 100) versus experimental data for the multicomponent mixture water—natural acid gas
(C, + C5 + CO, + H,9) in different compositions calculated by CPA (M) and SRK (4) [left]; PR (@) and PR-ISO-04 (A) [right] EoS: (solid line)

experimental data from ref 31.
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performed using the same approach as presented Figure 20 in
order to confirm our proposal about the water—C, expression
for k;. We selected different mixtures containing C,, H,S, and
CO, but also C; which presents average deviations for PR-ISO-04
calculations (AAY% = 33.4%) higher than original PR (AAY% =
12.3). Figures 27 and 28 show these results.

After setting k; (water—C;) to be a constant for temperatures
above 313.5 K the PR-ISO-04 average deviation becomes equal
to 16.9%. There was an improvement in the PR-ISO-04 calcu-
lations; however, CPA EoS (AAY% = 11.2%) remains the best
option in this case. As can be seen in Figure 28, it is easier to
get module convergence for PR-ISO-04 (84% of the experi-
mental data) and CPA (100% of the experimental data) EoS for
these mixtures compared to the SRK and PR models.

All the results for the water saturation point calculations are
summarized in Table 3. References used to each mixture are
indicated in Supporting Information Table SI.

6. CONCLUSIONS

CPA is overall more accurate than SRK and the other two
equations of state in modeling polar substances such as water
and H,S. However, its results are very much improved depend-
ing on the estimation approach used to obtain the parameters.
It has been showed here that the CPA EoS is an advanced
nonlinear model, and can present local minima in the objective
function minimization procedure. Using particle swarm
optimization followed by SIMPLEX method it was possible
to look at the parameter search space without initial guess
dependency. This is very significant, as it had been previously
established that CPA parameters depend a lot on the initial
guess in the parameter estimation process.

Among all equations of state evaluated in this work, CPA
appears to be the most promising approach to be used for
predicting dew points for water-containing mixtures. The accu-
racy of CPA can be improved by assuming that CO, is cross-
associating with water (without being itself a self-associating
molecule) doing the parameter estimation using experimental
data at high pressures. It should be analyzed, in a future work, if
the same is the case for H,S.

PR-ISO-04 can be considered to be an improvement com-
pared to the original PR. However, for mixtures with methane
in high concentrations, results obtained from PR-ISO-04 are
not in good agreement with the experimental data. On the
other hand, the equation is simpler than CPA, making the
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calculations somewhat faster. Computational aspects to speed
up CPA calculations should be discussed in a future work.

All the calculations have been carried out using a process
simulator, which makes these equations available for process
design, process analysis, and real time optimization.
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List of Abbreviations

AAP% = average absolute deviation, defined as
AAP% = (100/NP) Y NI(Pe® — Pc) /P

AAY% = average absolute deviation, defined as
AAY% = (100/NP) Y FNI(yE® — i) /5™l

CERE = Center for Energy Resources Engineering
CPA = Cubic Plus Association

CR-1 = combining rule 1

DIPPR = Design Institute for Physical Property
ECR = Elliott combining rule

EoS = equations of state

GERG = Groupe Européen de Recherche Gaziere
GOR = gas—oil ratio

ISO = International Organization for Standardization
NP = number of points effectively calculated (i.e., converged)
PR = Peng—Robinson

PR-ISO-04 GERG-modified Peng—Robinson method,
described in ISO-18453

PSO = particle swarm optimization

SAFT = statistical associating fluid theory

SRK = Soave—Redlich—Kwong
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List of Symbols

ay = physical energy parameter of CPA EoS, bar-L?/mol®
b = covolume parameter, L/mol

¢, = parameter in the energy therm of CPA EoS

g = radial distribuition function

k; = binary interaction parameter

Ny, = number of experiments

P = pressure

R = ideal gas universal constant

T = temperature

V,, = molar volume

X, = fraction of sites A in molecule i not bonded at other sites
y = vapor mole fraction of water

Greek Letters

P = association volume parameter between a type A site in
molecule i and a type B site in molecule j

A = association strength between a type A site in molecule i
and a type B site in molecule j, L/mol

AP% = 100(P® — Pgc)/pge

AY% = 100 — y£)/45

& = association energy between a type A site in molecule i and
a type B site in molecule j (bar-L/mol)

PLiq = liquid density

Superscripts/Subscripts

¢ = critical

calc = calculated

exp = experimental

R = reduced

sat = saturated
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Table S1. Experimental data used in this work

Pure Water
Pure CO,
Water-CO,
Water-H,S
Water-C,
Water-C-C,-nCy
Water-C;-C,-C3-1C4-nCy
Water-C-C,-C5-CO,
Water-C,-H,S-CO,

Water-C,-C53-H,S-CO»,

Reference

DIPPR "’
DIPPR "
Wiebe and Gaddy *'; Valtz et al.”*
Selleck et al.®
Mohammadi et al.24; Olds, Sage, Lacey25
Chapoy et al.*®
Folas et al.’
Maddox et al.*®

GPSA?’; Huang et al.*

Ng, Chen e Schroeder”'




Table S2. Pressure deviations for water and CO; for all equations of state evaluated in

this work.
water (0.42 <Tr<1.0) CO7(0.7<Tr<1.0)

