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Gas dehydration

Abstract

English:

The dehydration is an important process in offsigas processing. The gas is dehy-
drated offshore to avoid dangers associated wielipie transport and processing of
wet gas. The problems include corrosion, water easdtion and plugs created by ice
or gas hydrates.

Thermodynamic simulation of gas dehydration isiclit due to the interaction be-
tween water and glycol. The interaction is due d¢o-ideal liquid behaviour of water
and glycol mixture. The interaction is impossibtesimulate with the normally used
thermodynamic equations of state like Peng-Robinson

To investigate the problems with the equations tafes the water/glycol mixture is
simulated in MATLAB to investigate the phase bebaviof the mixture. The mixture
is simulated with Peng-Robinson and Peng-RobindoyeR-Vera equation of state.
Peng-Robinson is calculated with both the van daaM/and the Wong-Sandler mixing
rule. The Wong-Sandler mixing rule is used becatugacorporates the excess Gibbs
energy and activity coefficient that describes mewl liquid behaviour. The MATLAB
simulations were unsuccessful in simulate the vgligrol mixture.

The entire dehydration process has also been dieduila HYSYS, with two thermody-
namic packages. The HYSYS simulation is conductigd tlve glycol package, which is
created specifically to simulate gas dehydratiord Beng-Robinson. Both thermody-
namic packages are able to simulate the dehydrptimeess, although it can not be de-
termined witch package that gives the most accuessidt.

Dansk:

Gas tarring er en vigtig proces i offshore gas hdhag. Gas tarres offshore for at und-
ga de farer der er forbundet med rarledningstramggpproces behandling af vad gas.
Disse problemer inkluderer korrosion, vand kondengeog blokering af rar og eller
procesudstyr pga. is eller gas hydrater.

Termodynamisk simulering af gas tarring vanskeliggeaf den vekselvirkning der er
mellem vand og glykol. Vekselvirkningen skyldessahd og glykol danner en ikke idel
vaeskeblanding. Denne vekselvirkning er umulig aduéére med de normalt benyttede
termodynamiske tilstandsligninger som Peng-Robinson

For at undersgge problemet med tilstandsligningerneand/glykol blandingen simule-
ret i MATLAB for at undersgge blandingens fasetaifsl. Blandingen er simuleret med
Peng-Robinson og Peng-Robinson-Stryjek-Vera tikdhgningerne. Peng-Robinson er
beregnet med bade van der Waals og Wong-Sandiedibgsreglerne. Wong-Sandlers
blandingsregel benyttes fordi den tager hgjde finb& overskudsenergi og aktivitets
koefficienterne, som beskriver ikke ideel veeskenttiager. MATLAB simuleringerne
var ude af stand til at simulere vand/glykol blarg#in tilfredsstillende.

Den samlede gas tarrings proces simuleres ogs&8ivi$Y med to forskellige termody-
namiske pakker. HYSYS simuleringerne udfgres mghajjlpakken, der er speciel ud-
viklet til at simulere gas tgrring, og med Peng-iRebn. Begge termodynamiske pakker
kan simulere gas tgrrings processen, selvom detkkk afgares hvilken pakke der gi-
ver det mest preecise resultat.
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Preface

This report is a master thesis in M.Sc.Eng in CleairEngineering at Aalborg Univer-
sity Esbjerg, under the profile Computational CheahEngineering.

The project is provided by Atkins Oil and Gas Esfpjevho has also been helpful with
advice throughout the project

The report is intended for students in chemistrg ahemical engineering, and others
with interest in oilfield process engineering aheértmodynamic simulation in MAT-
LAB and thermodynamic process simulation in HYSYiSis thus presumed that the
reader is familiar with chemical and physical teralogy.

References are made as [BX], [Ax], [Wx] and [Ox]tlire report, where x represent the
source number and the letters the type of sourcgaids for books, A for articles, W
for web pages and O for other. The sources oféferences can be seen in section 10.
The articles and other used can be found on thelatl CD in the path \SOURCES\.

Figures and tables are marked sequentially in sackion of the report. Cross refer-
ences are marked as:

Reference: Refers to:
App. x Appendix x
Figure s.x Figure s.x
Table s.x Table s.x
(s.X) Equation s.x

Where s represents the section number and x ag#ie humber of the reference.

There is a CD attached to the project. This CD aostthe project, MATLAB pro-
grams, HYSYS simulations and results and the adidsed in this project. Any refer-
ences to the contents on the CD are made to thentare the file is placed. The CD is
inserted between the report and the appendix.

In this report the SI-measuring units are usedh(ilie exception of pressure that are
given in bar and temperature which is in centigyalfiany operation parameters in the
literature are given in oilfield units, if a valfrem the literature has been converted into
Sl-units the original value in oilfield units isvgin in brackets afterwards egr=5° C
(9° F).

The hydrocarbons in gas and oil are sometime ndyedere number of carbon atoms,
e.g. C2 that stand for ethane. Some time the hgdooos are grouped by there size,
making C2+ ethane and any hydrocarbons largerdtieane.

Aalborg university Esbjerg 3
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1 Introduction

The offset for this report is the offshore oil agaks production in the Danish sector in
the North Sea. The specific focus of the repogas dehydration and the processes in-
volved. This report is therefore introduced withoréef description of the Danish off-
shore sector and offshore processing of reserligd into oil, gas and water. Because
the main focus of the report is gas dehydratioa, gtoblems associated with water in
the gas will also be described.

1.1 Offshore oil and gas production

There are two defining characteristics for the Bhrffshore production, namely the
shallow water with depths form 35 to 70 m [B1] ahdt the reservoirs are relatively
thin layers with a limited permeability.

All the platforms in the Danish sector of the No&ba are either production or process
platforms. Because of the low water depth all khgjilare preformed with Jack-Up rigs
leased with this specific purpose. This limits dwst of platform construction, because
no space is needed for drilling operations, thugtilng the size of the platform.

Production platforms are either unmanned wellhdatiggms or part of a process plat-
form complex. Because of the water depth it is ectinally viable to install multiple
platforms connected by walkways, or use them ap@tifor bridge modules. The ad-
vantages of platform complexes, consisting of sdvemaller platforms, are the con-
struction cost and a better safety in case of agrgemcy situation.

The problem with relative thin reservoirs has bsetved with drilling of horizontal
wells. The low reservoir permeability reduces tieddy to increase the yield enhanced
recovery methods are used, primarily by water imgpec

[B1]

1.2 Pipeline transport

In the Danish part of the North Sea all the plaiferare connected by pipelines. From
the wellhead platforms there are multiphase pipslito the process platforms. On the
process platforms the reservoir fluid is separatedl treated as described in section 1.3.
The oil and gas produced on the platforms is ctdlbbefore it is exported to shore.

The oil is transported to the Gorm platform; hdre oil export pipeline has its origin.
There are two gas pipelines to the Danish shosg; sitart from Tyra East and Harald.
There is an additional gas export pipeline on ™iest; this pipeline is connected to the
Dutch NOGAT pipeline. This enables export of thenBha excess gas production to the
Netherlands. The platforms and pipelines in thei§lagector in the North Sea are illus-
trated in Figure 1-1.

6 Aalborg University Esbjerg
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Figure 1-1: The Danish sector of the North Sea [B2].

All the pipelines are regularly cleaned and inspedty pigs. Pigs come in two versions,
one version is used to clean the pipelines by mgsail sediments before it; this type of

pig is illustrated in Figure 1-2.
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_Figure 1-2: Pig used for pipelinecleaning. [W1]

The second type of pig is equipped with measumsgyiuments; this is used for inspec-
tions of the inside of the pipe. Common for allgig that they come in a wide range of
sizes, fitting to the pipe that they are used ine Pig is driven forward by the flow in
the pipeline.

There are several problems concerning pipelingdBpadih similar, the problems are
unique for gas, oil and multiphase flow pipelinésr gas pipelines the main problem is
water in the gas.

1.2.1 Water in gas

Water is a problem in the gas phase, both in gasegsing and in pipeline transport.
The main problems with water in gas are:

» Corrosion

* Liquid water formation
* Ice formation

* Hydrate formation

In pipelines where it is known that the gas is wle¢, problem can be countered. If it is
known in the design phase the pipeline can be dedigvith more corrosion resistant
materials or increased material thickness. If th@blem occurs during production, the
problem can be minimized by injecting inhibitorsainhe gas.

In dry gas pipelines the problems ought not to gclut can occur in case of insuffi-
cient dehydration. If not discovered the problems more serious here, because the
pipelines are not designed for these conditionseNVtdiscovered inhibitors can be
added until adequate dehydration is available again

Liquid water in the pipeline is a problem, not oilyncerning liquids in compressors,
but also a problem because the liquid water caateréquid plugs and increase corro-
sion.

8 Aalborg University Esbjerg
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Ice formation is only a problem when the tempereduare adequately low for ice to
form. Ice is especially a problem in process eqgeiptrand valves, where the ice can
create blockages. Ice are manly a problem in lonptrature gas treatment like NGL
recovery and gas liquefaction (see section 1.3\2)en low temperature gas treatment
is utilized ultralow water contents are requiredking the requirements for the dehy-
dration process more stringent. Although ice is@lem, gas hydrates are often more
troublesome.

[B3], [B4]

1.2.2 Gas hydrates

Gas hydrates are crystals of natural gas and wadiieh can appear fare above the tem-
perature where ice is formed. Gas hydrates argedcstructure containing a gas mole-
cule like methane, the cage is formed by waterutjnchydrogen bonding, as illustrated

in Figure 1-3. Because the gas hydrate crystalsiardar to ice crystals, the problems

with gas hydrates are similar to those with icthalgh gas hydrates are more trouble-
some because of the higher formation temperature.

Figure 1-3: Gashydrate[W?2].

Because hydrates can form in pipelines, large atsoohhydrates can be in the gas
simultaneously; this can create plugs in the pigeliBecause of the potentially high
hydrate contents in the gas the blockage can angen minutes without any prior
warning.

Prevention
Because of the potential dangers from gas hydthgs must be prevented. There are
several methods to prevent gas hydrate formatay, are:

* Gas dehydration

» Raising the temperature
* Reducing the pressure
* Adding inhibitors

Gas dehydration is the most efficient way to prévemrate formation, but there may
be practical limitation to the use of dehydratierg. one central dehydration unit. Gas
dehydration will be treated further in sectionfhke gas stream can not be dehydrated,
one of the other prevention methods must be usagirig the temperature of a pipeline
is very impractical, likewise is reducing the prags because such a reduction will re-
duce the pipeline flow. The only practical solutisntherefore to ad inhibitors to the
gas.

Aalborg university Esbjerg 9
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Inhibitors
Inhibitors acts as antifreeze in the gas, the usinbitors are:

* Alcohols

* Glycols

Methanol and monoethylene glycol (MEG) are the ncostmonly used inhibitors, low
doses are often injected continuously in pipelifeerg hydrate formation is a problem.
Higher doses of especially methanol are used testipoio dissolve hydrate plugs.
MEG is more viscous than methanol, but has theragdgea of being easier to regenerate
from the gas than methanol, because methanol regereis usually not feasible.

MEG is the most commonly used glycol, because e efficient at a given mass

concentration than diethylen glycol (DEG). DEG nmeyertheless be used as inhibitor
in the pipeline, but only if DEG also is the glyaded in the dehydration process after-
wards. The different glycols are treated more thghty in section 3.2.1.

There are other possible inhibiters that prevedtéig formation they are:
» Salts
*  Ammonia
* Monoethanolamine

Salts are very rarely used because of the riskoafbsion and deposits. Ammonia is
corrosive, toxic and can form solid deposits obcaates obtained with carbon dioxide
and water. Monoethanolamine is only attractivet ifter pipe transport is used (and
thereby recovered) for gas sweetening.

[B3], [B4]

1.3 Processes in offshore production

On the process platforms the main purpose is togsothe reservoir fluid into oil, gas
and water. This has to be done in such a manordihagas and water meets the re-
guirements before oil and gas can be exportedtendiater released into the sea.

Demands on oil may be the vapour pressure, toenkat no vapour is produced in the
pipeline during transport to shore. Likewise a dethéor gas may be no water dew in
the pipeline; other gas demands may be the mett@ments or heating value. For the
oil and gas it is also a demand that the pipelmessure is reached, before it can be ex-
ported from the platform. Water is a by-productjehimeeds to be cleaned before it can
be disposed off.

To divide the reservoir fluid and insure that tleguirements for the three phases are
meet the reservoir fluid is processed. The proegsgpment can be divided into three
parts.

1. Separation, including oil treatment and export
2. Gas treatment, including gas export
3. Water purification

The processes associated with these three systessliffer for different composition
of reservoir fluid, especially for the gas treatmen

10 Aalborg University Esbjerg
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1.3.1 Separation

The first task when the reservoir fluid enters phecess equipment is to separate it into
its three phases. This is done in a series of thnase separators, the number of which
depends upon the inlet pressure of the reservod. fl

The first separator divides the reservoir fluidoiris three phases. Subsequent separa-
tors are used to improve the purity of the oil amcrease the gas recovery. When the
first separation is completed there will still beessgdissolved in the oil, and probably also
some water if the retention time is too small tewer total separation between the two
liquid phases.

Before the next separation, the pressure of thes ddwered; this releases more of the
dissolved gas. In case of additional water thid &l separated off in the subsequent
separators. This continues until the oil has tlg@ired purity, often two or three separa-
tors are enough. When the quality is as desirésl flumped to the pipeline pressure,
before it is exported of the platform and to shore.

The gas released from the oil in the subsequerdratps needs to be recompressed
before it can be send to the gas treatment sy$tgyure 1-4 illustrates a separation sys-
tem with two separators and gas recompression.

A
Gas

A 4

& HP SEP
i LP SEP )
Water

Water
Figure 1-4: Separation and oil export

Oil

When gas is compressed, it is necessary to cogadbeind separate off any condensed
liquid. In case of more separators than in Figu# g#ach new separator will also be
equipped with a compressor.

There will also be some liquid recycled from the g@atment and the water purifica-
tion system, but these streams have been exclugteddr simplicity.

[BS]

1.3.2 Gas treatment

The purpose of gas treatment is to clean the gasfeanted impurities and get it to the
desired condition before it is exported. The contpmsof the gas is the decisive factor
for which gas treatment procedures that are ushd.riiost common cleaning proce-
dures are gas sweetening, dehydration and hydmacadrovery; more seldom treat-

Aalborg university Esbjerg 11
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ments can be removal of inorganic elements. Thpgadr of cleaning the gas of its im-
purities is to improve the gas quality, avoid dasg® the process plant or pipeline
from e.g. corrosion or enable the gas to be brotmtite desired export condition.

After purification usually only compression is reé@ual, for the gas to reach its desired
export condition. In rare cases the desired exgmdition could require liquefaction of
the gas.

Gas sweetening

To minimize corrosion it is often necessary to remacid components in the gas. It is
manly CQ and HS that are removed, although in some cases othg@rslwcomponents
are present in the gas and must therefore alserbeved.

The most common sweetening procedure is absorpfighe acid, with amines in an
aqueous solution. Afterwards the rich amine sotui® regenerated before it can be
reused. Because the amines are in an aqueoussolinge sweet gas will be water satu-
rated. Amine sweetening must therefore be conduméalre gas dehydration.

Absorption is the most common procedure, but opinecedures can also be used. E.g.
membrane processes if only carbon dioxide are teimeved.

Dehydration

The problems with wet gas have already been destiib section 1.2.1, where dehy-
dration was deemed to be the most efficient wagolge the problems associated with
wet gas. Dehydration is usually done by absorptattnough other processes like ad-
sorption, membrane processes and refrigeration eaysed. The dehydration process
will be described in section 3.

Hydrocarbon recovery

In gas with a high content of C2+ components, tieeerisk of NGL (Natural Gas Lig-
uids) formation. NGL may be removed from the gaawvoid liquid in the pipeline or to
sell the more expensive NGL separately, insteaas @ part of the gas.

Hydrocarbon recovery is preformed by cooling the lgalow its dew point temperature,
condensing the more heavy hydrocarbons in thethasgcondensed liquid is then re-
moved in a separator. The easiest way to cooldkagyin heat exchangers; this is most
efficient at high pressure.

Hydrocarbon recovery by cooling with heat exchasgeay not yield the desired gas
purity depending on the initial composition. In $kecases the temperature can be low-
ered further by flashing the gas in a Jules-Thompsdve or in a turbo-expander. Be-
cause of the low temperatures achieved by flastiiagyas, low water content is essen-
tial to prevent ice formation. Further improvememtshydrocarbon recovery can be
achieved by distilling the liquid from the NGL re@y, thus recovering the methane
condensed in this treatment.

I norganic contents

If the gas quality is below pipeline quality becaws contamination by inorganic ele-
ments, it is necessary to remove these impurieme of the inorganic components are
only present in trace amounts, but can none tisecleste problems.

The most common inorganic component is nitroges, ritrogen contents might be
high, either naturally or if nitrogen is used fofaction into the reservoir to improve
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hydrocarbon recovery. Nitrogen can be recoveredrpggenic distillation, adsorption
or membrane separation.

Radon may be present in the gas, it is radioachué with a half-life of 3.8 days the

health problems from radon is minimal. The problenthat it decays into radioactive

lead, which eventually will turn into non-radioaailead. The result is that low-level

radioactive materials will sediment in the procegsipment and pipes; this constitutes
a problem because cleaning produces radioactivieewas

Other contaminants

Benzene, Toluene, Ethylbenzene and Xylene (BTEX)aaproblem because of envi-
ronmental concerns. BTEX is removed from the gasnduglycol dehydration, a
smaller amount BTEX may also be removed duringsyasetening. When the glycol is
regenerated the BTEX will be removed with the waterd thereby be vented to the
atmosphere. BTEX are also a problem in cryogeng tgaatment because they can
freeze like water.

BTEX can not be removed from the gas before thediation. The BTEX problem can
be reduced by using a light glycol, because BTEXh@e solvable in larger glycols.
Alternatively the vented gas from the glycol regat@ can be flared or treated to re-
move the BTEX before it is vented to the atmosphere

Compression

The gas is compressed from the process presstiie fppeline pressure in one or more
steps, depending on the pressure difference. &tieh compression the gas is cooled
and condensed liquids are separated off.

Liquefaction of the gas

Liguefied natural gas is an advantage when gawiedor transported by non pipeline
transport. Liquefaction of methane requires extensefrigeration to temperatures as
low as -161 °C (-258 °F). A very low water conteats therefore required.

[B3], [B4]

1.3.3 Water treatment

Unlike oil and gas treatment, water treatment iseamironmental issue. Water is a
waste product in oil and gas production; therefore released into the sea or used for
well injection.

When water is separated off in the three-phaseratpa it still has a small hydrocar-
bon contents. This hydrocarbon contents constitubegroblem when the water is used
for well injection, only when it is released inteetsea. Because of environmental con-
cerns the hydrocarbons needs to be removed fromvdler so the contents is below the
threshold limit value for water released into tkha.s

The hydrocarbons in the water are oil that didsegarate off in the separators and dis-
solved gas. First the oil is removed using hydrémyes; the oil is lead back to the sepa-
rator system. The gas is removed from the wateddwreasing the pressure thus de-
creasing the solvability in the water. The gasisasated off before the water is released
into the sea.
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2 Initiating problem

Removing the water from the gas offshore is esalntbecause it decreases the prob-
lems associated with water in the gas. This makeglehydration process an essential
part of the offshore gas treatment.

The first step in simulating a dehydration uniingestigating the process design. The
next step is the simulation; the simulation is ghkted with thermodynamic equations.
The thermodynamic equations are originally credtedon-polar components like hy-
drocarbons. The main part of simulation of the dieaion process is calculating the
water/glycol interaction. Because of this mixtuoeenplex nature, more specific ther-
modynamic equations that can describe the intemactiust be used. This has resulted
in the initiating problem:

What problems exist in thermodynamic
simulation of gas dehydration with glycols?

To answer this problem nine other questions haea bermulated, the answer of these
will help to clarify some of the aspects associatét the initiating problem.

* What methods exist for gas dehydration?

* Why is glycol dehydration the preferred dehydratoocess?

* What requirements are given for the dehydratiorcgss?

« What processes are involved in the glycol dehydngpirocess?

* What is the thermodynamic theory used in processilsition?

* What thermodynamic equations are used in procesdation?

* What is required to simulate the water/glycol migtthermodynamically?

* What is required in process simulation calculationaddition to the thermody-
namic equations?

 What is the result of simple phase equilibrium gktions of the water/glycol
mixture?

The main focus of the initiating question and thbiestions is the simulation aspects
of the dehydration process. The project is theeefionited to cover only this aspect of
the dehydration process. Associated aspects likeeps safety, energy consumption
and similar is out side the scope of this report.
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3 Gas dehydration

There are four methods that are used for gas datigdy they vary in efficiency and
cost.

3.1 Dehydration methods

The methods used for gas dehydration are absor@asorption, membrane processes
and refrigeration. The methods may be used by tbles or be combined to reach the
desired water contents.

In dehydration by absorption water is removed lig@d with strong affinity for water,
glycols being the most common. The lean (dry) dlyemnoves the water from the gas
in an absorption column known as a contactor. Aftercontactor the rich (wet) glycol
must be regenerated before it can be reused inahiactor. The regeneration is done
by distilling the glycol thus removing the wateriti/glycol absorption it is possible to
lower the water contents down to approximately fifhg, depending on the purity of
the lean glycol [B4]. Gas dehydration by glycol aipgion will be treated more thor-
oughly in section 3.3.

Dehydration by adsorption is done with a two bestey, where the beds are filled with
adsorbents e.g. silica gel. The gas is lead thraughof the adsorbers, where water is
removed. Meanwhile the other adsorber is regengtageblowing hot dry gas through
it, this gas is then cooled and the water conderdes Water is separated off and the
gas is lead back to the wet gas, this is illusttateFigure 3-1.

®

Water

D

@]

©

@

>
Adsorber 1
Adsorber 2

X Closed

Dehydration
| y Regeneration

| Regeneration / gas heater
+—$ Dry gas

Figure 3-1: Gasdehydration by adsorption. [B4]

The efficiency of the adsorption process dependtheradsorbent used; there are sev-
eral types of adsorbents available. The most efificadsorbents are molecular sieves,
this is aluminosilicates that have been alteremniarove the adsorption characteristics,
achieving a water contents as low as below 0.1, pB4].
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In membrane processes the gas passes through aramentbat separates of the water.
Membrane processes yields water content betweel0@Qpm, [B4]. The problem
with membrane processes are that they only becamgoenically viable compared to
glycol absorption at flows below 1.5%80m%d (56 MMscfd) [B4].

Gas dehydration by refrigeration is a low cost dghiion method. Water condenses
when the gas is cooled; the water is then remavedseparator. The separation method
can be conducted numerous times. The method is efiicent at high pressure. The
amount of water removed in the refrigeration precdssoften insufficient. Because of
the low cost the refrigeration process are ofteedusefore the other dehydration proc-
esses.

3.1.1 Comparison of the methods

The two most efficient dehydration methods are giigm and adsorption. Absorption
with glycol is the preferred dehydration methodéwese it is more economical than ad-
sorption. This is due to the following differendetween absorption and adsorption:

» Adsorbent is more expensive than glycol.
* It requires more energy to regenerate adsorbentglyaol.
* Replacing glycol is much cheaper than replacingdsorption bed.

e Glycol can be changed continuously, while changingadsorption bed requires
a shutdown.

Some low temperature treatment like liquefactioguiees water content below what
glycol plants can achieve. In these cases an atitsoqmant is required, to minimize the
cost this can be combined with a glycol plant teatoves the majority of the water.

[B3], [B4]

3.2 Water absorption

The basis for gas dehydration by absorption isatteorbent; there are certain require-
ments for absorbents for gas dehydration:

e Strong affinity for water to minimize the requirathount of absorbent.

« Low affinity for hydrocarbons to minimize hydrocarbloss during dehydration.
* Low volatility at the absorption temperature to mirze vaporization losses.

* Low solubility in hydrocarbons, to minimize losssing absorption.

* Low tendency to foam and emulsify, to avoid redutin gas handling capacity and
minimize losses during absorption and regeneration.

e Low viscosity for ease of pumping and good contastiveen the gas and liquid
phases.

» Large difference in volatility and boiling point mpared to water to minimize va-
porization losses during regeneration.

* Good thermal stability to prevent decompositionimyiregeneration.

e Low potential for corrosion.
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The most critical property for a good dehydratoofiscourse the high affinity for water.
The other criteria are used to evaluate potenbiabebents practical applicability in the
industry. In practice glycols are the most commardgd absorbents for dehydration.

3.2.1 Glycols used for dehydration

Glycol is a common name for diols; with the twodddols these substances have a high
affinity for water. In dehydration 1,2-ethandiolsal known as Monoethylen glycol
(MEG) and the small polymers of MEG (diethylen gly¢DEG), triethylen glycol
(TEG) and tetraethylen glycol (TREG)) are the mostnmonly used for absorbents.
Higher polymers than TREG is usually not used fenydiration because they become
too viscous compared to the smaller polymers.

Properties for MEG, DEG, TEG, TREG and water amagared in Table 3-1.
Table 3-1: Propertiesfor MEG, DEG, TEG, TREG [B3], [B4] and water [B6].

MEG DEG TEG TREG  Water
Formula QH602 C4H1003 C6H1404 C8H1305 Hzo
Molar mass [kg/kmol] 62.07 106.12 150.17 194.23 018B.
Normal boiling point [°C] 197.1 245.3 288.0 329.7 0010
Vapor pressure @ 25 °C [Pa] 12.24 0.27 0.05 0.007 3170
Density @ 25 °C [kg/f} 1110 1115 1122 1122 55.56
Viscosity @ 25 °C [cP] 17.71 30.21 36.73 42.71 0.89
Viscosity @ 60 °C [cP] 5.22 7.87 9.89 10.63 0.469
MaX|mum recomrr:ended regenera- 4 oq 177 204 294 i
tion temperature [°C]
Onset of decomposition [°C] - 240 240 240 -

In Table 3-1 the important values are the normdirgppoint, vapor pressure, viscos-
ity, maximum recommended regeneration temperatuldlae onset of decomposition.

The normal boiling point and vapor pressure hasnfloence in the distillation. The
greater the difference for these properties betwieeriop and bottom product, the eas
ier it is to separate the components. The separagtween glycol and water is impor-
tant because the water contents in the lean glgetdrmine the amount of water the
glycol can remove from the gas.

The larger polymers TEG and TREG have the bestepties for dehydration. TREG

has slightly better properties than TEG, but beeanfsthe additional cost of TREG,

TEG offers the best cost/benefit compromise artiasefore the most commonly used
glycol. [B3]

The decomposition temperature is the point wher&DEEG and TREG begin to react
with the water and decompose into MEG. The tempegatin [B4] (240 °C) originates
from manufacturer data, but there are some doulmistahese temperatures, because
[B4] also give this temperature for TEG as 196 &8d as 207 °C (404 °F) in [B5].
These temperatures are just below and above themmaxrecommended regeneration
temperature of 204 °C (400 °F), which is givenB3], [B4], [B5] and [B7]. This indi-
cates that some TEG will decompose at 204 °C. ittbmperature there will be some
hot-spots in the boiler where the temperature exitleed 207 °C.
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When TEG decomposes it becomes MEG and DEG, therdfavill not influence the

dehydration process, only give a slightly largercgl loss because MEG and DEG are
more volatile than TEG.

[B3], [B4], [B5], [B7]

3.2.2 Dry Gas

The efficiency of the dehydration is measured anwater contents in the dry gas. The
dew-point temperature for the water in the gadtsnoa more useful parameter than the
total water contents. The dew-point temperaturetrbasbelow the minimum pipeline
temperature, to avoid liquid in the gas pipelinguFe 3-2 shows the relation between
dew-point temperature and the water contents ihetlye TEG at different temperatures.
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Figure 3-2: Water dew-point, after dehydration with TEG. [B3]

A dew-point temperature of 6 to 11 °C (10 to 20 BEJow the desired dew-point may
be used to insure against non-ideal situations.

The water dew-point may differ from the gas dewnpaihe total gas dew-point may be
influenced by other hydrocarbons in the gas. This i@sult in condensation of hydro-
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carbons in the gas pipeline; this is also undekarabt much less so than water conden-
sation.

[B3], [B4], [B5], [B7]

3.3 The glycol dehydration process

The dehydration process can be divided into twdspgas dehydration and glycol re-
generation. In dehydration water is removed fromdhs using glycol and in regenera-
tion water is removed from the glycol, before ihdze reused for dehydration.

Dehydration

Dehydration always consists of an inlet scrubber aontactor. Sometime it might be
preferable to lower the gas inlet temperature leetbe dehydration, so an inlet cooler
might also be used.

Regeneration
The main function in the glycol regeneration syst&m be divided into three:

1. Achieve the optimal pressure and temperature condifor regeneration of the
rich glycol.
2. Glycol regeneration.

3. Readjust glycol temperature and pressure for optitehaydration conditions in
the contactor.

Besides these three main points there are soméicadifeatures to be considered
when designing a dehydration plant.

* Installing a flash separator before the regeneratdumn. This separator re-
moves the majority of the hydrocarbons in the digbin the glycol.

» Filtering the rich glycol if there is solid parted or liquid hydrocarbons in the
glycol

* Integrating the heat exchangers, so the lean glgamoled by heading the rich
glycol, thus minimizing the energy consumption.

* Glycol make up to replace the glycol loss, e.ca Btorage tank.

Because of these considerations the design ofetfpeneration process varies with the
design of the plant. The integration of heat exgeas is especially important, because
this reduces the overall energy consumption opthaast.

3.3.1 Process description
The process is described by the equipment usdgkiglycol plant.

Inlet cooler

An inlet cooler may be used because dehydratiomoige efficient at low temperatures.
Another benefit of inlet cooling is that some watand hydrocarbons) in the gas will
condense, and be removed in the inlet scrubbdgadf in the contactor.

An inlet cooler is used when the inlet gas tempeeats higher than the desired tem-
perature in the contactor. It is also a helpful iocsimulation if the temperature in the
contactor needs to be optimized.
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Inlet scrubber

The inlet scrubber removes free liquid and liqurdpdets in the gas, both water and
hydrocarbons. Removing liquid water in the scrubtbecreases the amount of water
that has to be removed in the contractor. Thisedsas the size of the contactor and the
glycol needed in it, to reach the required condgidor the outlet gas. Liquid hydrocar-
bons are also a problem in the contactor becauseiticrease the glycols tendency to
foam, thereby decreasing the contactors efficieamy increasing the glycol loss in the
contractor and from the regeneration system. Anqgthablem is that hydrocarbons can
be accumulated in the glycol polluting it and therelecreasing the dehydration effi-
ciency.

Contactor

The contactor is the absorption column where theigaried by the glycol. The lean
glycol enters at the top of the contactor while tica glycol is collected at the bottom
of the contactor and sent to regeneration. Thegagstenters the contactor at the bottom,
while the dry gas leaves at the top.

The required water dew-point of the dry gas digtdtee lean glycol temperature and
purity. This is illustrated in Figure 3-2. The ghtfdemperature into the contactor must
be 3 to 11 °C (5 to 20 °F) higher than the gasramgehe contactor to minimize hydro-

carbon condensation into the glycol [B4], [B5].

At contactor temperatures below 10 °C (50 °F) TEGdmes too viscous, thus reducing
the column efficiency. The contactor temperaturg tmaas high as 66 °C (150 °F), but
glycol vaporization loss is often deemed unaccdptaigh above 38 °C (100 °F) [B5].

The glycol flow into the contactor is dictated letwater content in the gas and num-
bers of trays in the column. A usual glycol flow0i©17 to 0.042 thLean TEG per kg
water in the gas (2 to 5 gal TEG/Ib Water). Comtacblumns with four to six trays
usually operate with 0.025HTEG/kg Water (3 gal/lb), in larger columns withyled or
more trays the flow is usually reduced to 0.0F7km (2 gal/lb) [B4], [B5].

Flash valve

After the contactor column the pressure is reducethe regeneration pressure by a
flash valve. The pressure drop over this valve ddpen the pressure in the contactor
and the pressure loss in the pipes and equipméhthenregeneration column.

Two places in the system unwanted gas is ventethefsystem, in the flash separator
and the regenerator. To prevent blowback the pressuthese units must be higher
than where they vent to. The slightly higher pressalso acts as a propellant in trans-
porting the gas from the dehydration system.

Flash separator
It is a good idea to install a separator afterftash valve. Because of the decreased
pressure hydrocarbons absorbed in the glycol willdbeased.

Without a separator the gas in the glycol will beeased together with water in the re-
generator. In the regenerator the water vapousuglly just vented to the atmosphere,
thus increasing the plants emission of hydrocarb@ith a flash separator the hydro-
carbon rich gas, can be used as process gas [atfie

The pressure in the flash separator must be albevpressure in the system that the gas
is vented too; the separator pressure will theeeltifer between plants.
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Filters
Filters are only necessary if there is a problerth wolid particles or liquid hydrocar-
bons in the glycol.

Solid patrticles in the glycol accumulate, incregdine wear on the equipment and can
create plugs in heat exchangers. Solid particlaseeaily be removed with sock filters,
which can be made of cloth fabrics, paper or filasg

Liquid hydrocarbons like condensate and BTEX carrédsaoved from the glycol by
activated carbon filters.

Heat exchangers

The numbers of heat exchangers varies with theydedithe process plant. Because of
the large temperature difference between the ctontamd regenerator column, rich

glycol needs to be heated while lean glycol mustdmded. With proper design of heat

exchangers between the rich and lean glycol mosteoénergy can be conserved.

Rich glycol may be heated before and/or after thghf separation. Heating before the
flash separator increases hydrocarbon recoverygahth glycol loss. Heating before
the flash separator is preferable if hydrocarbamemats in the rich glycol after the sepa-
ration are too high.

Besides the heat exchangers the glycol is heatdwinegenerator boiler. The lean gly-
col temperature may also need to be adjusted béfergers the contactor, this can be
done with the dry gas or a cooler.

Regenerator
The regenerator is a distillation column, wherecglyand water is separated. The rich
glycol is preheated in heat exchangers beforef@ad to the regenerator column.

At the top of the column is a partly condensers thwiovide reflux thus improving the
separation between water and glycol. The condesser minimizes glycol loss from
the regenerator. The remaining water vapour lettvesondenser and is vented to the
atmosphere. The temperature in the condenseres gis 98.9 °C (210 °F) [B5].