CPA max AP% 2.890 1.440
CPA AAP% 0.965 0.360
CPA AAP% (Tr <0.95) 0.887 0.245
PR max AP% 3.652 0.935
PR AAP% 1.413 0.542
PR-ISO-04 max AP% 0.720 0.935
PR-ISO-04 AAP% 0.177 0.542
SRK max AP% 2.663 1.350
SRK AAP% 1.392 0.796
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Abstract

Due to the intensification of environmental constrains combined with the tendency to
process crude oils with high C/H, S/H ratios and natural gas with increasing CO,/CH4
and H,S/CH4 ratios, acid gas removal from gas streams is probably the most required
process in the petroleum and gas industries nowadays. Absorption with aqueous
alkanolamines such as MEA, is one commonly used process for this purpose. On
modeling MEA with CPA, it has been shown that only the co-volume b parameter does
not present local minima near the final solution and, also, VLE data are not sufficient to
estimate reliable parameters for MEA. This work proposes adding LLE information
systematically in the CPA parameter estimation procedure. At first, the parameter
search space is defined by the results from the PSO sensitivity analysis for VLE
considering the experimental error for vapor pressures and liquid densities (objective
function cut off). Then, two possible methodologies are discussed: The first one uses all
the possible parameter sets and check them against the LLE and VLE experimental data.
The second method explicitly incorporates LLE information into the objective function
and uses both PSO and PSO- Simplex hybrid algorithm to improve the convergence and
refine the final solution. With this methodology it was possible to model simultaneously
LLE and VLE. The CPA was then applied for a mixture containing cross-association
(MEA-Water) and the results show good agreement with experimental data indicating

the effectiveness of the proposed strategies.

Keywords: MEA, Cubic Plus Association (CPA), Parameter Estimation, PSO algorithm,
VLE, LLE
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1. INTRODUCTION

Acid gases are frequently present in industrial gas streams and have to be removed for
corrosion prevention, operational, economical and/or environmental reasons. Several
commercial processes are available to deal with this problem (the acid gas removal).
Chemical absorption using an aqueous alkanolamine solvent is the most commonly used
process in the gas treating industry [1]. Besides, alkanolamines are low cost liquids
easily produced in the ethylene oxide industry. This qualifies alkanolamine absorption
for application on conventional coal power plants [2], in post combustion CO, capture
[3], etc. Primary (monoethanolamine - MEA), secondary (diethanolamine - DEA),
tertiary (methyldiethanolamine - MDEA), and hindered (2-amino-2-methylpropanol -
AMP) alkanolamines are commonly encountered in acid gas(es) + water +
alkanolamine(s) systems with industrial applications. Good characteristics for CO,
capture, such as: absorption capacity, fast kinetics, water solubility, and low cost [4, 5],
makes MEA a benchmark solvent.

Although alkanolamines are widely used in many industrial sectors and are considered
promising solvents, relatively little attention has been given in their thermodynamic
modeling with advanced association theories [6]. Because alkanolamines are
compounds with more than one functional groups the modeling with association
theories is a particular challenge. Avlund et al. [6, 7] have applied the Cubic Plus
Association equation of state (CPA) [8] to mixtures of MEA, DEA and MDEA with
hydrocarbons, water and alcohols concluding that VLE data are not sufficient to model
these systems and at least one other information is needed. Because CPA reduces to
Soave-Redlich-Kwong (SRK) [9] for non-associating compounds and because the
petroleum industry is familiar with cubic equations of state, we considered a good
choice to focus on CPA rather than other SAFT-type models. Besides, CPA has been
applied successfully in several systems in the oil and gas industry including alcohols [§8]
and amines [10].

Mathematical models are often used in chemical process industry for experimental data
analysis and for processes behavior evaluation. In order to evaluate variables that cannot
be measured (model parameters), these parameters must be estimated from available
experimental data [11]. However, when these models are nonlinear (as is the case here),

there are other obstacles in the minimization of the objective function such as: the size
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of the parameter space; the existence of local minima and the sensitivity of the objective
function to each model parameter [12]. These obstacles can cause numerical difficulties
experienced by standard methods of optimization (derivative-based methods).
Recently, Santos et al. [13], showed, by modeling water with CPA EoS, that stochastic
methods, such as Particle Swarm Optimization (PSO), are better suited for these
calculations. However, because of the substantial error associated with the experimental
data, among other factors, in the case of MEA several feasible solutions can be found.
This demands additional information in order to choose appropriately the best parameter
set.

In recent years, we can find several attempts in the literature regarding the use of
equations of state for modeling different types of components. However, a common
feature exhibited is the lack of information about the optimization method used to
estimate the model parameters. Moreover, it is not well stablished the sensitivity of
model parameters related to the initial guess used in the optimization procedure. Santos
et al. [13] showed that the methodology to estimate parameters for thermodynamic
advanced models, as the case of the CPA EoS, is an important part of the modeling
work once the results are strongly dependent of the procedure used.

Therefore, this work aims to present results of calculations carried out with two
different approaches that include binary liquid-liquid equilibrium data directly into the
CPA parameter estimation. The CPA EoS, the parameter estimation problem and the
optimization methods used here are presented in some detail in the background section.
In the third section the complete methodology for both proposed approaches is
explained and illustrated. Results comparisons and conclusions are presented in the last

sections.