The energy required to separate glycol and watsujgplied by the reboiler at the re-
generator column. The reboiler temperature is thdtdy the glycol used for the dehy-
dration as described in section 3.2.1. For TEG¢temmended maximum temperature
in the reboiler is 204 °C (400 °F). The Lean glysotaken from the reboiler and is

transferred to a storage tank before it is recydeds recycled directly from the re-

boiler.

The pressure in the regeneration system is justeabtmospheric pressure, this is to
insure that no air can enter the system from thmspheric vent.

The operating conditions for the regenerator infieethe purity of glycol. At 204 °C
TEG yields a lean glycol concentration of 98.6 wWB4]. If this purity of glycol is in-
adequate it can be improved by using more advareggheration techniques.

Some simple ways to increase the lean glycol pusity ad a stripping gas to the re-
generator or regenerate by vacuum distillationpfiing gas can be added to the regen-
erator boiler or in a stripping column after thgewerator column. By adding stripping
gas to the regenerator boiler the TEG purity cambeeased up to 99.6 wt% [B5]. Vac-
uum distillation yields TEG purities up to 99.98w{B4].
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Stripping column

Glycol purities up to 99.9 wt% can be achieved bing a stripping column after the
regenerator [B5]. The stripping gas from the tophef stripping column is routed to the
regenerator boiler, like when stripping without gtgpping column.

The stripping gas is usually nitrogen, dry gaslastf gas from the flash separator. The
water can be removed from the stripping gas byiegat well below waters dew-point.

If hydrocarbon rich gas is used the gas from tlyemerator must be dried or used as
process gas.

To achieve 99.9 wt% pure glycol (or 99.6 wt% withthe stripping column), the strip-
ping gas flow must be 28.3 Ngas/ni TEG (4 scf gas/gal TEG) [B5].

Cool stripping gas can be used in the strippingirool, because the glycol needs to be
cooled after the regenerator. If on the other hstngping gas is added directly to the
regenerator boiler it might be preferable to preéliea gas, to keep a uniform tempera-
ture in the boiler.

Glycol storagetank

This is an optional instalment that ensures a emgjlycol flow to the contactor col-
umn. Because there will be a loss of glycol in dedydration system, a storage tank
can act a buffer to prevent insufficient glycoliloand also be used to measure the gly-
col contents in the system.

Glycol circulation pump

Because of the pressure difference between theeeger and the contactor, the glycol
pressure needs to be increased. This is done hatlglycol regeneration pump. The
glycol is cooled below 80 °C before pumping to pobtthe pump.

[B3], [B4], [B5], [B7]
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3.3.2 Process plant
A possible design of a dehydration plant is givefigure 3-3.

Dry gas e
Gontactor Regenerator
Filter
A
;\;Zt Inlet Flash valve
Inlet scrubber Stripping gas

cooler
Figure 3-3: Dehydration plant.

The design in Figure 3-3 incorporates most of thigsudescribed in section 3.3.1, with
the exception of the stripping column and a glystorage tank. Dehydration plant de-
sign often differs from the one given in Figure ;3tan be the units or integration of
heat exchangers.

[B3], [B4], [B5], [B7]

3.4 Part discussion/conclusion

There are four models for gas dehydration. Theyefrggeration, membrane processes,
adsorption and absorption. Refrigeration does imyr@ase not remove enough water
from the gas, it is however often used in comboratith the other dehydration meth-
ods. Membrane processes is only economical forlggaal flows, which excludes it in
most dehydration cases. The adsorption yieldsawesdt water contents in the gas, de-
pendent on the adsorbent. Even though the absprptaress can not remove as much
water as adsorption it is often the preferred methidhis is because it removes suffi-
cient water to reach the required criteria for thrg gas, as well as gives a better
cost/benefit result than the adsorption processoie cases where low temperature gas
treatment is involved adsorption dehydration isuresgl. In those cases the cost is often
reduced by combining adsorption plant with an gtisan plant.

The efficiency of a dehydration process is evallidig the water contents in the gas
after the dehydration. The water contents afterdéteydration is often given as the wa-
ter dew-point, this is to insure that no water witindense in the pipeline. The water
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dew-point is therefore more practicable becaugedirectly comparable with the pipe-
line operating conditions.

The glycol dehydration process can be divided into parts. First lean glycol dries the
wet gas, thereby making the glycol rich. In theosecpart of the process water is re-
moved from the rich glycol making it lean once agdn the second part of the plant
pressure and temperature is change to achieveptivaab operating conditions both in
the contactor and the regenerator. The changinyesfsure and temperature creates a
wide range of possibilities of the final desigrtioé plant.

The purpose in this report is the simulation of tledydration process. This requires
calculations of the interaction between the compt the dehydration process; these
are done with thermodynamic calculations.
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4 Thermodynamic

Thermodynamics are used to describe the relatipnsbiween energy, temperature,
pressure and volume for pure components and mitditee classic example of the re-
lationship between these different factors is ttears engine, where energy is trans-
formed from heat to work through waters thermodyiegmoperties.

In process simulation thermodynamics are used litulede the relationship between
energy consumption/release, pressure, temperatltene and phase equilibrium.

4.1 General theory

There are some general relationships in thermodymaatculations; these will be de-
scribed in this section. This is the phase equilfarcalculations, which are used in de-
termining phase changes and component distribldegiween phases. It is the excess
energy that influences the behaviour of non-idieglidls. And finally it is the equations
of state, which are used to calculate the behawbahemical components.

4.1.1 Phase equilibrium

In a vessel with two (or more) phases, there walldguilibrium between the phases,
given that there is sufficient time for the systiermeach equilibrium. The phase equilib-
rium depends on the temperature, pressure and pbageosition.

The basis for phase equilibrium calculation is thgacity f. The fugacity describes
components tendency to prefer one phase over an@bmponents moves from phases
with high fugacity to phases with low fugacity. équilibrium the fugacity of the com-
ponents are identical in each phase as illustiaydd.1).

fl=f (4.1)

The fugacity is form of adjusted pressure, theti@ighip between the fugacity and the
actual pressure is described by the fugacity oadefitp, as shown in (4.2)

_ f
¢= (4.2)

For an ideal gas the fugacity equals the pressna&jng the fugacity coefficient one.
The size of the fugacity coefficient can therefbeeused to describe the non-ideal be-
haviour of the vapour phase. Even thoggthescribes the non-ideal vapour behaviour it
also influences the fugacity in liquid phases. Tugacity for the gas phase is defined as
(4.3) and as (4.4) for the liquid phase.

f' =P’y (4.3)
- =PI - (4.4)

The activity coefficienty describes the non-ideal behaviour of liquids, Whi due to
the excess energy. The relation between activihstamt and Gibbs excess energy is
given in (4.5).

G (TP

Iny (T,P,x) = —

(4.5)
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The excess energy will be treated further in sacfid.2. Ideal liquid behaviour is often
assumed, making the excess energy zero, and tivéyacoefficient one. The thermo-
dynamic equations given in this report will be ideal liquids, unless something else is
noted.

In calculations the excess energy is often zeroalme ideal liquid behaviour is as-
sumed. The equations given in these sections bferadleal liquids, unless something
ells is noted.

Equilibrium calculations

Phase equilibrium is used for five types of caltatess namely dew- and bubble-point
temperature and pressure and for flash calculatidew-point calculations are either at
constant pressure or temperature, while the othealculated for a known gas mixture.
Bubble-point calculations are similar to the dewnpaalculations with the difference
that it is for a known liquid mixture. The Flashlaadations is used to calculate the
phase composition of a known mixture at a givenpeerature and pressure.

At equilibrium the pressure is identical in all gka, therefore (4.1), (4.3) and (4.4) can
be rewritten as (4.6).

8 0 = 4" x (4.6)

In all these calculations it is often necessarpdwe a value for the distribution of the
individual components between the two phases; ithidescribed by the equilibrium
ratio K.

K, =%=Z—$ (4.7)

The K-value can be used to calculate the amouatamponent in the gas phase when
the content in the liquid phase is known. In flasiculations it might be necessary to
have an initial estimate for K to solve the probleynupdating K in an iterative process.

[B8]

4.1.2 Excess energy

The excess energy is used to describe the nondaéaviour of liquid mixtures. Non-
ideal behaviour is most noticeable when mixing itiguto a non-ideal mixture. There
are two ways non-ideal behaviour can manifest;ightescribed in Table 4-1.

Table 4-1: Volume and enthalpy for ideal and non-ideal mixtures

Property I deal mixtures Non-Ideal mixtures
Volume V:ZXDL/i V:AV+Z)$D;4
Enthalpy H =Z)9 [H; H =AH +Z>§ [H,

When mixing one or both of these properties matsfes non-ideal mixtures. The non-
ideal mixtures are actually real mixtures, but lseamost mixtures are assumed ideal,
this distinction is used to emphasize the non-ideatures.
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Non-ideal mixtures consist mainly of polar or papblar components, where the polar
attraction between the molecules attract or regudseh other.

The thermodynamic equations used in the calculatame mainly designed for hydro-
carbon mixtures, where the liquid interaction betwéhe molecules is minimal. There-
fore liquid mixtures are often assumed to be ideal.

Activity coefficient calculations

To calculate the data for non-ideal mixtures, thki@ of the excess energy is required,;
these data are based on experimental data. Thatyactefficient is calculated by fit-
ting the data to an equation. There are differgmiagons the data can be fitted to; the
one that gives the best fit is used to calculageaittivity coefficient.

The most common equations are Margules (4.8), vaar I(4.9), Wilson (4.10) and
NRTL (4.11), these equations gives the activityficcents in two component systems.

Inyl =|:A12+2(A21_ AiZ) Xl:l )82

(4.8)
In Y2 :I:A21+2(A12_ AZ]) XZ:I )81
AX )
Inn:pﬂ(#j
+
AX+ Ay 2 (4.9)
_ ArX
Iny,=A, (—j
? LA+ AX
A N
Iy, =In(x +Ax +x( 12 _ 21 j
4 ( 12 2) 2 Xl+/\12x2 /\21X1+ X, (4.10)
A 7AN
| (A ~ 12 21
ny, n( 21X1+X2) Xl{xl+/\12X2 N X+ XJ
2
G 7,,.G
Iny=X2T( 21 j_,_ 1212
l 2[ %G, ) | (% +%Gy)’
(4.11)

|ny2:X12 le( S ] + LlCa 2
%G+ %) | (%Gy,+ %)

Fitting data to the equations are a comprehensiske. (The experimental data is there-
fore collected to databases and books, an exam@&ECHEMA. Unfortunately these
databases does not include all mixtures, the ddtmited to the most common compo-
nents, with some sporadic data for more rare commsn

[B8], [BI]
M ulticomponent Excess Gibbsfree energy NRTL model
The notation given in (4.11) is the NRTL model faro components; there are also
other notation methods for the model. The NRTL walitons for multicomponent sys-
tems are given in (4.12) and (4.13)
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C

ex TJI G]I )S
G < oy
BT Z x5 (4.12)
RS
k=1
Z 5iGix G D %Gy
lnyi = J:::: +Z cxI | Til _n:lc (413)
>Gi% Y x.G, D %G,
k=1 m=1 o=1

The definition of the different terms in (4.12) af@d13) are given in (4.14) and (4.15).

G, :exp(—rijaij ) (4.14)
=1 (@15)
RT

The input data is given by;,ab; anda; for the different components, the pure compo-
nent values are zero, the valuepf o;.

[B8], [O1]
4.2 Equations of State
The behaviour of a gas can be described by the @wsipility Z.
z=PV (4.16)
RT

Z describes the relationship between the temperapuessure and molar volume of a
gas. A specific case of (4.16), namely for Z=1e¢tér known as the ideal gas law. The
ideal gas law (4.17), is the first example of anagpn of state (hence EOS).

RT

P=- (4.17)

The ideal gas law is a very simple form of an E@8ich does not take into account
that most components are not ideal gasses. Allegads however approach ideal gas
state, when the pressure decreases, or the malang@pproaches infinity.

When dealing with real fluids the ideal gas law tros replaced by a more accurate
EOS. The first EOS valid for non-ideal situatiomsitt have been created is van der
Waals EOS (hence VDW) (4.18).

RT

P=— -
V-b

(4.18)

IS

In (4.18) a and b are correction factors to accdoinhon-ideal conditions. The a-value
describes the size of the molecule in the fluidilevthe b-value gives the volume of the
molecule at infinite pressure, or at absolute zeroperature. a and b is defined from
the components critical data. The VDW was a defi@itmprovement of the ideal gas
law, although the accuracy could be improved furt@ne such improvement was to

28 Aalborg University Esbjerg



Dan Laudal Christensen 4. Thermodynamic K10

make the EOS temperature dependent. This has bedrasis for several more accurate
EOS, most common are Soave-Redlich-Kwong EOS (SRKP) and Peng-Robinson
EOS (PR) (4.20).

_ RT _ a(T)
= T (4.19)
p-_RT a(T) (4.20)

Vb V(v B+ HV-

The problem with EOS like SRK and PR in this fosrthat it is difficult to use in cal-
culation, the equations have therefore been regedhto a cubic form.

[B8]

4.2.1 Cubic Equations of State

In the cubic EOS the classic forms of the EOS Hsaen rearranged as functions of the

compressibility factor Z. The cubic equations cargbneralized to (4.21).
Z°+aZ*+BZ+y=0 (4.21)

(4.21) is valid for different EOS, they only diffes the specification od, p andy, Z is
defined as (4.16). Whem,  andy is known Z can be calculated e.g. using Newton-
Raphson method, the definition@ff andy for different EOS is given in Table 4-2.

Table4-2: a, p and y in selected EOS

VDW SRK PR
o -1-B -1 -1+B
B A A-B-B? A-3B*+2B
v -AB -AB -AB+B?+B?

The variables A and B in Table 4-2 are describe@ iB2) and (4.23).
aP

A= i (4.22)
B :% (4.23)

A and B depends on a and b, like the classic fdrth@ EOS. The calculation of a and
b are based on the critical data for the components

[B8]

4.2.2 Critical Data

The factors a and b in the EOS is used to desbolereal components react. They are
based on the critical temperatureY&nd pressure (P for the components.

VDW was the first EOS to use the critical date he talculations, but accuracy still
needed some improvement, especially at the cripoait. The compressibility at the
critical point (&) in VDW is always 0.375, while Zfor most real fluids ranges from
0.23t0 0.31.
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The problem can be rectified by specifying one mmeameter, £is an obvious sug-
gestion, unfortunately the parameter is difficdtdetermine with great accuracy for
many substances. Therefore another parametercémrig factorw, which is easier to
measure, has been specified (4.24).

PYP (T = 0_7)} (4.24)

w=-1.0- Iogm{ 5
C

P"®}(T,=0.7) is the vapour pressure at the reduced temperaqual to 0.7, where the
reduced temperature iB described by (4.25).

T
T =— 4.25
T (4.25)

c

The critical data is used to calculate a and b,ishikone with equations that are specific
for the different EOS. PR is considered the mostiiate of the EOS described in this
section VDW and SRK will not be treated any furthrethis report.

[B8]

4.3 Peng-Robinson Equation of State

The unknown factors in solving the cubic EOS now &d b, they are calculated from
the critical data for the components. In PR (4.20% a function of temperature, it is
given in (4.26).

a(T)= 0.457235:{;—12 [er (T) (4.26)

The last term in (4.26) is given in (4.27).

a(T) :{1+K(1—\/%D2 (4.27)

In (4.27)x is a constant that depends on the acentric fastgiven in (4.28).

k =0.37464+ 1.54226- 0.26982 (4.28)
Compared to the calculation of a, the calculatibh © simple (4.29).

b= 0.077796? (4.29)

The calculations with PR thus far have only beamofee component systems. For mix-
tures the a and b values must be combined to & Yatihe mixture.

[B8], [A1]

4.3.1 Multi component systems

There are only a slightly difference between on@ponent systems and multi compo-
nent systems. The difference is in the interachetween the different components in
the mixture. The molecular interactions in the migtare calculated by mixing the in-
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dividual a and b values tg,and , which are valid for the entire mixture. In a multi
phase system, the components must be mixed inptede.

Van der Waals one-fluid mixing rules
The most commonly used mixing rule are van der Waaking rule, it is defined by
(4.30) and (4.31).

am:ZZ)ngqJ (4.30)
i
b, :szqu (4.31)
i
The mixing rule are based on the interaction patantgetween components i andj (a

and k). The interaction parameter are calculated from ghre component;and k
values, this is done with the combining rules (3 &2 (4.33).

3 =433 (1-k)=3 (4.32)

1
b =>(h+9)=h (4.33)
If (4.33) is inserted in (4.31), the mixing rule fo, becomes (4.34).
b, =2 xh (4.34)

In (4.32) a new parametey ks introduced, this is the binary interaction paeter. This
parameter is used to obtain better results whesuleing mixtures; kis fund by fitting
the results to real mixture data. The problem wijtlare the same that arises every time
a new parameter is introduced, the improved acguraquires additional input data.
Unlike o, the introduction of konly comes with limited input data and they atdii-

ited to the most common components. Because dfiffexence in accuracy in the dif-
ferent EOS, thejkvalue is specific for each EOS. The problem wii# tissing k val-
ues are often solved by setting this value equakto, or estimating a value from data
for similar mixtures.

When & and k, are calculated the EOS can be solved, and the reasipility used to
calculate the PTV data. There are other importaes wf the EOS than just calculating
the PTV data.

[B8]

4.3.2 Phase equilibrium

When calculating the phase equilibrium, the fugaéitr the different components in
each phase is calculated. There are formulas tules the fugacity coefficient from
the compressibility factor, the formulas differdhwihe different EOS.