2. BACKGROUND

2.1. Cubic Plus Association Equation of State (CPA EoS)

The CPA equation is composed by a summation of two terms: the classic Soave-
Redlich-Kwong equation plus an association part deducted from statistical

thermodynamics. In terms of pressure, it is given by (Equation 1) [8]:
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RT a(T) 1RT

P= — _
Vo—b V,(V,+b) 2V,

(1+p

a;f)ZXi;(l —Xu,) (1

where V,, is the molar volume, x; is the mole fraction of component i, T 1is the
temperature, P is the pressure, R is the universal gas constant and b is the co-volume.

The physical energy parameter (a(T)) is calculated by Equation 2:

2
a(T) = ao[l +ci(1- 1/TR)] (2)
X4, 18 the mole fraction of sites type A in molecule i not bonded to other active sites
(Equation 3).

1
XAi = (3)

1 A;B;
LI j
1+v Z]XJZBjXBjA

where A%Biis the association strength (Equation 4), €28 is the association energy,
B4iBj is the association volume and g (V,,)™" is the radial distribution function for the

reference fluid (rigid spheres) (Equation 5).

SAiBj
AAPI= g (Vi)™ Iexp< T ) - 1] by (4)
1 b; + b;
ref — = i = — e = ! )
g(Vim) = 1o’ with n T b and bj; > (5)

Therefore, five parameters are necessary to describe a pure component using the CPA
EoS: Three of them are used in the physical part of the equation (ay, b and c;) and two
in the association part: €2iBi, the association energy between a type-A site in molecule i
and a type-B site in molecule j and B#i8i, the association volume parameter between a
type-A site in molecule i and a type-B site in molecule j [8]. For extending the CPA
EoS to mixtures, classical mixing rules were used for the physical parameters.
Geometric and arithmetic combining rules are used for the attractive parameter (a) and
the co-volume (b), respectively. Besides, combining rules for the association energy and
the association volume are required for cross-associating systems. Folas et al. [14]
showed that CPA can successfully model systems containing aromatics hydrocarbons
by using a modification of the CR-1 combining rule (defined as mCR-1): The cross

association volume is fitted to experimental data. In this work we are using a modified
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CR-1 in the liquid-liquid equilibria for the binary mixture MEA-Benzene, however in
order to reduce the number of the parameters needed to define the binary system MEA-
Benzene, we consider that the association volume from the association effect between
site A in MEA and site B in Benzene (f.,s5) 1S equal to the association volume

obtained from the association effect between site A in MEA and site B in MEA (BAiBj).

2.2. Parameter Estimation

Parameter estimation is to use a model as reference and to change the parameters until
the predicted values obtained by the reference model are as close as possible to the
experimental data. In this context, the first part of the problem consists in to define the
objective function to be used as a metric to evaluate how close we are from the

experimental values.

Experimental data can be considered as random variables with a probability distribution

defined by Equation 6 [11].

p (Zexp; Z*JK) (6)

Equation 6 describes the probability to obtain the experimental values (Z¢*P),

considering the real unknown values (Z*) and the measurements of the experimental
errors (K) In this context, the estimation procedure is to maximize the Equation 6

subject to the model restrictions (Equation 7).

G(z,6)=0 (7)

Where 6 is the vector that contains the model parameters, and G is is the vector of
model functions. Assuming that the model is perfect and the experiments are well done,
it is possible to admit that the experimental values are the ones with the highest
probability. Therefore, we should maximize the probability to obtain the experimental

data.
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In this work, we use the following assumptions: when the experimental errors follow
the normal distribution and the independent variable (x) is known with good precision,
to maximize the probability function is the same as to minimize Equation 8.

S(Q):(X* _ Xexp)T V1 (X* _ Xexp) (8)

where y is the dependent variable. The model can be rewritten as:

v =f(x"86) €)
when the experimental measurements of the dependent variables are uncorrelated, the
matrix V is diagonal, consequently, the Equation 8 can be written as:

exp)z

s(e) =z, M) 10)

where the afj is the variance of the dependent variable y; in the experiment i. N,,,, and
N,, are the number of experiments and the number of the variables, respectively.

Therefore, when all the variances are equal, commonly assumed in models with just one
independent variable, Equation 10 can reduce to the well-known least square function

(Equation 11) [11].

S(0) = X (vf — yE)? (11)

Therefore, the metric used to evaluate the effectiveness of model predictions given the
calculated parameters, is somewhat arbitrary. However, it is important to be aware of

the assumptions that have been considered when choosing each objective function.

In this work, y;; e y;; are the experimental data and the calculated values using CPA
EoS, respectively; 6 is the vector that contains the 5 parameters of the model. The

details will be described in Section 3. The Particle Swarm Optimization method has

been used to minimize the objective function constructed using Equation 11.
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2.2.1 Particle Swarm Optimization (PSO)

The Particle Swarm Optimization (PSO), first presented by Kennedy and Eberhart [15],
i1s based on behavior of animals which live in flocks, such as birds. To initialize the
method it is necessary to define the number of the animals (particles) and their positions
inside the search limits which are first defined randomly. Each individual of a group
remembers the best solution (the objective function calculated) found by itself and by
the whole group (swarm). They move at variable speeds along the search space

(parameters space) exchanging information with each other (Equations 12 and 13).