The fugacity coefficient for PR can be calculateithw4.35), that are for the liquid
phase. The equation is identical to the equatioritfie vapour phase, although the con-
stants used must be for the calculated phase.
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Ing, (T,P,) =b3( z--1)- In( z —%’j

ZZ X; g; b 7\ + (1+ \/E) b, P (4.35)
B v 12
2\/—23mRT am bm ZL +(1_\/§)%

For one component systems (4.35) is reduced t6)4.3

7t +(1+2) 2P
In g =(ZL—1)—|n(zL—£j- I ( )RT
RT) 2J2bRT | +(1-+2) bP

(4.36)

RT

The phase equilibrium calculation is vital in tredauilation of the component distribu-
tion in multi-phase situation.

[B8]

4.3.3 Departures

When the energy in the system are changed thelaa@suof the conditions at the new
energy level are calculated by departure functi@mshalpy and entropy are state func-
tions, making the energy difference between the $vates independent of path. The
calculation of energy change is therefore condubtedepartures to ideal gas state. The
idea with the departure to ideal gas conditionsthat enthalpy and entropy of ideal
gasses are well defined, while real-fluid energandes are undefined. The enthalpy
and entropy change of ideal gas depends on thechpatity (4.37).

C,=a+bT+ cT+ dT (4.37)

The definition of G may vary from (4.37), depending on which soured #re used. In
some cases the factor tifiay be removed or additional factors added, (& ...).

The relationship between the heat capacity aneéiittealpy are given in (4.38) and with
the entropy in (4.39).

AH'® = jTT C.dT (4.38)

G _ TZ&
AS'° = Ll = dT (4.39)
(4.38) and (4.39) are only valid at constant pressio achieve this, the departure func-
tion for the enthalpy reduces the pressure to zende the entropy departure increases
the molar volume to infinity. The ideal gas depegttor mixtures equals the sum of the
departure energy of the individual components.

Like with the fugacity the departure calculatiorepend on whether the departures are
for pure components or mixtures. The one compodepartures are given in (4.40) and
(4.41).

32 Aalborg University Esbjerg



Dan Laudal Christensen 4. Thermodynamic K10

OG-
I

i
H(T,P)-H°(T,P)= RT( 1+

n RT |\ (4.40)
2Vd |74 (1—&)?{?

da Z +(1++/2 bP
S(T. - €( T #= Hh( z%}zd}mm Z+El—\/§;EP
RT

Because of the derivative da/dT, the departuretiomadepends on which EOS that are
used, the derivative function for PR are giverdid).

(4.41)

T2 |a(T
da__4 457248 |20)
dT P\ TT

The departure function for mixtures are almost igdahtto the one component depar-
tures with the exception that the mixture propsrtigust be used, as defined in (4.43)
and (4.44).

(4.42)

H(T,P,x)-H"(T,PX=

d
@) [z 2] e
RT(Z,-1)+ In s
2/, zm+(1—ﬁ)%
S(T.RA-S"(TR)=
da, b, P
o) A
RT) 2V, Zm+(1_ﬁ)bmp

The main problem in departure calculations for omes is the derivative for mixtures.
The mixture derivative are calculated with (4.46) 44.46).

da, dg
o = X — 4.45
a7 izjz“ a7 (4.45)
da o 9%
dal — ajj dT i q dT (4 46)
dT 23 '

If the mixture is multiphase, the mixture departarest be calculated for each individ-
ual phase.

[B8]
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4.4 Peng-Robinson-Stryjek-Vera EOS

The Stryjek-Vera modification of PR are introdud¢edncrease the accuracy of calcula-
tions for polar components in PR, thus creatingRbBag-Robinson-Stryjek-Vera EOS
(hence PRSV). The basis for PRSV is a modificatibthex calculations in (4.28). The
PRSV calculation ok is more accurate, and includes a term which dessrihe polar
behaviour of polar components. The PRSV modificattwe described by (4.47) and
(4.48).

K =Ko+ (14T )(0.7-T) (4.47)

k,=0.378893 1.48971%3+ 0.17131848+ 0.01965% (4.48)

Thek; parameter is individual for different componertkss is especially important for
pure polar components.

The problem with introducing a new parameter kifeare the same as with the binary
interaction parameterjk namely that only limited additional data are &alse. The
value must be fitted to experimental data, be edBohfrom similar components or as-
sumed to be zero.

The introduction of PRSV requires some modificationthe departure calculations,
because the derivative da/dT depends om fla@ction. The new derivative is (4.49).

oo L[5 Rl )

If ¥, = 0 the derivative can be simplified to (4.50)
2T l
98 _ 457248k */_ (4.50)
a7~ Fg:

[B8]

4.5 Wong-Sandler mixing rule

Satisfactorily results can be reached for idealitigmixtures, using van der Waals one
fluid mixing rule. For non-ideal mixtures the acacy is limited by the excess energy.
In these cases a more accurate mixing rule incatipgr the excess energy must be
used. The Wong-Sandler mixing rule can be usedttiegavith all EOS, only one pa-
rameter needs to be adjusted.

The Wong-Sandler mixing rule incorporates the ex@ergy and gives a better fit to
the boundary condition for a and b than van der|8/amaxing rule. The Wong-Sandler
mixing rule is given in (4.51) and (4.52).

& g P (4.51)
RT 1-D
Q
b =—— 4.52
" 1D (4.52)
Where Q and D are given by (4.53) and (4.54).
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Q:ZZM(Q_%j (4.53)
_ LS (TP
ZXQRT C'RT

The constant Cin (4.54) is specific for which EOS the mixing et used with. For
VDW it is equal to -1 while the value for PR it is:

(4.54)

c'= In(\/i—l) =-0.6232:
N7
The cross term in (4.53) is defined by the comlgmules (4.55) and (4.56), which one
used is optional.
B - g =B =B (1
- RT \/(b RTJ(Q‘ R'I'j(l k) (4.55)
=50 78 ) /A (- k) (4.56)

There is a clear resemblance between (4.56) andieawaals mixing rule, this is due
to the fact that they are defined from the samentlaty condition. Whenyaand b, are
calculated the EOS can be solved, and the compiiysused to calculate the PTV
data.

[B8], [Al]
Fugacity for Wong-Sandler mixing rule
The fugacity calculation is more complicated whesing the Wong-Sandler mixing
rule, due to the fact that the definition @f and &y, is changed. The new calculation is
given in (4.57).

Ing, (T,P,x) = b(gNNbl’N_ﬂ(Z_l)_ln( z—;—':j

,_ a 1 (0N’a
2J2bRT| Na{ N )~

This new fugacity calculation contains two partiirivatives, these are described in
(4.58) and (4.59).

ONb)  _ 1 1(oN*Q) _ Q |, _(9ND (4.58)
aNu T.Njs 1_DN aN T. N (1_D)2 aN T.Njs |

2
i(aN aj RTD(aij + RTt{—a ND} (4.59)
N aNl T,Ni, aN T N aN T.Ng

j#A s A #

Ao fbeBg
bl O N T N Z+(1—\/§)g_:;_
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Two additional partial derivatives are used in &.&nd (4.59), these are given in (4.60)
and (4.61).

1(oN°Q &

il =2 . - 4.

o), [y o0
OND _.a , 1 ONG)(T, ¥ - & Iy (4.61)
N ), BRT CRI - aN | TpRT €

The Wong-Sandler mixing rule incorporates the Gibksess energy in (4.54), and the
activity coefficient in the calculation of the fugty coefficient in (4.61). Therefore the
non-ideal liquid behaviour has been incorporatethenfugacity coefficient value. This
means the equilibrium calculations based on (4i®,valid for non-ideal liquids, when
using the Wong-Sandler mixing rule.

Problemswith the Wong-Sandler mixingrule
There are some concerns with the cross term in W&amgller mixing rule

From the definition of a and b in PR we know that

212
a= 0.45723§P—T° [&r (T) (4.62)
b= 0.07779631l (4.63)

The definition of a can therefore be rewritten to
a= 5.877359])R'[a( T) (4.64)

At temperatures below the critical temperaturesviilae ofa(T) is higher than one see

(4.65).
T 2
a(T) :(1+K(1— ?D (4.65)

The cross term in Wong-Sandler (4.66), must theeefd temperatures below the criti-
cal temperatures be (4.67).
a

b-— 4.66
RT ( )

(1_ 5.877359a ( T)J

o- 5.877353bT.a(T)

= (4.67)

Because the temperature is lower than the criteraperature, the overall value of the
cross term will be negative. Problems may howeviseaf the temperature is higher
than the critical temperature for one or more congods.

There are given two possible equations for thescteans for the mixing rule (4.68)
and (4.69).

36 Aalborg University Esbjerg



Dan Laudal Christensen 4. Thermodynamic K10

b - :T \/(b 3, j{tﬂ _a_FgTJ(l_h() (4.68)

% 1

=50 +0) a8 (17 k) (4.69)

Unfortunately the source [B8] does not clarlfy thas the negative root that is required
in (4.68). (4.68) is also problematic when the temafure is noticeable higher than the
critical temperature for one of the components. (@.gas), then the cross term becomes
the square root of a negative number. Therefo@J4will be used in the practical ap-
plication of the mixing rule in this report.

Because the cross term must be negative the valQg470) must also be negative.

Q:iZJZM(Q—%j (4.70)

Because Q is negative and @.71) and R (4.72) is positive the value of D (4.73) must
be higher than one.

a, = Q% RT (4.71)
Nl @72

_ &/ (T.RPY
D=2.x BRT  CRT

The value of Q and D can therefore bee used tostigate the calculations in the
Wong-Sandler mixing rule.

(4.73)

[B8], [A1]

4.6 Part discussion/conclusion

The conclusion on the thermodynamic section is tihete are several thermodynamic
EOS available for process simulation. PR is goahgdes of EOS that gives a reliable
result in process simulation of hydrocarbon systePiSV is designed to be more ac-
curate than PR especially for polar componentsvi&ter.

Both EOS can be used with both van der Waals ané fhixing rule and the Wong-
Sandler mixing rule. The Wong-Sandler mixing isfereed in cases where non-ideal
liquid mixtures are involved as with the water/glymixture.

The Wong-Sandler requires input data for the Gibtzess energy and the activity coef-
ficient. These data can be calculated with sevactlity coefficient models; here the
NRTL multicomponent mixture model is selected. Timgdel can be used to calculate
both the excess Gibbs energy for the mixture aedatiivity coefficients for the indi-
vidual components, all of this from the same ingaiia.

In this report the main concern in the simulatisrthe interaction between water and
glycol. These two components interact by polaaation between the two components,
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allowing the glycol to absorb the water. This psxes complicated to simulate with the
classic thermodynamic equations like PR. To redtify problem the Wong-Sandler
mixing rule can be used.

The thermodynamic equations can not stand alompeacess simulation; they must be
accompanied by additional equations that deschie@tocess equipment.
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5 Simulation

The thermodynamic calculations on themselves, cay @escribe the thermodynamic

transformations that take place inside the proeém®ments. It is therefore necessary to
have some equations that describe the differertegs®es in the simulation. It is also
necessary to know what input data the simulatigaires and which results they yield.

All this will in this section be combined into angile simulation of the water/glycol
mixture. This is used to illustrate some of thelpems associated to the simulation of
the glycol dehydration process.

5.1 MESH elements

In process simulation, the individual componentthim process plant must be described
by a simulation element. The description must dantae overall information of what
comes in and out of the element; this is illusttdig Figure 5-1.

L]

—» MESH [—

|

Figure5-1: MESH element

The schematic in Figure 5-1 shows one possible agmatibn of streams to and from an
element, streams may be added or removed to fitetgrocess equipment it describes.
Different elements may then be connected into thegss plant that is to be described.
Complex process equipment like columns is descrijedne MESH element per theo-
retically (or actual) tray, plus boiler and condamni§ these elements are attached.

The overall schematic of the element itself is aalyisual remainder of what comes in
and out of the element. The main part of the elénsethe equations inside; the equa-
tions give the explanation why the elements arellah MESH elements. MESH is an
abbreviation of the four categories of calculatidhsy are:

* M: Material balance
* E: Equilibrium

e S: Summation

e H: Enthalpy (energy)

The equations in the MESH elements may differ ddpenon which variable and
which that are defined. The variables in the ME$Hations are:

* Pressure

* Temperature
* Flow

* Mole fraction
* Heat flow
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In some elements the defined variables exclude suniee MESH equations, in these

cases the elements are not actual MESH elemeritsabibe treated as such. An exam-
ple of such elements are process units with ong/mmase, and thereby no equilibrium
calculations. Although these elements are not &ddlizEH elements the overall treat-

ment are the same with some equations excluded.

MESH calculations may be conducted for continuausadch systems. Continuous sys-
tems are the easiest, because they can be assoibediine independent making them
steady state. Batch calculations are time depentlaum increasing the complexity of
the equations that must incorporate the time vanabn the flow. Similar situations
may arise for continuous systems during start up slrut down situations, or if there
are fluctuation in the flow.

The different types of calculations will be morerbughly described in the following
sections

5.1.1 Material balance

The material balances ensures conservation of mhssis important because mass can
neither be destroyed nor created, only redistrihutas is described by (5.1).

Input + Production = Output + Accumulation (5.1)

The material balance in (5.1) is general, the actaton term only applies for time
dependent processes, while the production (or ecopsan) term only applies in case of
a chemical reaction. For a steady state, non-@acknit the material balance becomes
(5.2).

Input = Output (5.2)

In a MESH unit there is a material balance for egwbmical species. This is especially
important in elements where multiple flows go ir&m out of the element.

5.1.2 Equilibrium

In multiphase systems there will be equilibriumvieetn the individual components in
the different phases. This signifies that the pltaseposition is dependent on the phase
equilibrium of the chemical species. At equilibriuhne fugacity of a component are
equal for all phases as demonstrated in (5.3).

fl=f'=f" = (5.3)

From the definition of the fugacity coefficient debed in 4, the equilibrium constant
K can be calculated from the fugacity coefficieat the different phases as demon-
strated in (5.4).

L

K =X :¢_iv (5.4)
X @

The equilibrium calculation is important in dewylble-point and flash calculations. In

equilibrium calculations it is a requirement thiare is sufficient time to reach equilib-
rium, if this is not the case this must be incogped in the calculations.

Phase equilibrium calculations are conducted bymbdynamic calculations, as de-
scribed in section 4. The fugacity coefficient bé tdifferent species is calculated for
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each phase. In columns equilibrium must be reacheall trays before an overall equi-
librium is reached. The equilibrium calculationctme increasingly complicated if the
system contains more than two phases.

5.1.3 Summation

The summation rule is only valid if the compositisrcalculated as mole fraction, if the
flow is defined on molar or mass basis the summagiguations are excluded from the
calculations. The summation equation is given iB)(5

Z&zl (5.5)

There is a summation equation for each phase avarall summation if the phase
composition is unknown.

The summation equations are important becauseotheasition of the different phases

often change in the mass or equilibrium calculaiafthen the phase composition have
changed, the new composition must be calculatésljgteasily done when the new sum
must equal one. The summation rule is also impbtianause the subsequent calcula-
tions are based on the mole fractions, these véltya wrong answer if the summation

rule are not applied.

5.1.4 Enthalpy

The connection between energy and work are deschipeenthalpy (H), the definition
of enthalpy are given in (5.6).

H=U+pV (5.6)
Where U is the internal energy, and described bg) (5
AU =Q+W (5.7)

Here Q is heat energy added and W is work donénhersystem. This means that the
enthalpy changes if there is added or removed dreabrk is done on or by the system
along with changes to the pressure or volume.

Enthalpy is a state function, enthalpy differenoely depend on the start and end state
not the route. Because of this enthalpy calculatiare conducted via the departure
functions, which are defined in section 4.3.3.

The enthalpy is also used to express the energyuooed or released in a chemical re-
action. Because enthalpy is a state function, ¢aetron energy can be calculated from
the difference between reactants and products.

There are some elements where there are no entbalpylations, that are elements
where no enthalpy changes are assumed e.g. ind&shlations at constant tempera-
ture.

5.1.5 Freedom analysis

When MESH units are calculated it is important ttiet all the necessary information
are given or defined, this is investigated witlreetlom analysis. To reach a conclusive
result the number of unknowns (NU) must equal tinalmer of equations (NE). A free-
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dom analysis is therefore used to find the numbegaations and unknown, with three
possible outcomes:

1. NE < NU => Infinite solutions
2. NE = NU => One solution
3. NE > NU => No solution

In the first case the system is under definedpbeesthis some of the unknown variables

must be defined, until case two is reached. In ta®se it is necessary to make some of
the known variables unknown. The problem can aésedived by adjusting the number

of equations; this is especially in case three whbe answer of an equation may al-
ready have been defined.

5.2 Flash separation

Flash separation is used to calculate the phas@asition for a multiphase system
where only the overall component composition isviknoBesides the thermodynamic
equations used to calculate the phase behavioimeatomponents, there are two algo-
rithms that are used to calculate the componenilalision in the phases.

The distribution of the components in the differphases is calculated using the Rach-
ford-Rice algorithm for two-phase systems, whileethphase systems are calculated
with the Henley-Rosen algorithm.

5.2.1 Rachford-Rice

The Rachford-Rice algorithm are used to solve tlase flash separations, this is usu-
ally vapour/liquid separation, although it is edyalseful for liquid/liquid separations.
Here the classic vapour/liquid form of the algamttwill be demonstrated, for lig-
uid/liquid calculations the vapour phase is repdialog the additional liquid phase.