_ : glo
v,’,flzl = W.v}’,f,d + ylrl(ngf - xz’,‘,d) + ¥ (x]° — xz’,"d) (12)
Xpa' = Xpa+Upd (13)

In which p is the particle and d is the search direction. k is the iteration counter and v is
the particle pseudo-velocity at position x. x™™@ and x9' represent regions inside the
search limits with the best objective function values. x™*? is the best position for each
particle while x9% is the best position found by the whole swarm. r; and 7, are two
random numbers between [0,1]. y;, ¥, and w are search parameters and proper
balancing between them is very important for assuring simultaneously global search and
good precision of results [16]. In this work, we have changed these PSO parameters

during the search in order to describe the behavior of the objective function regarding

the CPA parameters among the iterations. More details are showed in Section 3.1.

The main disadvantage of this method is the number of times that the objective function
evaluation is needed which requires higher computation effort compared to standard
optimization methods. However, this information can be used to construct a sensitivity
analysis to verify the parameter influence in the minimization procedure. This statistical

analysis can help defining new strategies/procedures in the parameter estimation.

It is important to state that the accuracy of the PSO results are only dependent on its
own parameters, the number of iterations and the number of particles used [17].
Therefore, in order to add local search to the PSO algorithm and to assure the
repeatability of the results found, in this work, we are using a hybrid algorithm which

combines the PSO and the Nelder-Mead algorithms.
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2.2.2 Nelder — Mead Simplex Based Local Search

Since its publication in 1965, the Nelder-Mead “simplex" algorithm (hereafter
SIMPLEX) [18] has become one of the most widely used methods for nonlinear
unconstrained optimization [19]. The Nelder-Mead method attempts to minimize a
scalar-valued nonlinear function of n real variables using only function values, without
any derivative information (explicit or implicit). The Nelder-Mead method thus falls in
the general class of direct search methods. A large subclass of direct search methods,
including the Nelder-Mead method, maintain at each step a nondegenerate “simplex”, a
geometric figure in n dimensions of nonzero volume that is the convex hull of n + 1
vertices. Each iteration begins with a simplex, specified by its n + 1 vertices, X (k), k =
{1,2,..,n+ 1}, and the associated function values. One or more test points are
computed, along with their function values, and the iteration terminates with bounded
level sets.

The Nelder- Mead algorithm [18] was proposed as a method for minimizing a real-
valued function f(x) for x € R™. Four scalar parameters must be specified to define a
complete Nelder-Mead method: coefficients of reflection, expansion, contraction, and

shrinkage. For a discussion of this method see, for example, [19].

3. METHODOLOGY

Although systems containing alkanolamines have been previously modeled with the
CPA EoS by Avlund et al. [6, 7], the authors concluded that the pure component vapor
pressures and liquid densities are not sufficient to obtain reliable parameters. Despite
the encouraging results obtained by Avlund et al. [6], they do not consider the

parameters presented to be final.

Liang et al. [20] tried to include residual isochoric heat capacity and speed of sound
information in the parameter estimation for water and concluded that the temperature
dependency is not well described within this framework. Kontogeorgis and Folas [21]
suggested the use of liquid-liquid equilibrium data as a metric to check the quality of the

pure parameter sets found in the normal parameter estimation procedure. This strategy
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was used to obtain CPA EoS parameters for water (described by Yakoumis et al.[22])

and others pure components satisfactorily (e.g. methanol and glycols).

In this work we propose a methodology to include liquid-liquid equilibrium data
directly into the parameter estimation procedure. Here, two different approaches are
presented in the next sections. As the intention is to reduce the dependence of the initial
parameter estimates, both approaches have a common previous step using only pure

vapor-liquid information (see Eq. (14)) to look for a good parameter search space.

The pure MEA vapor pressures and liquid densities necessary for the procedure are
taken from the Design Institute for Physical Property package, hereafter DIPPR (2004)
[23]. The metric used for pure vapor-liquid equilibria (VLE) is given by the following
Equation (14).

. . 2
Nexp sat,calc sat,exp 2 Lig,calc _ Lig,exp
(P; —P, P

1 . i i
. : J— 1
ObjFunctiony g = News Z (P.Sat'eXp)z + (pLiq,exp)z
i

1

(14)

Where PSat <ale and leq <ale are the vapor pressure and liquid density calculated by the
CPA EoS; Pisat‘eXp and pfat’eXpare the experimental smoothed data and N, is the

number of experimental data.
The metric used for binary liquid-liquid equilibria (LLE) is given by Equation (15).

Nexp
Ob]FunctlonLLE — 2 [( MEA,calc XMEAeXp)z + (th ,calc hc exp) ] (15)
exp

hc calc

Where Xg/,[iEA’Calc is the MEA composition in the organic phase and x, is the

hydrocarbon composition in the polar phase, both calculated by the CPA EoS. Whereas

MEA, exp

hc,ex .
oi and Xpi P are the experimental data.

3.1. VLE and LLE: sequential calculations (Approach A)

The first approach presented here systematically uses the pure component vapor

pressures and liquid densities to estimate parameter sets that are statistically acceptable

136



(comparing with reported errors). In a second step, the binary LLE data are used to
select the best set of parameters among the feasible ones. This approach is conceptually
similar to what was described by Yakoumis et al. [22], and also used by Avlund et al.
[6]. However, in these previous works, only a few parameter sets were checked against
LLE data. This methodology is illustrated in Figure 1. Using the PSO method to find the
search space, it is possible to check against LLE data, all the possible parameter sets
that could represent VLE pure vapor pressures and liquid densities satisfactorily within

the error of the experimental data.

The PSO default case is defined by: 100 particles, y; = 1.5, y, = 1.5, w = wy +

(wr-wq)(k-1)

(Kmaximum—1)

, Wo =0.75 and wy = 0.2. For the first 20 iterations, these default

parameters were used. Then, using the graphical analysis of the objective function, the
PSO parameters were changed in order to control the velocity of the method when the

particles were inside the feasible region (objective functions less than the cut off value).

Run — PSO Algorithm Define the CUT OFF
* Objective Function: VLE * Define acepptable error in Vapor Pressure
* Huge parameter interval * Define aceptable error in Liquid Density
* 100 particles and 100 iterations (10000 * (Calculate the maximum allowed
calculations) Objective Function value (VLE)

If Objective Function (VLE)<

> maximum allowed value? < i
Defining the -
Ty . A___A_T,_A___i._,_A___A_.-Pi‘fai”?e_t‘?r_s.‘?_afih.s_‘?af?i
Calculate Objective YES NO 5t°.’e for graph.ical’
Function (LLE) e > analysis of the Objective
Function (VLE)

|

Select the 10 best options

Go Back to VLE
* Evaluate AAp(%) > SELECT THE SOLUTION
* Evaluate AAP (%)

v

Figure 1: Methodology for Approach A: VLE and LLE sequential calculations
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3.2. VLE and LLE simultaneously: Multi-objective analysis using the PSO-
Simplex Hybrid Algorithm (Approach B)

In the approach B, we used directly the pure VLE and binary LLE data. The objective
function, now, is a combination of two terms: The objective function from VLE
calculations plus the objective function from LLE calculations in a binary system

(Equation 16), both weighted by a factor, considered here at first, as a unit.
ObjFunctiony, = ObjFunctiony,;; + ObjFunction; ;g (16)

Das et al. [16], using a stochastic and a deterministic optimization algorithm, present
two different hybridization schemes: tandem and cascade. In this work the cascade
scheme has been adopted. The stochastic optimization process is applied to all particles

in the swarm, followed by the further improvement using Nelder-Mead simplex search.

The algorithm for this scheme is:

—_—

k=0.

Initialize particle positions (randomly).

Initialize all velocities (with zeros).

Update positions according to equation 13.

Evaluate the objective function at each particle position.
Update each particle individual best.

Update global best.

Update velocity according to equation 12.

k=Fk+1.

10. If k > kaximuns call SIMPLEX, else go to 4.

A AN

In this work, in order to reduce the computational effort, a first step is conducted using
only pure VLE data in the PSO algorithm so as to select a good parameter search
interval, as described in Section 3.1. In this scenario, the multi-objective optimization is
performed only near the final solution using search interval defined in the previous step
and using a SIMPLEX stop criteria defined as 10®. The complete methodology is

illustrated in Figure 2.
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i Run - PSO Algorithm Define the CUT OFF i
il * Objective Function: VLE * Define acepptable error in Vapor Pressure |1
1| * Huge parameter interval + Define aceptable error in Liquid Density |1
Il * 100 particles and 100 iterations (10000 * Calculate the maximum allowed i
! calculations) Objective Function value (VLE) l
I I
| I
| I
| If Objective Function (VLE)< i
| > maximum allowed value? < i
i Definingthe;
P =25 = = T ....... y ............ Parameter Search Space,
YES NO Store for graphical
€ > analysis of the Objective
Function (VLE)
A 4
Select the Parameter N Run.- P.So AIgorFthm R l.iun.— Simple.x
Limits > « Objective Function * Objective Function
(VLE+LLE) (VLE+LLE)

Figure 3: Methodology for Approach B: VLE and LLE simultaneously

4. RESULTS AND DICUSSION

We select MEA to analyze the applicability of the proposed methodologies. Besides
being of interest to the oil and gas industry, MEA is also important from a scientific
point of view because it is a multifunctional compound to be used for testing the
applicability of association theories. Table 1 summarizes the references of the
experimental data used in this work. The results with the two approaches are shown in
the next sub-sections. All calculations with MEA were performed using the 4C scheme
for both MEA and water as suggested by Avlund et al.[6] (For more details about the

association schemes see, e.g., [7] and [21]).

Table 1: Experimental data used in this work

Reference
Pure MEA DIPPR (2004)
MEA - Benzene Serensen and Art (1995)
MEA - Water Landolt-Bornstein (2008)
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4.1. Defining the parameter search space

As it is well-known, CPA is a nonlinear thermodynamic model, so at first we will
present results for the parametric sensitivity analysis from PSO calculations using only
pure VLE data. This shows how the parameter intervals for the next steps have been

selected.