In a two-phase system the overall mass balandees ¢y (5.8).
F=V+L (5.8)

Where F is the total flow into the system, V is ttagpour flow and L is the liquid flow
out of the system. For the individual componengsrttass balance is given by (5.9).

Flz =VOy+ LOx (5.9)
The vapour fractiony must be between zero and one and is given by)(5.10
W :% (5.10)
The total size of the two phases is given by (54l (5.12).
V=y[F (5.11)
L=(1-¢)F (5.12)

At equilibrium the relationship between the compueen the two phases are given by
the equilibrium constant K as described in (5.4ntthere have been rearranged into
(5.13).
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yi = K ¥ (5.13)

By inserting (5.11), (5.12) and (5.13) into (5.8daearranging, (5.14) is reached.
d :# 14
A 1+ (K -1) (.14

The Rachford-Rice equation is based on the summatie (5.5). Rachford-Rice com-
bined the summation for the two phases into

Zx—ZyFo (5.15)

By inserting (5.13) and (5.14) into (5.15) the Racti-Rice equation can be reached,
this is (5.16)

5> z2(1-K) _, (5.16)

The Rachford-Rice equation is used to calculgtéis can be done in an iterative proc-
ess e.g. using the Newton-Raphson method.

Rachford-Rice algorithm

The Rachford-Rice algorithm is a two-phase flastoriign where the Rachford-Rice
equation is used to solve the vapour/liquid spiitthe Rachford-Rice algorithm the
composition into the system must be given alondp wdme initial estimates for; land
y. These initial estimates are then update in therdigm in an iterative process, the
algorithm is illustrated in Figure 5-2.
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Input data for the system and guessed values for K

'

> Correct

l
Calculate the composition of the phases
l
Calculate a, b and A, B for PR.

l

Calculate the fugacity coefficients for each phase in PR
|

Calculate new values for K

No convergence

and compare with the old values for convergence.

The solution is printed

Figure5-2: The Rachford-Rice algorithm
The initial estimates of the equilibrium constaahde guessed values updated with the
result of the program when it have been solved.
[B10]

5.2.2 Henley-Rosen

The Henley-Rosen algorithm is similar to the RadtfRice algorithm, with the differ-
ence that Henley-Rosen solves three-phase flasdrategms. In three-phase flash the
overall mass balance is given by (5.17)

F=V+L+L, (5.17)

Because of the additional phase the liquid/liqutit € is introduced alongside the va-
pour fractiony. They are defined by (5.18) and (5.19).
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\Y
=— 5.18
Y= (5.18)
__ L
= 5.19
ATy (5.19)
There is also an additional equilibrium constan2@® and (5.21).
Ki=% (5.20)
X
K2 =X (5.21)
X
The composition of the three phases can be caédulat (5.22), (5.23) and (5.24).
- 4
= 5.22
), )9 522
ki K2 id
Xt = 4 (5.23)

¢ (1—w)+(1—w)(1—5)(§j+wl<ﬁ

X = = 4 (5.24)
a0 15 1) o)

Instead of solving (5.22), (5.23) and (5.24), twiotlee equations can be replaced by
(5.20) and (5.21).

Because there are two unknowrandé& there are two Henley-Rosen equations (5.25)
and (5.26).

T E(Lg)+ (1) (18) s k!
)
> ! i =0 (5.26)
T EL-9)+(1-9)(1-6) ek

The two Henley-Rosen equations must be solved samebusly by an appropriately
method like the Newton-Raphson for two unknowns.

Henley-Rosen algorithm
The Henley-Rosen algorithm are similar to the RachRice algorithm, the only dif-

ference is that initial values must be given fdy, K%, v andé. In the algorithmy andg
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are updated simultaneously as i§ Knd K. Otherwise the algorithm is identical to
Figure 5-2.

[B10]

5.3 Simulation model

In nature water and glycol will mix and create agé water/glycol phase, due to the
polar attraction between the components. This mexts complicated to simulate be-
cause of the polar interaction between water apcogyl The purpose of the simulations
Is to investigate the thermodynamic equations tghid simulate the water/glycol mix-
ture correctly.

In case the thermodynamic equations can not repsthe mixture, the result will be a

two liquid phase solution. Therefore the calculagiare conducted as flash calculations,
using the Rachford-Rice algorithm. The algorithmuiees two phases at all times, or
else it collapses. To insure that two liquid phaaesavailable at all times, the compo-
nents includes decane in addition to water andoyjlydecane creates a stable liquid
phase because of its low tendency to evaporate.

The water/glycol mixture is also simulated in aetphase system using the Henley
Rosen algorithm. The three-phase flash calculattwasonducted to evaluate the com-
ponents tendency to evaporate, and its influencéhertwo-phase calculations. In the
three-phase calculations methane is added to thiersyto create a permanent gas-
phase.

Besides investigating the water/glycol equilibriumtwo- and three-phase systems the
equilibrium is investigated with three different EOThis is PR, PRSV and PR with the
Wong-Sandler mixing rule (PR-WS). This createstal tof six different cases; these are
described in Table 5-1.

Table5-1: Cases
EOS Two-phaseflash Three-phaseflash

PR Case 1 Case 4
PRSV Case 2 Case 5
PR-WS Case 3 Case 6

The investigations in the six cases are condudt¢kheasame operation conditions, and
for the same components, according to the reqpinages.

5.3.1 Input data

The required input data for the system is limitedtie operating conditions for the
separation, composition of the flow into the systamd the thermodynamic data for the
components along with initial estimates for theildgium constants.

Operating conditions
The required operating conditions for the system lamited to the temperature and
pressure:

* Temperature: 25 °C

* Pressure: 0 barg
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Composition

The components used differ between the two- anektphase calculations. The two-
phase system consists of water, glycol and ded@eause of the additional phase in
the three-phase calculations methane is adde@#becthe gas phase.

With the components determined, the next step determine the composition of the
components in the inflow. Because water and glgcelthe main components, these are
determined first and the rest are added to reactabflow of one mole into the system.

In the glycol dehydration plant described in sett®3 the flow of TEG is between
0.017 and 0.042 friLean TEG/kg water in the gas (2 to 5 gal/lb), defeg on the size
and efficiency of the column. In this report a fl@iv0.025 ni lean TEG/kg water will
be used. This value must be converted to a motar before it can be used in the
MATLAB program; the data for the calculations isen in Table 3-1.

3
0.025MTEC ) 1 ,oKITEG. g (kg TEG
kg H,O m TEG kg H O
TEG 18.015 ¢ |H I:OO | TEC
28.059 =" mOTE2G = 3.36510° 1=
9 H,0 150179 mol H,O
mol TEG

The ratio is only valid at 25 °C because this & tdémperature for which the density is
given. The ratio used in the MATLAB program is #.3.

With the water/glycol ratio determined the compositof the flow into the system is
given in Table 5-2.

Table 5-2; Flow into the simulations
Component Two-phaseflash Three-phaseflash

[mal] [mol]
Water 0.10 0.10
TEGlycol 0.34 0.34
M ethane 0.00 0.20
Decane 0.56 0.36

From Table 5-2 it can be seen that the flow ingistem is one mole

Thermodynamic data

There are some problems with the thermodynamic ftatIEG because the critical
point can not be measured [A2]. This means thatethvalues may not be available in all
sources and that they may differ more than ususld®n the sources.

In this report the source of all the thermodynanata have been the thermodynamic
database in HYSYS. HYSYS is a thermodynamic prosessilation program; as such
its database is very extensive and gives the tha@ynaomic data for a wide range of
components. The database is so extensive thabitcaintains data for the more specific
correction parameters likg in PRSV; it also contains values for NRTL calcidas of
the excess Gibbs energy and activity constant. cdmstants in HYSYS do unfortu-
nately not include the binary interaction paramégemhich can have significant influ-
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ence on the final outcome. Because the sourceedh#frmodynamic data is HYSYS the
values used will be given in App. 1.

The thermodynamic data given in the appendix alstude the data and results used in
the NRTL calculations of the excess energy andrigttoefficients. The NRTL calcu-
lations are done with a MATLAB program available thre attached CD in the folder
\MATLAB\ACTIVITY\.

The thermodynamic data does not include the equuifib constant K, these values have
been estimated for case 1 and 4. The estimatesle®re corrected to the final value
calculated in the cases. The initial estimate éonaining cases has been the final values
from case 1 and 4. The values for the phase splasd¢ are treated in the same man-
ner.

Because the equilibrium constants and phase gpétestimated values, the final values
are given in the result section.

5.3.2 The MATLAB program

The program code for case 1 will be described is $ection. The program has been
written using the algorithms from section 5.2 ahd thermodynamic equations in sec-
tion 4. The special code lines that differ betwease 1 and cases 2, 3 and 4 will also be
described. The modifications between case 4 anel $aend 6, equals the differences
between case 1 and the cases 2 and 3. The progdanfar case 1 and 4 is given in
App. 2; all the program codes are available onGbein the folder \MATLAB\.

The settings in the programs have been set in@ugdy that the results given in section
5.4 can be reproduced. This is especially imporiarihese cases where the program
does not reach a satisfying result.

For the description of the program it has beendéigiinto smaller peaces. First the two-
phase PR program itself is explained and then tleiffoations made for PRSV,
Wong-Sandler mixing rule and the three-phase dlyori

Input data

The first part of the program is the global vareblit is actually not necessary to make
these variables global in this case because the IMBTprogram is limited to one
script. The global variable is only necessary wheweral scripts share the same vari-
ables. This is shown in Figure 5-3.

Besides the global variables Figure 5-3 also casttiie input data for one component.
The code for the remaining components are simdathe component code in Figure
5-3, the only different are the component spedsifilties.
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%---- Global Variables ----

global C; %Number of components
C=3;

global R; %The Gas Constant
R=8.314; %[J/(mol*K)]

global pc; %Critical pressure [pa]
global Tc; %Critical temperature [K]
global omega; %Acentric factor

%---- Critical data for components  ----
%Data is from HYSYS critical component data databas e - K-values are
guessed

for c=1 %Water
Tc(c)=647.25; %Critical Temperature [K]
pc(c)=22.12¢€6; %Critical Pressure [Pa]
omega(c)=0.344; %Acentric factor
K(c)=1.439e-2; %Water in water

End

Figure5-3: The MATLAB codefor global variablesand critical data.

The data required to solve the program also caneisthe pressure and temperature for
the separation and the composition of the flow itite system. The code for this is
given in Figure 5-4.

%---- Input data  ----

Tflash=25;
T=Tflash+273.15;
pflash=0.0;
p=(1+pflash)*1e5;

%Temp in [C]
%Temp in [K]
%Pressure in [barg]
%Pressure in [Pa]

%Composition [mol]
z(1)=0.10; %Water
z(2)=0.34; %TEG
2(3)=0.56; %Decane

%Normalizing for z-values

zsum=0;

for c=1:C
zZsum=zsum+z(c);

end

for c=1.C
z(c)=z(c)/zsum;

end

%Start guess for liquid-liquid split
psi=0.913; %Start guess for LL split (L1/(L1+L2))

Figure 5-4: Input data for the MATLAB program.

Because the calculations in the MATLAB program doee on mole fraction basis, the
sum of the flow into the system must equal oneadhbieve this, z-values are normal-
ized. The code in Figure 5-4 also contains anahéstimate for the liquid-liquid split.
This is required before the value can be updateddrRachford-Rice equation.
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Phase split
The first step in the algorithm is to update thagghsplity, this is done with the Rach-
ford-Rice equation using the Newton-Raphson metfibi is shown in Figure 5-5.

%---- Update of psi ----
error=1;
mb=0;
MB=100;
while error > 1le-6
%Sum of f(1) og fdot(1)
f=0;
fdot=0;
for c=1.C
f=f+z(c)*(1-K(c))/(1+psi*(K(c)-1));
fdot=fdot+z(c)*(K(c)-1)2/(psi*(K(c)-1)+1)*
end
psi=psi-f/fdot;

if psi<0 || psi>1
disp( ‘New initial value for psi'
fprintf( '‘psi %.4f\n' ,psi)
return
end
error = abs(f);
mb=mb+1;
if mb>=MB
disp( 'max no. of iterations in loop b’
return
end
end

Figure 5-5: Calculation of the phase split.

There are two stop function built into the phaskt g@lculations. The first function
stops the calculations if the-value comes outside the interval between zerocmad
This function is added to stop the program in azs& result that is not physically pos-
sible.

Because the calculation is done iwlile loop, it will continue until a result is reached.
The second stop function has therefore been imkéntstop the calculation after 100
iterations. Without this second stop function tbeg would continue indefinitely if no
result could be reached.

Phase composition

The phase composition is calculated from the flow ithe system with the new phase
split. Besides the phase split, the phase compasilculations also requires the value
of the equilibrium constant K. The calculations sinewn in Figure 5-6.
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%---- Phase composition ----
for c=1:C
%Composition of water
x(1,c)=z(c)/(1+psi*(K(c)-1));

%Composition of oil
x(2,c)=K(c)*x(1,c);
end

Figure 5-6: Calculation of the phase composition.

When the composition of the phases is known, thadity coefficient of the individual
components in the different phases can be calcllate

Fugacity calculations
The fugacity calculations are conducted with PR, fttst step is to calculate a and b for
the individual components, this is illustrated igu¥e 5-7.

%---- aand b in Peng-Robinson  ----
for c=1:C
kappa=0.37464+1.54226*0mega(c)-0.26992*omega(c)
alfa=(1+kappa*(1-sqrt(T/Tc(c))))"2;
a(c,c)=0.45724*R"2*Tc(c)"2/pc(c)*alfa;
b(c)=0.07780*R*Tc(c)/pc(c);
end
for c=2:C
for n=1:(c-1)
a(c,n)=sqrt(a(c,c)*a(n,n));
a(n,c)=a(c,n);
end

Figure5-7: Calculation of aand b for PR.

Besides calculating the a-values for the pure comapts, it is also necessary to calcu-
late the a-values for the interaction between tiraponents.

The a- and b-values are necessary for the calonlafi g, b, A and B. These calcula-
tions are conducted for each phases as shown umeFig8.

%---- Fugacity coefficients in water ----

%am and bm in water

am=0;

bm=0;

for c=1.C
for n=1:C
am=am+x(1,c)*x(1,n)*a(c,n);
end

bm=bm+x(1,c)*b(c);
end

%A and B for cubic equation
A=am*p/(R*T)"2;
B=bm*p/(R*T);

Figure 5-8: Calculation of a, b, A and B.
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When the A and B values for the phase have beenlattd, they are inserted into the
cubic PR, so this can be solved. This is showngaré 5-9.

%Peng-Robinson cubic EOS
Z1=B;
error=1;
mc=0;
MC=100;
while error > 1e-6
g=Z1"3+(-1+B)*Z1"2+(A-3*B"2-2*B)*Z1+(-A*B+B"2+B
gdot=3*Z1"2+2*(-1+B)*Z1+(A-3*B"2-2*B);
Z1=Z1-g/gdot;
error=abs(g);
mc=mc+1;
if mc>=MC
disp( 'max no. of iterations in loop c'
return
end
end

Figure5-9: Calculation of Z with PR.

Because the calculation in Figure 5-9 is for aidgphase the initial guess for Z is equal
to the B-value, for a gas phase the initial estariat Z is one. Because the cubic EOS
is solved with the Newton-Raphson method, it isdeswhile loop, therefore the code
include a stop function.

The Z-value for the phase is used for the fugamalgulations in Figure 5-10.

%Fugacity coefficients
for c=1:C
xa=0;
for n=1:C
xa=xa+x(1,n)*a(c,n);

end

phi(1,c)=exp(b(c)/bm*(Z1-1)-log(Z1-bm*p/(R*T))-

am/(2*sqrt(2)*bm*R*T)*(2*xa/am-b(c)/bm)*

log((Z1+(1+sqrt(2))*om*p/(R*T))/(Z1+(1-sqrt(2)) *bm*p/(R*T))));
end

Figure5-10: Calculation of the fugacity coefficient.

When the fugacity coefficient of all componentsaalhphases is determined, the equilib-
rium constants for the components can be updated.

Update of the K-values

The loop to update the K-values is the main alporithat runs the program. Besides
the code for the input data, all the remaining walions described in this section is

inside this loop. The K-values are also used terdane if the program has reached a
solution or if the calculations must continue. Toep and the calculation of the new K-

values are described in Figure 5-11.
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%---- Calculations ----
%Loop to update the K values
flag=1,;
ma=0;
MA=100; %Max no. of iterations in loop a
while flag
%---- Update of psi ----
%---- Phase composition ----
%---- aand b in Peng-Robinson  ----
%---- Fugacity coefficients in water ----
%---- Fugacity coefficients in oil ----
%---- Update K and check for convergence ----
flag=0;
for c=1.C

if abs(K(c) - phi(1,c)/phi(2,c)) > K(c)*1e-3+1e-6
flag=1;
K(c)=phi(1,c)/phi(2,c);

else
K(c)=phi(1,c)/phi(2,c);

end

end
ma=ma-+1,;
if ma>=MA
disp( 'max no. of iterations for loop a'
return
end
end

Figure5-11: Program loop and updating of the K-values.

The program is calculated insidevaile loop, like the previouwhile loops it has a stop
function. Unlike the previousrhile loops, that where controlled by the error function
this loop is controlled by the flag function.

The previous loops have used the Newton-Raphsohandb reach zero, this result
was then used to determine the error in the calonlaThe loop for the K-values is
controlled by the flag function that is determin®gdthe difference in the K-values be-
tween the iterations.

Before the new K-values are calculated the flagstamt is set equal to zero. If one or
more of the new K-values differs more than accefrtmu the old K-value the flag con-
stant is set equal to one again, andwhde loops continues the iterations.

When the difference between the old and new K-wafoe all components are within

the accepted limit, the separation has been saweldthe results can be printed. The
print commands are not given here, but the regiMsn include the operation condi-

tions, phase compositions and equilibrium constahite print codes can be viewed
alongside the entire code for case 1 in App. 2.

PRSV modification

When the program is calculated with PRSV, the desdrprogram must be modified
slightly. In the critical data for the componenkte tvalue fork; must be added. The
other difference is the calculation of the a-valtersthe pure components, the new cal-
culations are shown in Figure 5-12.
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%---- aand bin PRSV ----
for c=1.C
Tr=T/Tc(c);
kappa0=0.378893+1.4897153*omega(c)+
0.17131848*omega(c)"2+0. 0196554*omega(c)’\3

kappa=kappaO+kappal(c)*(1+sqrt(Tr))*(0.7-Tr);
alfa=(1+kappa*(1-sqrt(T/Tc(c))))"2;
a(c,c)=0.45724*R"2*Tc(c)"2/pc(c)*alfa;
b(c)=0.07780*R*Tc(c)/pc(c);

end

Figure5-12: Calculation of aand b with PRSV.

In this program the only difference between thedPl@ PRSV calculations is the calcu-
lation of a. If departure calculations were a pHrthe program, these would also be
modified because of the derivative da/dT.

Wong-Sandler modification

The Wong-Sandler mixing rule can be used insteachofder Waals one fluid mixing
rule for different EOS; here it is combined with .PRhe first difference when Wong-
Sandler is introduced is in the calculation of th&raction between the components
this is shown in Figure 5-13.

%---- aand b in Peng-Robinson  ----
for c=1:C
kappa=0.37464+1.54226*0mega(c)-0.26992*omega(c)
alfa=(1+kappa*(1-sqrt(T/Tc(c))))"2;
a(c,c)=0.45724*R"2*Tc(c)"2/pc(c)*alfa;
b(c,c)=0.07780*R*Tc(c)/pc(c);
end
for c=1:C
for n=1:C
cross(c,n)=1/2*(b(c,c)+b(n,n))-sqgrt(a(c,c)* a(n,n))/(R*T);
end
end

Figure5-13: Calculation of a, b and the crossterm for Wong-Sandler.

The new cross term in Wong-Sandler also changesatlcalation of g and b, the new
calculations is conducted via two intermediate gal@ and D. These new calculations
are given in Figure 5-14.

%Q and D in water

Q=0;

Dsum=0;

for c=1:C
for n=1:C
Q=0Q+x(1,c)*x(1,n)*cross(c,n);

end

Dsum=Dsum+x(1,c)*(a(c,c)/(b(c,c)*R*T));
end
D=Dsum+Gex/(Cstar*R*T);
am=Q*D/(1-D)*R*T;
bm=Q/(1-D);

Figure5-14: Calculation of Q, D, a,,, and b, with Wong-Sandler.
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The introduction of the Wong-Sandler mixing rulsakhanges the calculation of the
fugacity coefficient, as shown in Figure 5-15.

%Fugacity coefficients
for c=1:C
fug(4,c)=(a(c,c)/(b(c,c)*R*T))+(log(gammay(c))/C
fusum=0;
for n=1:C
fusum=fusum+x(1,n)*cross(c,n);
end
fug(3,c)=2*fusum,;

fug(1,c)=1/(1-D)*fug(3,c)-Q/(1-D)*2*(1-fug(4,c)
fug(2,c)=R*T*D*fug(1,c)+R*T*bm*fug(4,c);

phi(1,c)=exp(1/bm*fug(1,c)*(Z-1)-log(Z-B)+
am/(2*sqrt(2)*bm*R*T)*(1/am*fug(2,c)-1/bm*f ug(1,c))*
log((Z+(1+sqrt(2))*B)/(Z+(1-sqrt(2))*B)));
end

Figure5-15: Calculation of fugacity coefficient in Wong-Sandler.

The new fugacity coefficient calculation for Wongsfsller depends on four derivatives,
here named fug(1,c) to fug(4,c).

Three-phase modification

The main modification between the two- and threasghprograms is the calculation of
the phase split¢ and&. Because the three-phase program contains anaadiphase,
an additional K-value is required for each compameicritical data.

The three-phase splits are also calculated withNia&ton-Raphson method, this time
the variant for two equations and two unknown. Tdiies two Newton-Raphson equa-
tions that depend on two equations and four deviest compared to one equation and
one derivative for one unknown.

The phase split calculations for the three-phasgram is given in Figure 5-16.
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%---- Calculation of psiand xi ~ ----

error=1;

mb=0;

MB=100;

while error > 1le-6 && mb<MB
%Sum of f(1)

f(1)=0;
for c=1.C
f(1)=f(1)+z(c)*(1-K(1,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K(2,c )+psi*K(1,c));

end
%Sum of f(2)

%sum of fdot(1,1), fdot(1,1)=d(f(1))/d(psi)
fdot(1,1)=0;

for c=1:C

fdot(1,1)=fdot(1,1)-z(c)*(1-K(1,c))*
(-xi-(1-xi)*K(1,c)/K(2,c)+K(1,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K(2,c
psi*K(1,c))"2;

end

%sum of fdot(1,2), fdot(1,2)=d(f(1))/d(xi)

%sum of fdot(2,1), fdot(2,1)=d(f(2))/d(psi)

%sum of fdot(2,2), fdot(2,2)=d(f(2))/d(xi)

%Newton Raphson equation for two equations and two unknown
psi=psi-(f(1)*fdot(2,2)-f(2)*fdot(1,2))/

(fdot(1,1)*fdot(2,2)-fdot(1,2)*fdot(2,1));
xi=xi-(fdot(1,1)*f(2)-fdot(2,1)*f(1))/

(fdot(1,1)*fdot(2,2)-fdot(1,2)*fdot(2,1));

if psi<0 || psi>1 || xi<0 || xi>1
disp( ‘new initial values for xi or psi'
fprintf( ‘Vapor-Liquid split (psi) %.4f\n’'
fprintf( 'Oil-Water split  (xi) %.4f\n’
return
end
error=abs(f(1))+abs(f(2));
mb=mb+1;
if mb>=MB
disp( 'max no. iterations for loop b'
%return
end
end

Figure5-16: Calculation of the phase split for three-phases.

Besides the changed phase split calculations inthireee-phase algorithm, the phase
composition and K-value calculations have been gbédn
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5.4 Simulation results

The result of the six cases is given in the follagvsections. The result contains the
phase composition, both as molar percent and nflolay along with the total size of
the phases. The results do also contain the equiiibconstants and phase splits.

The results are commented and compared to thegqueeases.

54.1 Case 1

In case 1 PR is used together with the Rachfor@Rigorithm, the system consists of
three components, water, TEG and decane. The sesfulbise 1 are given in Table 5-3.

Table 5-3: Phase composition in case 1

Water phase Oil phase K

[mol %] [mol] [mol %] [mol]
Water 100.00 0.087 1.44 0.013 1.44710
Glycol 0.00 0.000 37.23 0.340 4.99%0

Decane 0.00 0.000 61.33 0.560 1.28%10
Total 100.00 0.087 100.00 0.913 -

» Liquid/liquid split (y): 0.913

As it can bee seen in Table 5-3, PR is unablenulsite the water/glycol mixture. The
water-phase only consists of water. From the Kaslit can be seen that glycol are
even more unwilling to mix with the water than deea

The 1.44 % of water in the oil phase is approxiiyatee same amount of water as in an
oil-phase consisting solely of decane. This indisahat the glycol has no influence
whatsoever in this case.

542 Case 2

In case 2 PRSV is used together with the Rachfacd-RIgorithm, the system consists
of three components, water, TEG and decane. Thitsesf case 2 are given in Table
5-4.

Table 5-4: Phase composition in case 2

Water phase Oil phase K

[mol %] [mol] [mol %] [mol]
Water 100.00 0.083 1.90 0.017 1.89710
Glycol 0.00 0.000 37.06 0.340 9.40%0

Decane 0.00 0.000 61.04 0.560 4.97%0
Total 100.00 0.083 100.00 0.917 -

. Liquid/liquid split (y): 0.917

As it can bee seen in Table 5-4, the results ie @as almost identical to case 1, indi-
cating that PRSV is as insufficient as PR to sineulhe water/glycol mixture.

There are small differences between case 1 andege @are a littler more water in the
oil-phase and the K-values for glycol and decaresamnaller than in case 1. These dif-
ferences are however unable to change the ovelltr that PRSV also yields an un-
satisfactory result.
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543 Case 3

In case 3 PR-WS is used together with the RacHRicd-algorithm, the system consists
of three components, water, TEG and decane.

The idea with using the Wong-Sandler mixing rulessi@ reach a more accurate result
for the water/glycol mixture. Unfortunately thisogram was unable to reach a result,
therefore this case have been subdivided into 6asds used to investigate the problem
with this code.

Case 3a

This case is the origin case, all future subcasesdse 3 are modifications based on
this case. The first time this case was calcultitedralue fory was outside the bounda-
ries from zero to one after the first iteration.eTéecond parameter that seamed out of
bound was the equilibrium constant K, here the eslwvas close to 1, compared to the
previous cases. Theand K values as a function of iteration are givemable 5-5.

Table 5-5: y and K-valuesin Case 3a
Iteration ) K(Water) K(Glycol) K(Decane)
Start 0.917 1.89-1¢ 9.40-16*° 4.97.16°
1 0917 21810 7.76:1¢ 1.07-10
2 -0.655 - - -

From Table 5-5 it can be seen that the K-valuesigbs drastically, especially for gly-
col and decane. The theory behind the Rachford-Rigerithm dictates that the K-
value for some components must be higher thanwhigg others must be lower than
one. The size of the K-value compared to one indgavhich phase the components
primarily will be in. After the first iteration athe K-values have changed their K-value
compared to one, indicating that the phases chdngmse 1 and 2 water was the first
phase, here it seems the algorithm tries to matke isecond phase.

Case3b

The problem in case 3a is the calculation of theaKies, these influences the calcula-
tion of y, making the program collapse. Becauyseés calculated before the K-values,

the initial estimate of the K-values influences finst iteration of the program. Case 3b

Is used to evaluate if the problem with the aldwntarises because the initial estimated
of the K-values are to fare from the final estinsat€he results from case 3b are given
in Table 5-6.

Table 5-6: y and K-valuesin Case 3b
Iteration ] K(Water) K(Glycal) K(Decane)
Start 0.500 1.89-10 9.40-16  4.97-16
1 0917 2.181 7.90-1G¢ 1.08-10¢
2 -0.655 - - -

The results of case 3b are almost identical tadkalts of case 3a, even though the ini-
tial estimate of the K-value for glycol and decdmaee been made significantly smaller,
the result after one iteration is almost identid#lis indicates that the problem is not the
initial estimates of the K-value.
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Case 3c

As indicated in the results from case 3a and katgerithm tries to change the phases.
Too investigate if this is the case, the initiatiraates for the K-values have been
changed compared to 1, this is illustrated in T&blke

Table5-7: y and K-valuesin Case 3c

Iteration ] K(Water) K(Glycol) K(Decane)
Start 0.083 1.89-16 9.40-1C¢ 4.97-10
1 0.099 454.1b 8.07.16  7.24-18

2 3036900.449 - - -

In case 3c, the result is similar to case 3a andrbely that the components try to ex-
change phase. Like in case 3a the values of K besa@ry close to 1, which indicates
that there are no distinct phase separation. Becaluthe very equal K-values the
value rises towards infinite.

Case 3d

The problem might originate in the introductiontioé excess Gibbs energy and activity
coefficient in the Wong-Sandler equations. Thisambined with the properties of gly-

col, which might create problems in the simulatido.investigate if the problem is one

of these factors, the system has in case 3d bewilifsed to water and decane. The ex-
cess Gibbs energy is set to 0 and the activityfiooerit of the components are 1. The
flow into the system is equal amounts of water dadane. This gives a simple simula-
tion the results are given in Table 5-8.

Table 5-8; y and K-valuesin Case 3d
Iteration v K(Water) K(Decane)
Start 0.500 1.89-1C 4.97-16
1 0.509 2.37.10 1.53.10
2 0.224 6.18-1b 3.28:16

3 1.089 - -

In this case the program collapsed in the thirchtten, the size of the K-values com-
pared to one changes in the iterations. This inelicthat the Wong-Sandler equations
try to create one liquid phase, thus working agaims two-phase algorithm.

Case 3e

The problems in case 3a to 3d spark the questi@remie problem arises in the calcu-
lations, therefore the different calculations apenpared between PR (case 1) and the
PR-WS calculations in case 3a. Both programs areone iteration and the following
values are compared;,a,, ande for both phases and the overall K-values. Thelresu
from case 3e is given in Table 5-9.
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Table5-9: EOSdatain Case 3e

PR PR-WS
am 14.717  14.609

< b, 2.40-10 2.36-1¢
% Water 2.69-186 4.29-16
& ¢ Glycol 2.24.18 1.99-16°
Decane 2.72-1%°® 1.14.16

am 0.987 0.982

N b, 1.89-1¢ 1.89-1CF
% Water 1.87-10 9.35.16
& ¢ Glycol 45016 15716
Decane 2.13-1¢ 1.23-10

Water 1.44-16 2.18-16

K Glycol 4.99-1& 7.90-1C°

Decane 1.28-16' 1.08-1¢

When the parameters from case 3a are comparedgaolda is clear that the problem is
in the fugacity calculations. In PR there is a cedible difference in value of the fuga-
city coefficient between the two phases, in PR-W#8védver the value for the two
phases is almost identical. The identical fugacagfficients may indicate that the dif-
ference between the two phases is minimal, andotbgram is trying to create one
phase.

Case 3f

In the previous subcases there have been indicatiat the PR-WS equations is trying
to create only one liquid phase, thereby clashiith the purpose of the Rachford-Rice
algorithm. Therefore the next logical step is td atethane, thus creating a distinct va-
pour phase; this will allow a single liquid phasébe created. To minimize the possibil-
ity of errors the excess energy is zero and theigctoefficient is one for all compo-
nents. The components are added in equal amoumesteBults from case are given in
Table 5-10.

Table 5-10: y and K-valuesin Case 3f

Iteration ) K(Water) K(Decange) K(Methane)
Start 0.660 1.89-10 4.97-16 1.90-16
1 0.678 5.07-f0 1.18-16 2.85-10

2 2845130.341 - - -

With methane added to the system the Rachford-&gmithm is allowed to create one
single liquid phase. Unfortunately this does ngbgem, instead all K-values are dis-
tinctly larger than one, this collapses thecalculations, making the value gfgo to-
wards infinite. That all the values of K are largean one indicates that the equations
still tries to create one single phase, which noeludes methane.

Case 3 conclusion

The problem with the PR-WS seems to be in the fiigaalculations. There is not a
clear difference in the fugacity between the twag#s. In case 3f, where methane is
added to the system there are a little differemcthe K-values, but this difference is
insignificant compared to the fact that all K- v@duare higher than 1. This means that
all three components move towards the same phase.
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In [Al], [A3], [A4] and [B8] the Wong-Sandler equans are only used for dew- and

bubble-point pressure calculations. Common fordbgcribed experiments are that they
use the Wong-Sandler equation to calculate phasedawies, and not the separation in
the two-phase region.

The problem is either in the Wong-Sandler equationgn the combination of these
equations with the Rachford-Rice algorithm.

544 Case 4

In case 4 PR is used together with the Henley-Radgorithm for a four component
system consisting of water, TEG, methane and deddreeresults of case 4 are given in
Table 5-11.

Table 5-11: Phase composition in case 4

Gas phase Oil phase Water phase K1 K2
[mol %] [mol] [mol %] [mol] [mol %] [mol]

Water 2.71 0.005 1.40 0.010 100.00 0.085 1.93-10.71-10
Glycol 0.00 0.000 47.61 0.340 0.00 0.000 4.78.1@.17-16*
Methane 97.18 0.196 0.60 0.004 0.00 0.000 1.63-10.03-16
Decane 0.11 0.000 50.38 0.360 0.00 0.000 2.72.-20817-16°
Total 100.00 0.201 100.00 0.714 100.00 0.085 - -
» Gasl/liquid split §): 0.201
» Liquid/liquid split €): 0.894

The result of the three-phase separation usingsRRry similar to the result in the two-
phase separation; there are some small differahee$o the additional phase. The addi-
tional phase influences the K2 value a little coredato the K value in case 1. The
value for decane and glycol a slightly smallerjgating that the gas phase have a small
influence on the oil/water equilibrium.

The overall result is however still that PR is iffisiently accurate to simulate the wa-
ter/glycol mixture, and the influence of the gasgdis minimal in this problem.

5.4.5 Case 5

In case 5 PRSV is used together with the HenleyeRadgorithm for a four component
system consisting of water, TEG, methane and dedaresresults of the simulation in
case 5 are given in Table 5-12.