The DIPPR database indicates, for MEA, errors less than 10% in the vapor pressure and
less than 3% in the liquid densities. Because it is not reasonable to have a model that is

better than the experimental data, using Equation 8 and assuming that, in the limit for all

experimental data, PS2%1¢ = 1.1Pisat'eXp and p?iq’calc = 1.O3p?iq'EXp, we find that the

ObjFunction_VLEyga < 0.0109. The objective function calculations were conducted
using 100 points in the reduced temperature range of Tr = 0.42 — 0.90. Using the PSO
algorithm, more than 4000 calculations have been selected to construct a sensitivity
analysis regarding the pure parameters for MEA. The results are presented in a 3D form
in Figures 3 and 4. In these figures, the color points change according to the objective
function value and it is possible to see, in Figure 3, how the particles move along the
search space in the first iterations and concentrate around the solution. Figure 4 shows

this evolution for the ay and b parameters.
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Figure 3: PSO selected results for MEA (4C scheme) for ag and b parameters.
Objective function calculated by Equation 14. Experimental data used from DIPPR
correlations [23].
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Figure 4: PSO selected results for MEA (4C scheme) for ag and b parameters (Zoom).
Objective function calculated by Equation 14. Experimental data used from DIPPR
correlations [23]. Left: ap parameter analysis. Right: b parameter analysis. Flat Plates
and Dash-doted line: To guide the reader.
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At this point, it is important to emphasize that as it is impossible to see a 5D plot, we
presented these 3D figures as examples but each pair (ag b) have 3 others associated
CPA parameters values (c;, € and 3). The same graphical objective function analysis
(not shown here) was conducted considering all the possible parameter combinations
and all of them presented a similar behavior. This means that because of the large error
associated with the vapor pressure and liquid density experimental data for MEA,
among other factors, it is still possible to find more than one local minimum, even if we
select the parameter interval based on the limit calculated for the objective function

using the experimental data error.

In another work, developed by our research group [13], we have shown that for water
this does not happen and that the pure VLE data are enough to find the best parameter
set for the CPA EoS. The DIPPR database indicates, for water, errors less than 0.2% in
the vapor pressure and less than 1% in the liquid densities. This provides a cut off for
the objective function at which there is only one region for all the five water CPA
parameters (ObjFunction_VLEy,ter < 0.000104). A completely different behavior is
found for MEA.

It is important to notice that, the b parameter presents a very nice and define minimum
not only when it is plotted against ay but also against the other 3 parameters. These
results show in a mathematically way two important things: 1) VLE date are not enough
to define the CPA parameters for MEA; 2) using standard optimization methods to
estimate the CPA parameters it will be possible to find different parameters sets but the
b parameter will be around the same value in every set found. This entire procedure has
been also done for DEA and MDEA and the same conclusions can be obtained. In other
words, the local minimum exists for the CPA parameters with the b parameter as an

exception.

For approach A, 442 possible results have been selected (ObjFunction_VLEygs <
0.0109) and for approach B the parameter interval presented in the Table 2 has been

used.
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Table 2: CPA Parameter Interval for MEA

Lower Bound Upper Bound
ao(bar.L?.mol™?) 10.000 16.278
b(L.mol™1) 0.05249 0.06131
1 0.350 1.149
g(bar.L.mol™1) 93.45 217.31
p.103 2.67 18.47

4.2. Approach A

All the 442 parameter sets selected in the last item were tested in the calculation of
liquid-liquid equilibria for the MEA-benzene binary system as a metric information to
select the best parameter set. We select a system with solvation to test, also, a new
alternative to reduce the number of adjustable parameters in the CPA model. To do so,
benzene was considered as a non-self-associating compound and its pure parameters
were calculated from its critical properties and acentric factor. To take into account for
the solvation effect on modeling this system, Avlund et al. [6] used the mCR-1
combining rule and fitted the cross association volume in the binary mixture MEA-
Benzene. In this work, as the intention is to select the best pure parameter set, we do not

wish to estimate any additional parameter and we assume that Beross = Bpotar compound-

The binary interaction parameter k;; is also considered to be zero.

The top 10 results found in this step were checked against VLE data once more to
calculate the average absolute deviations in terms of vapor pressure and liquid density
for pure MEA (Table 3). The set number 3, shown in bold, was considered to be the
final solution because it provides the best calculations in VLE (Objective Function
(VLE) = 0.0040), while maintaining good results in pure compound properties and LLE
predictions as can be seen in Figures 5 and 6. In other words, set number 3 presents the
minimum value if we sum both terms (Objective Function (VLE) + Objective Function

(LLE)).

In order to show the improvement obtained with this approach, a comparison with

Avlund et al. [6] results (using only pure parameters) is presented in Figure 6.
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Table 3: Top 10 MEA pure parameters sets selected from LLE calculations in the

binary system: MEA-Benzene

S X AU R W=

ag b 1o € £.10%  ObjFunction AAP(%) AAp(%)
(bar.L>.mol™®) (L.mol™") (bar.L.mol™") (LLE)
14.599 0.05499 0.5143 186.47 4.84 2.22x107 6.6126 2.7512
12.544 0.05422 0.7067 180.29 7.70 2.27x107 7.2505 2.9853
14.382 0.05532 0.6268 184.21 4.73 3.81x10° 3.9046 2.1637
13.824 0.05523 0.6045 191.81 491 4.02x107 5.1911 2.1819
12.483 0.05446 0.7105 180.35 9.09 4.77x107 8.4919 3.1561
14.618 0.05531 0.4832 206.60 2.92 6.21x107 5.3849 2.0353
14.557 0.05487 0.4266 203.69 3.57 6.25x10° 4.4736 2.8383
14.673 0.05373 0.4832 206.76 2.90 6.76x107 5.5101 2.0336
13.477 0.05472 0.5667 198.74 4.41 7.00x107 6.0275 2.4345
15.731 0.05625 0.5665 192.17 2.67 7.62x107 5.9548 1.4573

It is important to emphasize that the same methodology can be used with alkanolamine

— aliphatic hydrocarbon but it should be necessary to estimate kj; for all the possible

parameter sets selected in section 4.1 in an internal loop of the methodology.
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Figure 5: MEA pure VLE calculations (MEA described with 4C scheme) with
Parameters set number 3 (Approach A). Experimental correlated data used from DIPPR

correlations.
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At this point it is important to emphasize that with this methodology we could model
the binary mixture using only information from the pure components parameters (Figure

6).