Table 5-12: Phase composition in case 5

Gas phase Oil phase Water phase K1 K2
[mol %] [mol] [mol %] [mol] [mol %] [moal]

Water 2.58 0.005 1.92 0.014 100.00 0.081 1.34-10.58-10°
Glycol 0.00 0.000 47.41 0.340 0.00 0.000 1.9%.1a.65-16'
Methane 97.36 0.197 0.48 0.003 0.00 0.000 2.64-10.24-16
Decane 0.06 0.000 50.18 0.360 0.00 0.000 1.79-B0875-1&’
Total 100.00 0.202 100.00 0.717 100.00 0.081 3 -
* Gasl/liquid split §): 0.202
 Liquid/liquid split €): 0.899
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The relationship between case 4 and 5 are sinul#nat between case 1 and 2. In this
case it is again demonstrated that PRSV offerslamptovements over PR but is un-
able to simulate the glycol/water mixture.

5.4.6 Case 6

In case 6 PR is used together with the Wong-Samaditeng rule and the Henley-Rosen
algorithm for a four component system consistingvafer, TEG, methane and decane.

Like in two-phase Wong-Sandler calculations in c8sdhe three-phase calculation
gives no result, because the algorithm collapsbs fhappens after the first iteration,
the K-values after the first iteration is givenTiable 5-13.

Table 5-13: Equilibrium constantsin case 6
K1 K2
Water 1.87-10 4.22-10
Glycol  2.03-1¢° 2.02-16
Methane 6.63-16 3.50-18
Decane  7.75-70 9.60-16

Like in case 3f, where methane was added to thepfaase calculations, all the K-
values becomes significantly higher than one, mthg that all components tries to
create one single phase.

5.5 Part discussion/conclusion

Six different cases to investigate the water/glymixture were created in MATLAB.
Unfortunately none of these cases were able tolatenthe water/glycol mixture satis-
factorily. They did however all illustrate sometbg problems associated with simula-
tion of the water/glycol mixture.

In the cases with PR and PRSV, glycol was even raowlling than decane to mix
with water. This demonstrates that water and glyooh a very non-ideal liquid mix-
ture. Therefore some means of describing the e>aremg)y of the water/glycol mixture
must be incorporated in the thermodynamic calouteti In this report the Wong-
Sandler mixing rule was introduced, unfortunateithaut any result.

The problem with the PR-WS could be the use in taport, that there are some un-
known difficulties when PR-SW is combined with theparation algorithms. The prob-
lem could also be in the PR-SW equations themselves
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6 Final aim

An alternative to simulating the water/glycol misguwith MATLAB is to use a com-
mercial thermodynamic process simulation programthese programs the non-ideal
liquid behaviour has already been incorporatedhéndalculations. The simulations with
process simulation programs do not have to bedunib the water/glycol mixture, but
can include the entire dehydration process. Thssraaulted in the following final aim
for the report:

How is glycol dehydration plant ssmulated with com-
mercial thermodynamic process simulation programs?

To clarify the tasks associated with the final &subquestions have been asked:

* What are the advantages of using a commercial thdynmamic process simula-
tion program?

« What thermodynamic equations are used in procesdation programs?

* What problems must be taken into consideration wtreating a simulation
model in a process simulation program?

* What are the problems with simulation of a dehydraplant in process simula-
tion programs?

« What is the effect of using different thermodynarpackages for the simula-
tion?

There are numerous aspects in process simulatidhid report the focus is the thermo-
dynamic calculations. Because of this focus sonpecis usually incorporated in the
design and simulation of a dehydration unit iscmisidered in this report, it is:

* Unit efficiency.
* Energy consumption.

¢ Pressure loss in the units.

As a result of these assumptions the values ottpasameters will be the default val-
ues in the simulation program. The exception isswvhere specific values are required,
e.g. pressure loss in heat exchangers, in theges tas efficiency will be one and loss
will be zero.

Because the energy consumption is not treatedersithulation, there will be no inte-
gration of heat exchangers. The streams are juded®r heated to the required tem-
perature.

Aalborg university Esbjerg 63



Gas dehydration

7 Process simulation

When a process plant is simulated with process laiion programs there are several
things that must be taken into account. This inetuthe settings for the simulation pro-
gram, design and settings for the process planenAthe simulation is being created
additional problems might arise, because variabteds to be defined or values esti-
mated before the simulation can be calculated.

7.1 Process simulation programs

The purpose of section 5 was to simulate a flaglars¢ion with MATLAB. A flash
separation is a relatively simple unit, which nélveless required some hundred code
lines. When entire process plants are to be siedahis would require programs for
each unit in the plant, programs that often wowddniore complicated than for a flash
separation. Programming entire process plants inTM¥B would therefore be very
impracticable.

Fortunately there are several thermodynamic prosesslation programs available.
They offer the user a wide range of opportunity mwhelecting:

e Chemical components.

* Process units.

* Thermodynamic packages.
* Measuring units.

The programs contain thermodynamic data for nunsechemical components. Besides
the chemical components in the program it is alsssible to create user defined com-
ponents. This can be e.g. be used for an oil-pbassisting of an unknown mixture of
heavy hydrocarbons.

The process units can be connected in various wihys, creating almost any process
plant. The settings for the process units can éunttore be adjusted in several ways
(depending on the unit), thereby increasing thei@ay of the simulation.

The programs also offer several thermodynamic pgekdor the calculations. A pack-
age contains all the thermodynamic equations reduio calculate the system. The
packages available are the commonly used EOS Rkarfel SRK, but also more seldom
or special packages depending on the program. jéaad packages may be modifica-
tions of the traditional EOS, or they are specialtgated for a specific process, like
glycol dehydration.

The input data and results can be given in seveealsuring unit sets, depending on the
users’ choice. The individual measuring unit sets further more be customized by the
user, e.g. using Sl units but with the temperaitu@ntigrade and the pressure in bar.

The available options may differ between the ddferprocess simulation programs.
There may also be differences in the thermodynaliculations in different programs,
depending on the composition of the packages.
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7.1.1 HYSYS

Which process simulation program that is used,ftsnospecified beforehand, in this
report the process simulation program used wilHY&SYS. HYSYS has already been
used as the source of the thermodynamic data nséd MATLAB program.

The version of HYSYS used for the process simutetim this report is Aspen HYSYS
2006.5. The thermodynamic packages available in Y $hclude a Glycol package
specially designed for TEG dehydration. BesidesGhgol package, PR is the recom-
mended EOS simulation of TEG dehydration [O1].

The PR equations have already been described florseL3, although there are some
differences between which equations that are gwesection 4.3 and the HYSYS docu-
mentation [O1].

The Glycol package is based on the Twu-Sim-Tas&@®. This EOS is designed with
a mixing rule which incorporates the Helmholtz esscenergy to describe the non-ideal
behaviour of the water/glycol mixture. The glycalckage gives an improved accuracy
in the simulation of glycol than PR, especiallythie vapour-phase [A5].

The glycol package is applicable for the tempeestupressures and gas compositions
normally encountered in a glycol plant. This applier contactor for temperatures from
15 to 50 °C and pressures between 10 and 100Ilbalse regenerator it is temperatures
between 202 and 206 °C, for a pressure of 1.2 Wdithin these limits the glycol pack-
ages can accurately predict: [O2]

» Activity coefficients of the TEG/water solution \wih an average absolute de-
viation of 2%.

« Dew-point temperatures within an average errorlof@.
* Water content of gas within an average absolutéaten of 1 %.

The glycol package and PR will be used as the BEOBa HYSYS simulation of the
glycol plant.

7.2 Simulation model

The elements and design guidelines for a glycaltglave already been given in section
3.3. In this section the final design of the glyptdnt will be given along with the de-
sign specifications for the plant.

7.2.1 Dehydration simulation

When the process plant on an offshore platformnmilated the dehydration unit is of-
ten a problem. The dehydration plant solves a smpbblem, removing the water, but
it can be difficult to simulate. There is an altgime to simulating an entire dehydration
plant, namely to insert a component splitter.

A component splitter is a non-thermodynamic separathere the composition of the
output streams is determined by the programmemnrBehe component splitter can be
used with some accuracy input data for the unittrbesknown. If data for an actual
unit is not available the input data must be cal@d by a simulation. With input data
from a dehydration unit, the effect of the compdrsplitter is equal to simulating the
entire dehydration plant.
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Using a component splitter instead of a dehydratiioih is much faster. There may be a
small error if the input data in the componenttsglicomes from calculations with a
different gas composition.

The simulation of the dehydration plant is ofteigleeted when the process plant on an
offshore platform is simulated. It is also possituecreate new dehydration plants from
empirical data from already existing plant, withaitulations. But simulations are
necessary when dehydration plants are optimizetheoactual split needs to be calcu-
lated for a component splitter.

7.2.2 Dehydration plant specifications

The specifications consist of the composition, flaamperature and pressure for the
wet gas, and the required purity of the lean glyEatally the operation conditions for
the contactor are given.

Gas
¢ Flow: 250 MMscfd (6.698- faNm®/d)
* Temperature: 37.9 °C
e Pressure: 70 bara
* Molar composition:
Methane: 0.88322
Ethane: 0.06755
Propane: 0.01995
i-Butane: 0.00688
n-Butane: 0.00769
i-Pentane: 0.00388
n-Pentane: 0.00183
n-Hexane: 0.00177
n-Heptane: 0.00132
n-Octane: 0.00050
n-Nonane: 0.00012
n-Decane: 0.00005
Water: 0.00121
Nitrogen: 0.00237
Carbon dioxide 0.00166
Hydrogen sulphide 0.00000
Glycol
* Type: TEG
* Lean TEG purity: > 99.5 wt%
* Lean TEG temperature: 80°C
* Lean TEG pressure: 1.2 bara
Contactor
e Pressure: 70 bara
* (Gas temperature : 25 °C
e Glycol Temperature: 30 °C
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The lean TEG purity must be equal to or higher ®@ub wt%, to insure this demand is
met at all times the value used in the dehydragpiant will be 99.6 wt%. The specifica-
tions for the dehydration plant will be incorpoia the final plant design.

7.2.3 Dehydration plant design

The design of the dehydration plant has its origithe processes described in section
3.3, and the requirements for the plant given ctige 7.2.2. A description of the dehy-
dration plant will be given in this here along wi#tbme plant specifications.

The gas inlet temperature differs from the tempeeain the contactor. The gas is there-
fore cooled and the liquids removed in the inleubber. The TEG temperature and
pressure differs from the contactor specificatimst the pressure is raised by a pump
and then the temperature is reduced.

The contactor is a column with five trays. The TEd@t and gas outlet is in the top of
the column, the TEG outlet and gas inlet is inltbeom of the column. The TEG flow
is dependent on the water contents in the wetwgéis a flow of 0.025 m TEG/kg Wa-
ter.

After the contactor the pressure of the now richGTiB reduced, by a valve. The tem-

perature is increased before the rich TEG is flddberemove hydrocarbons dissolved

in the TEG in the contactor. The temperature iseased once more before the regen-
erator.

The regenerator is a column with five trays plu®adenser and a boiler. The rich TEG
enters the regenerator on the middle tray. BecaudeG purity of 99.6 wt% is required

stripping gas is added to the boiler of the colufine stripping gas is pure nitrogen
with a flow of 28.3 Nmi gas/ni rich TEG. The temperatures given for the boiled an
condenser are 204.4 °C (400 °F) and 98.9 °C (2)0e¥pectably.

After the regenerator the once again lean TEG adecbto 80 °C to save the pump. At
this point there will also be some kind of TEG makesystem to replace the TEG lost
to the gas phases in the dehydration plant. Finb#ylean TEG is recycled to the start
point.

The described dehydration plant is illustrated vejplerating conditions in Figure 7-1.
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Figure 7-1: TEG dehydration plant.

The operating conditions given in Figure 7-1 are dtlet conditions for the process
units.

7.2.4 Creating the simulation model

When the design criteria for the simulation modelse been determined, there are still
some criteria that have to be determined duringtbation of the model. An example is
the flow of TEG and stripping gas that depends tmn ftow of other streams in the

model.

The HYSYS simulation being created here uses tymogthermodynamic package, and
the EuroSI unit set.

Dehydration

The first step in the simulation is to create tlas gtreams into the contactor column.
The gas is cooled and flashed to remove the coedet@mponents. The water content
in the flashed gas is used to calculate the TE®.flo this case the water flow is 107.7
kg/h, thus making the TEG flow 2.69%.

Now the size of the TEG flow is known, the TEG gree and temperature must be
adjusted to required criteria for the contactor.@Wlthe gas and TEG outlet streams are
added to the contactor column it can now be caledla

Regeneration
The next step is to reduce the TEG pressure, arddae the temperature before it is
flashed to remove dissolved water and hydrocareleased at this new temperature
and pressure. After the separator the temperauneieased before the TEG enters the
regenerator.
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The flow of stripping gas into the regenerator épehdent on the glycol flow. In this
case the flow is calculated to 80 Rm This flow goes into the reboiler, even though
HYSYS illustrates the stream on the side of thenegator column.

In the regenerator there are two degrees of freeadrch signify that two variables
must be defined. This is perfect since two desigterta are given namely the con-
denser and reboiler temperature. When these eritgg entered into HYSYS the col-
umn control screen is shown in Figure 7-2.

' Column: Regenerator / COL2 Fluid Pkg: Basis-1 / Glycol Package

Design Optional Checks il Temperaure /5. Tray Poskion from Top
) Input Summary Yiew Initial E stimates... g
Connections 1200
. + Temp
Monitor |ber Step E quilibriuim Heat / Spec | o i ]
Specs 443 0.0000 0000000 1353633 —  © Pess e
449 10,0000 0000007 1353616 |— | " Flows 1200
Specs Summary 480 | 0,0000 0,000071 1.353624 100
) 451 | 0.0000 0000011 1,353627 oo
Subcoaling 452 | 0,0000 0,000008 1.353624 | | i 1 2 3 & s =&
MHotes
S pecifications
Specified Value Current W alue wit. Emar Active | Estimate] Cumrent
Temperature - 2 3889 | 851 00276 W v =
Termperature 2044 C 192 00245 | v v =
Wigw... | Add Spec... | Group &ctive | Update Inactive | Degrees of Freedom i
I Designl Parameters J Side Ops JHating J i arksheet J Performance J Flazheet J Reactions J Donamics J
Delete | Calumn Ernvironment. . | Run | Reset | _ W Update Outlets [~ lgnored

Figure 7-2: Regenerator control screen in HYSYS.

As shown in Figure 7-2 the HYSYS calculation of t@umn is unable to converge
with only the condenser and reboiler temperatuvergi The design parameters can be
supplemented by estimated start values that hedplt@ the calculations.

Alternatively other values may be defined that déss the distillation better than the
temperatures. These new designed values could rbe sb the estimates previously
used only to guide the calculation.

Column control conditions

Obvious estimates are values that already are krmwean be easily estimated. The
first estimate is the lean TEG purity, the TEG mfxastion in the liquid phase in the
reboiler is set to 0.996.

A second estimate is the total vapour flow from toe@denser. This estimate is calcu-
lated as the total flow of stripping gas into tlegenerator plus the flow of water in the
TEG. The total vapour estimate is calculated assrflaw/, giving an estimated flow of
217 kg/h.

A third estimate is given by the reflux ratio frahe condenser. This value is not esti-
mated but calculated by HYSYS. The third estimatadtually redundant in most cases
because the first two estimates are sufficientescdbe the column. But in some rare
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cases when the column is reset, it will not congeagain. To avoid these situations this
third initial estimate are added to the column.sT@ives the column control screen in
Figure 7-3.

! Column: Regenerator / COL? Fluid Pkg: Basis-1 / Glycol Package

Design Optional Checks Profile R TR T
] i “Wiew Iritial E stimates. . L
Connections 2000
: R (+ Temp 1800
Manitor ter Step E quilibiriurn Heat / Spec |« ~ P 1620
S 3 00001 ! 20,300382 0260658 et L
41,0000 33180223 0964837 |— | " Flows S
Specs Summary 5 00046 | 9BE2,233936 1.159291 | 05
e E 10000 0392654 0407375 i
HESOOING 7| 10000 | 1,286205 | 0020444 | = a z 3 5 &
Maotes
Specifications
Specified Value | CurrentValue ‘Wit Emror | Active | Estimate Current
Temperature - 2 9289C | 92.9 | N N
Temperature 2044C | 204 | oo W ¥ v
Reflux Ratio 2 500e-002 | 2 Bhe-002 | noisz | [ '
" apoLir Flow 217 0 kgéh | 217 oootl v I
Comp Fraction I 0.9960 0936 | 0azs0 | [ I r
=T | Add Spec... | Graup Active | Update Inactive | Degrees of Freedom 0
B Designl Parameters J Side Ops JHating J wiork sheet J Performance J Flowzheet J Feactions JD_l,lnamics J
Delete | Coluran Envitanmert... I Run | Beset J D - Updaie Outlets T lgnored

Figure 7-3: Regenerator control screen in HYSYS.

With these estimates the column now converges.

TEG makeup

The TEG from the regenerator is cooled and recyoberk to the TEG inlet stream. To
do this a logical recycle operator must be insebtetiveen the two streams. There is a
problem with the recycling of the TEG,; this is tisatall amounts of TEG are lost from
the system in the gas flow from the contactor, sEpaand regenerator. The lost TEG
must be replaced, or less TEG than required isctedy

To makeup the lost TEG the gas stream from theactor, separator and regenerator is
entered into a component splitter. In the composeltter the TEG is separated from

the gas, creating a stream of pure TEG that isteared back to the TEG stream. A

mixer is required to mix the recovered TEG with TH&G from the regenerator.