Mole fraction

0.01 ¢ —— benzene in MEA (Avlund et al. (2008))
£ — MEA in benzene (Avlund et al. (2008))
""" benzene in MEA (this work - Approach A)
""" MEA in benzene (this work - Approach A)
O benzene in MEA (experimental data)
® MEA in benzene (experimental data)

| | | | |
0.00)5 300 310 320 330 340 350
Temperature (K)

Figure 6: MEA-benzene LLE with 4C scheme for MEA. Experimental data used from
Serensen and Art (1995). Solid line: Calculations performed using MEA pure
parameters published by Avlund et al. [6], k;; = 0 and B.ross = 0. Dash-dotted line:
Calculations performed with parameter set number 3 (approach A),

kij = 0 and Bcross = Bura-

4.3. Approach B

The parameter interval presented in Table 2 was used as a search space in the multi-

objective analysis. The objective function used in approach B is defined by Equation 16.

A parametric sensitivity analysis (not shown here), similar to the one presented in
Section 4.1, was performed to study the behavior of the new objective function and
verify if the analyses would indicate more than one solution in the search space defined
in Table 2. Once more the co-volume is the only parameter that presents a clear and
defined minimum, the others parameters exhibit local minima inside the search interval.
In order to guarantee a global search we have used the PSO-Simplex Hybrid Algorithm
[16] for the next steps. Once the objective function defined by Equation 16 is only used

in a restrict parameter limits, the default PSO parameters were used.
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Table 4 shows results for 2 different sets. Set number 1 represents the results obtained

when the pure PSO was used. Set number 2 are the parameter results improved by using

the Nelder-Mead simplex algorithm together with the PSO. Although sets 1 and 2 are

similar, we consider that set 2 is the final one (in bold), because simplex provides

reproducibility and repeatability in the parameter calculations and slightly better VLE

and LLE calculations. MEA VLE calculations are shown in Figure 7 and MEA-Benzene

LLE calculations in Figure 8.

Table 4: MEA pure parameters sets obtained from MEA VLE calculations plus LLE
calculations in the binary system: MEA-Benzene

a b cq £ B.103 | ObjFunction | ObjFunction | ObjFunction
(bar.L2.mol™®) | (L.mol™®) (bar.L.mol™) (VLE) (LLE) (VLE+LLE)
13.198 0.05558 0.8209 160.84 10.22 6.34x10* 2.53x10™ 8.87x10™
13.118 0.05552 0.8211 161.17 10.39 6.39x10™ 2.45x10™ 8.85x10™
1100
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Figure 7: MEA VLE calculations (4C scheme) with Pure Parameters set number 2
(Approach B). Experimental correlated data used from DIPPR correlations [23].
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—— benzene in MEA (Approach B ; B

cross BMEA)‘

Mole fraction

cross BMEA)
=0.0009; kij =-0.0054)
=0.0009; kij =-0.0054)

.O ——MEA in benzene (Approach B ; f
----- benzene in MEA (Approach B ; B
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Figure 8: MEA-benzene LLE with 4C scheme for MEA. Experimental data used from
Serensen and Art [24]. Solid line: Calculations performed using MEA pure parameters
set number 2 (Approach B), k;; = 0 and Beross = Bura- Dash-dotted line: Calculations
performed with parameter set number 2 (approach B), k;; = —0.0054 and Beross =
0.00009.

The average deviations in terms of vapor pressures and liquid densities are small
(AAP(%) = 1.26 and AAp(%) = 1.73) compared with the approach A. However,
looking at Figure 8 and comparing Table 3 with Table 4, it can be seen that Equation 16

gives privilege to VLE data despite the magnitude of the terms in the objective function.

As stated in the Background Section, for extending CPA EoS to mixtures, conventional
mixing rules are employed for the energy (a(T)) and co-volume (b) parameters. For the
energy parameter a;;(T), the geometric mean rule is used (Equation 18). For systems
that contain only self-associating mixtures, e.g., glycol with n-alkanes, the interaction

parameter kj; is the only adjustable parameter (Equation 18).

a(T) = X Zj XiXjajj (T) (17)

aij(T) = /ai(T)aj(T)(l - kij) (18)

To improve the LLE results in this approach k;; and f,ss Were also estimated
simultaneously in the binary mixture (k;; = —0.0054 and B¢y,5s = 0.0009). This gave

us the smallest VLE errors and the smallest objective function in LLE calculations for
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the binary mixture MEA-Benzene (Objective Function (LLE) = 2.0355 x107°).
Therefore, we found better solutions for both VLE and LLE but using an additional
parameter. In a future work two different procedures would be explored using approach
B: to estimate f..,ss using the binary LLE data or to change the weight in the
ObjFunction,, to search for an optimal solution between VLE and LLE in order to

avoid the estimation of any additional parameter.

4.4. Cross-Associating VLE mixture

CPA was then applied to binary VLE for the cross-associating mixture MEA-Water.
Results for both approaches A and B were checked against VLE experimental data from
the Landolt-Bornstein Database, hereafter, Landolt-Bornstein [25]. CPA parameters for
water were obtained in a recently work [13] and are very similar to those presented in
ref. [26]. The CR-1 combining rule was used to take into account the cross-association

effect. To improve the prediction results k;; was estimated and the trends are showed in

Figure 9.

Table 5 summarizes the results in comparison with those presented by Avlund et al.
(2008). Almost the same errors are obtained in the bubble point and in the dew point

pressures and somewhat lower values for k;;'s.

Moreover, as can be seen in Figure 9 and in Table 5, the results for both approaches (A
and B) are very similar. The MEA parameters found in approaches A and B, show that
the greatest differences between them are in the association parameters. In order to
analyze this behavior, the MEA association strength divided by the radial distribution
function was calculated as a function of temperature for both pairs: € and . The results
are shown in Figure 10. Based on this Figure, it can be concluded that the association
strengths are basically the same, which can explain the similar CPA calculations
behavior and give us the confidence that both approaches presented here are quite

successful.
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Figure 9: MEA-Water VLE (363.15K) with 4C scheme for MEA and for Water.
Experimental data from Landolt-Bornstein [25]. Symbols (0): Calculations performed
with parameter set number 3 (approach A); Solid line: Calculations performed using
MEA pure parameters set number 2 (Approach B). Left: k;; = 0. Right: k;; = fitted
(Table 5).
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Figure 10: A/g(V,,) for MEA. (0): Calculations performed using MEA pure
parameters set number 3 (Approach A). Solid line: Calculations performed with
parameter set number 2 (approach B).

Table 5: Average absolute deviations for both approaches presented in the binary
system: MEA-Water in comparison to literature parameters.

Kii  AAPoupie(%)  AAPga(%)
Avlund et al. (2008) -0.1650 3.78 3.62
Approach A (set 3) -0.1507 2.71 1.94
Approach B (set 2) -0.1545 2.45 1.95
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5. Conclusions

The results presented in this work show that the CPA EoS can give quite satisfactory

description of the alkanolamine systems upon providing a good set of parameters.

The parametric sensitivity analysis constructed using the PSO algorithm indicated,
among other factors, that in consequence of the substantial errors associated with the
experimental data for MEA, pure VLE information are not enough to obtain the best
parameters for the CPA EoS using the proposed methodologies. Besides, among the
five CPA parameters the co-volume b is the only parameter that does not exhibit two or

more local minima.

Therefore, two different methodologies were proposed for improving the pure
parameter estimation of CPA by including LLE data in the procedure. The results using
sequential calculations or explicitly incorporating this information in the objective
function are quite adequate and may provide a systematic way to improve the parameter
estimation for the CPA EoS and the applicability could be analyzed with other SAFT-
type models, especially when multiple solutions are possible. By modeling pure MEA
and the binary mixture with benzene (LLE), it has been shown that the proposed
methodologies are indeed effective. And it is important to emphasize that assuming
Bcross = Bpotar compouna it Was possible to model the binary mixture MEA-Benzene
without fitting any additional parameter (Approach A). When the results for both
approaches proposed in this work were tested in the binary mixture with MEA - water
(VLE), the new parameters give as small deviations, for dew point and bubble point
pressures with lower values for ki;s, as the other parameter set available in the
literature. This results may explain why different research groups provide different

parameter sets for the modeling the same compound with CPA EoS.

In a future work, LLE calculations with approach B can be improved by doing a
sensitivity analyses in the PSO to find the balance of interest between VLE and LLE or

using fuzzy dominance as a metric by the simplex.
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6. Nomenclature

List of Abbreviations

AAP% = average absolute deviation, defined as:

Nex
AAP% = (100/Neyp) zk_lpl(plep — p&le) /pSP)|

AAPy, b1 % = average absolute deviation, defined as:

Nexp
AAPyubb1e% = (100/Neyp) Zk_l | (Poubbiex — Pabbies)/Poubblek

AAP,,,, % = average absolute deviation, defined as:

Nexp
APy % = (100/Nexg) - ~|(PEZ0 — R /Pize

AAp%= average absolute deviation, defined as:

AAP%—(loo/Nexp)Z (o5 - ) /o

CPA = cubic plus association
CR-1 = combining rule 1
DIPPR = Design Institute for Physical Property
EoS = equation of state
PSO = particle swarm optimization
SAFT = statistical associating fluid theory
SRK = Soave-Redlich-Kwong
List of symbols
ag = physical energy parameter of CPA EoS— bar L? mol?
b = co-volume parameter — L mol™
= parameter in the energy therm of CPA EoS
g = radial distribuition function
kj; = binary interaction parameter

Nexp = number of experiments
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P = pressure

R =ideal gas universal constant

T = temperature

V,, = molar volume

X, = fraction of sites A in molecule i not bonded at other sites
v = pseudo — velocity

xM?= best position for each particle

x9'°= best position by the hole swarm

1, and r, = random numbers between [0,1]
Y1, Y2 and w = PSO search parameters
Greek Letters

BAiBi = association volume parameter between a type-A site in molecule i and a type-B
site in molecule j

AAiBj = association strength between a type-A site in molecule i and a type-B site in

molecule j (L mol™)

eAiBj = association energy between a type-A site in molecule i and a type-B site in

molecule j (bar L mol™)
Priq = liquid density
Superscripts / subscripts
calc = calculated

Exp = experimental

R =reduced

sat = saturated
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