Thefinal HY SY S model
The final HYSYS model of the dehydration plantlisstrated in Figure 7-4

eeeeee

Figure 7-4: The HY SY S model of the dehydration.
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The size of Figure 7-4 makes it a little diffictidt see all the details, therefore a larger
version of Figure 7-4 can be seen in App. 3.

The HYSYS model has been used in two cases, witareint thermodynamic pack-
ages, thereby investigating the influence the tloelynamics.

7.3 Simulation results

The HYSYS simulation model developed in section fae been used for two cases.
The two cases differ in the thermodynamic packaggduin case 11 it is Glycol and
case 12 uses PR.

The results given in the report are limited to tbsults of interest for the cases. All the
results for the cases are given as pdf-files orCtiben the folder \HYSYS\.

7.3.1 Case 11

The efficiency of the dehydration simulation usthg glycol thermodynamic package
is evaluated by the water content in the dry das,water mass balance in the simula-
tion model and the TEG regeneration.

Dry gaswater content

The efficiency of the dehydration can be measurethe water contents in the dry gas.
This is usually evaluated by the dry gas dew-pdiigure 3-2 gives the water dew-point
temperature as function of the lean TEG purity emtactor temperature. For 99.6 wt%
lean TEG and a contactor temperature of 30 °Cexpected water dew-point tempera-
ture is -30 °C.

In HYSYS it is however problematic to use this walo evaluate the efficiency of the
dehydration. The dew-point curve for the dry gaseésn 5) in case 11 is given in
Figure 7-5.

110

100 A
920

80 1

70

60 1

50

Pressure [bar]

40 1
30

}
q el

-50 -40 -30 -20 -10 0 10 20 30 40

Temperature [C]
Figure 7-5: Dew-point curvefor stream 5.

The problem with the dew-point curve in Figure ¥%5hat it is the hydrocarbon dew-
point curve. With the given gas composition therbgdrbon dew-point is considerably
higher than the water dew-point. Unfortunately omhe dew-point curve is available in
HYSYS, the total gas dew-point.
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The problem can not be resolved by removing all mpoments except water and meth-
ane from the gas stream. In this case the dew-moirve stops at the critical point;
45.99 bars and -82.59 °C.

Instead the water content in the gas before aed @fé contactor is given in Table 7-1.

Table 7-1: Water content in the gas before and after the contactor.
Molefraction Massfraction Moleflow Massflow

[mole%] [Wt%] [kmoleh]  [kg/h]
Stream 3 0.0481 0.0460 59782  107.6975
Stream 5 0.0010 0.0009 0.1199 2.1604
Difference - - 58583  105.5371

From the data in Table 7-1 it can be concludedttimtontactor removes 98% of all the
water from the wet gas.

Water flow
When evaluating a dehydration process it is impdrta investigate the water flow in
the simulation. The water mass balance is thergfimen in Table 7-2.

Table 7-2: Water mass balancein case 11

Stream Flow Total
1 2[7klg/£:]4161 —
- )
= 16 11.1966 282.6427
4 163.7485
- 5 2.1604
8 10 0.0874 282.6427

13 11.2308
14 105.4156

The two main exit points for the water is in thquid flow from the inlet scrubber
(58%) and the vapour flow from the regenerator (B7¥%he most cost efficient dehy-
dration method is the inlet scrubber; this decredlse required water removal capacity
for the dehydration plant. With the actual watemflin the inlet scrubber, it would per-
haps be more appropriate to call it a separatoe. niain idea with the inlet scrubber is
to remove liquid droplets from the gas.

Another interesting point is the water flow in thEG stream into the system (16) and
out of the regenerator (13). There is a small ciffiee in flow; this indicates that HY-
SYS accepts small differences between recycledrsse

Glycol purity

The last parameter to be investigated is the efiicy of the regenerator. The dehydra-
tion unit is design with a lean TEG purity of 9%&%6. The lean TEG purity in stream
13 is 99.62 wt%, after the makeup TEG is addegthigy becomes 99.63 wt%.

The result of the TEG regeneration is as expected.

Glycol loss

The total loss of TEG in the dehydration plant dgjuhe size of the makeup TEG
stream. In case 11 the TEG loss is 0.5422 kg/h,peoed to the total TEG flow of
3033.1 kg/h, giving a TEG loss of 0.018%.

72 Aalborg University Esbjerg



Dan Laudal Christensen 7.Process simulation K10

7.3.2 Case 12

The parameters evaluated in case 12 are simithose evaluated in case 11.
Dry gaswater content
As explained in case 11, it is not possible totgetwater dew-point curve in HYSYS.

HYSYS does however have a special hydrate formatioperature curve feature in the
PR thermodynamic package. The hydrate formatiompésature is given in Figure 7-6.
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Figure 7-6: Hydrate formation temperature.

Although the hydrate formation temperature is afuls® avoid hydrate formation in
process equipment and pipelines, it can not be tsedaluate the water contents in the
gas. This will therefore like in case 11 be evaddby comparing the water content in
the gas streams before and after the contactovatles are given in Table 7-3.

Table 7-3: Water content in the gas before and after the contactor.
Molefraction Massfraction Moleflow Massflow

[mole%] [Wt%] [kmoleh]  [kg/h]
Stream 3 0.0600 0.0574 74610  137.0357
Stream 5 0.0013 0.0012 0.1585 2.8553
Difference - - 73025  134.1804

The water flows in Table 7-3 gives a water remawdhe contactor of 98%.

Water flow
The mass balance for water in case 12 is giverabiel7-4.

Table 7-4: Water mass balancein case 12.

Stream Flow Total
1 2[7klg/ﬂﬁl —
- )
= 16 10.2956 281.7417
4 137.0357
- 5 2.8553
8 10 0.2188 281.7417

13 10.2873
14 131.3446
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The two main exit points for the water are stik tinlet scrubber with 49% and the re-
generator with 47%.

Glycol purity

The last parameter to be investigated is the eficy of the regenerator. The dehydra-
tion unit is design with a lean TEG purity of 9%&%6. The lean TEG purity in stream
13 is 99.63 wt%, after the makeup TEG is addegthiy is still 99.63 wt%.

Glycol loss
The total TEG loss in case 12 is 0.6640 kg/h; aitiotal TEG flow of 3033.1 kg/h this
gives a TEG loss of 0.022%

7.4 Part discussion/conclusion

When an entire production plant for a platform ésigned the easiest way to simulate
the dehydration plant is to insert a componentttspliA component splitter only re-
qguires data from an actual dehydration plant amakation of a plant, to dehydrate the
gas as efficiently as simulating the entire dehiydnaplant. Including the dehydration
plant in the simulation of the entire process plar time consuming task that just in-
creases the complexity of the simulation.

When a dehydration plant is simulated it is impatrt® know the operating parameters
and units required in the dehydration plant. Whts tdesign determined, it is easy to
create the HYSYS simulation, with the possible gxiom of the regenerator column.

Determining the correct parameters and estimatgpsirezl in the regenerator is more
difficult. It is often necessary to experimenttfidi with different parameters, before the
column will converge.

When the dehydration simulation finally worked édame case 11. Case 12 was easily
created by changing the thermodynamic package fiigool to PR.

There are some differences in the results of casentl 12. The largest difference is in
the water flow, where 58% of the water was remawethe inlet scrubber in case 11,
this percentage has fallen to 49% in case 12.

Even with the larger water flow in case 12, 98%hef water is still removed in the con-
tactor. The water contents in the dry gas are s® d2 increased 0.6949 kg/h. But with-
out any data for the water contents in dry gas famactual dehydration unit, it can not
be concluded if case 11 or 12 give the most aceuesult.

The recovery rates in the two cases are very gimiltn a lean TEG purity of 99.63
wt%. Compared to the expected purity this is dyfaiccurate result, because the given
stripping gas flow of 28.3 Nigas/ni rich TEG (4 scf/gal) is from a figure in [B5].

The recovery rate only fits the expected resulhistgas stripping flow. In the literature
the recovery rate does not increase with increastimgping gas flows. This is however
the case in the HYSYS simulations.

The glycol package gives a slightly smaller glytmds than PR. But with a loss of
0.018% compared to 0.022% the difference is minimal
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8 Discussion

The main part of the report has been discusseagldnie report. This final discussion
will mainly be a repetition of the main points hetpart discussions.

There are four possible methods for gas dehydraban glycol is chosen because it
offers the best cost benefit choice. The efficienty dehydration plant is determined
by the water dew-point for the gas. There are sdwsign options for a glycol dehy-
dration plant. The integration of heat exchangenrgery important to minimize the en-
ergy consumption in the dehydration plant. Thislige to the temperature differences
between the contactor and regenerator columns.

There are several thermodynamic EOS that can ek foseimulation where ideal lig-
uid mixtures can be assumed. For non-ideal liquixtures it is however necessary to
introduce equations like the Wong-Sandler mixingerahat incorporated the excess
Gibbs energy and the activity coefficients in tldcalations.

The MATLAB simulations were unsuccessful becaussgy tbould not simulate a wa-
ter/glycol phase. With PR and PRSV the problem thasexcess energy for the mix-
ture, with PR-WS the problem was to reach a satubicthe calculations.

In HYSYS the easiest way to simulate a dehydragtiant is to insert a component split-
ter. But it is possible simulate the dehydratioanplin HYSYS using the thermody-

namic packages Glycol and PR. The result diffelistla between the two thermody-

namic packages; although it can not be determin@dhapackage yields the most accu-
rate result.
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9 Conclusion

There are several processes involved in processageservoir fluid into oil, gas and
water. One of the most important processes offsisogas dehydration, because wet gas
increases corrosion and can course plugs fromriga®hydrate.

Absorption with TEG offers the best cost benefibick for the dehydration process.
The dehydration process is divided into two pahs,dehydration and the regeneration.
In the dehydration part, gas is dried by the glytolthe regeneration part the water is
removed from the glycol so it can be used for desyon once more. There are several
possibilities in the design of the dehydration pldihe design options include the inte-
gration of heat exchangers and the recovery ratieeoflycol.

The main problem involved in simulation of the détation process is the non-ideal
liquid behaviour of the water/glycol mixture. Presesimulation calculations are con-
ducted with thermodynamic equations, designeddeali liquid mixtures. The problem
can be solved by introducing thermodynamic equatitiat include the liquids excess
parameters. The Wong-Sandler mixing rule is an gtarmf equations that include the
excess liquid parameters. The Wong-Sandler mixirlg can be combined with the
classic equation of state like PR and PRSV.

It was not possible to simulate the water/glycoktonie adequately in MATLAB. The
PR and PRSV simulations could not describe thessxtiquid parameters of the mix-
ture. The simulations with PR-WS were also unswgfaédecause the MATLAB pro-
gram could not calculate the problem. As long &NRTLAB code can not simulate
the water/glycol mixture it is impossible to simglea dehydration plant with MAT-
LAB.

It is however possible to simulate the dehydratioit in HYSYS. In HYSYS the ex-
cess liquid behaviour has been incorporated ingothiermodynamic equations. It vas
therefore possible to create two cases, that steulilthe dehydration unit. There are
small differences between the two cases. Withoutrahable data for an actual dehy-
dration plant it is impossible to determine whiblerimodynamic package that gives the
most accurate result.
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Appendix 1: Critical Data

The critical data for the MATLAB cases comes froff$¥S. They are also given in
this appendix.

Table 1-1: Critical data.

Component T, Pc o Ky v

[K] [Pa] Case3 Caseb
Water 647.25 22.12-70 0.3440 -0.0767 0.6605 9.8929
TEG 727.05 1.42-10 0.6900 0.8175 0.8900 0.5415
M ethane 190.70 4.64-10 0.0115 -0.0193 - 7.6199

Decane 617.55 2.108-10 0.4885 0.0643 1.0439 1.0372

The activity coefficient in Table 1-1, have beeicakated in MATLAB with the multi-
component NRTL model. The MATLAB program for the NRcalculations is on the
attached CD in the folder \MATLAB\ACTIVITY\.

Besides calculating the activity coefficients, HRTL program also calculates the ex-
cess Gibbs energy:

e Case 3: -153.3433 J/mol
e Case 6:170.6076 J/mol

Al.1 NRTL input data

The MATLAB program for the NRTL calculations alsequires input data, like the
critical data the NRTL data comes from HYSYS.

Table1-2: afor NRTL.
alcal/gmol] | Water TEG Decane Methane

Water - -776.787 0.000 -142.234
TEG 1914.666 - 0.000 0.000
Decane 0.000 0.000 - -14.928

Methane 26.596 0.000 10.832 -

Table 1-3: b for NRTL.

b [cal/(gmol*K) | Water TEG Decane Methane
Water - 1.184 0.000 32.308
TEG -3.340 - 0.000 0.000
Decane 0.000 0.000 - 4.899
M ethane -0.090 0.000 -0.011 -

Table 1-4: a for NRTL.

o Water TEG Decane Methane
Water - 1.613 0.000 0.000
TEG 1.613 - 0.000 0.000
Decane 0.000 0.000 - 0.000
Methane | 0.000 0.000 0.000 -
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Appendix 2: MATLAB code
The MATLAB codes for case 1 and 4 are given in #ppendix

A2.1 Casel
%MATLAB script to find phase composition for Water/ Glycol/Decane
%mixture by solving LL equilibrium, using PR - Peng -Robinson

%and the Rachford-Rice algorithm

clear
clc

%---- Global Variables ----

global C; %Number of components
C=3;

global R; %The Gas Constant
R=8.314; %[J/(mol*K)]

global pc; %Critical pressure [pa]
global Tc; %Critical temperature [K]
global omega; %Acentric factor

%---- Critical data for components  ----

%Data is from HYSYS critical component data databas e - K-values are

%guessed

for c=1 %Water
Tc(c)=647.25; %(Critical Temperature [K]
pc(c)=22.12¢€6; %Critical Pressure [Pa]
omega(c)=0.344; %Acentric factor
K(c)=1.439e-2; %Water in water

end

for c=2 %TEGIycol
Tc(c)=727.05; %Critical Temperature [K]
pc(c)=1.419¢6; %Critical Pressure [Pa]
omega(c)=0.690; %Acentric factor
K(c)=4.985e39; %TEG in water

end

for ¢c=3 %Decane
Tc(c)=617.55; %Critical Temperature [K]
pc(c)=2.108¢e6; %Critical Pressure [Pa]
omega(c)=0.4885; %Acentric factor
K(c)=1.276e21; %Decane in water

end

%---- Input data = ----

Tflash=25; %Temp in [C]

T=Tflash+273.15; %Temp in [K]

pflash=0.0; %Pressure in [barg]

p=(1+pflash)*1e5; %Pressure in [Pa]

%Composition [mol]

z(1)=0.10; %Water

z(2)=0.34; %TEG

z(3)=0.56; %Decane

%Normalizing for z-values

zsum=0;

for c=1:C
zsum=zsum+z(c);

end
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for c=1:C
z(c)=z(c)/zsum;
end

%Start guess for liquid-liquid split
psi=0.913; %Start guess for LL split (L1/(L1+L2))

%---- Calculations ----

%Loop to update the K values

flag=1,;

ma=0;

MA=100; %Max no. of iterations in loop a
while flag

%---- Update of psi ----
error=1;
mb=0;
MB=100;
while error > le-6
%Sum of f(1) og fdot(1)
f=0;
fdot=0;
for c=1:C
f=f+z(c)*(1-K(c))/(1+psi*(K(c)-1));
fdot=fdot+z(c)*(K(c)-1)"2/(psi*(K(c)-1) +1)72;
end
psi=psi-f/fdot;

if psi<0 || psi>1
disp( ‘New initial value for psi' )
fprintf( '‘psi %.4f\n' ,psi)
return
end
error = abs(f);
mb=mb+1,;
if mb>=MB
disp( 'max no. of iterations in loop b’ )
return
end
end

%---- Phase composition ----
for c=1.C

%Composition of water
X(1,c)=z(c)/(1+psi*(K(c)-1));

%Composition of oil
x(2,c)=K(c)*x(1,c);
end

%---- aand b in Peng-Robinson ----

for c=1.C

kappa=0.37464+1.54226*omega(c)-0.26992*omeg a(c)"z;
alfa=(1+kappa*(1-sqrt(T/Tc(c))"2;
a(c,c)=0.45724*R"2*Tc(c)"2/pc(c)*alfa;

b(c)=0.07780*R*Tc(c)/pc(c);

end
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for c=2.C
for n=1:(c-1)
a(c,n)=sgrt(a(c,c)*a(n,n));
a(n,c)=a(c,n);
end
end

%---- Fugacity coefficients in water ----
%am and bm in water
am=0;
bm=0;
for c=1:C
for n=1.C
am=am+x(1,c)*x(1,n)*a(c,n);
end
bm=bm+x(1,c)*b(c);
end
%A and B for cubic equation
A=am*p/(R*T)"2;
B=bm*p/(R*T);

%Peng-Robinson cubic EOS
Z1=B;
error=1;
mc=0;
MC=100;
while error > le-6
g=Z1"3+(-1+B)*Z1"2+(A-3*B"2-2*B)*Z1+(-A*B+B N2+B"3);
gdot=3*21"2+2*(-1+B)*Z1+(A-3*B"2-2*B);
Z1=71-g/gdot;
error=abs(qg);
mc=mc+1;
if mc>=MC
disp( 'max no. of iterations in loop ¢' )
return
end
end
%Fugacity coefficients
for c=1:C
xa=0;
for n=1:C
xa=xa+x(1,n)*a(c,n);
end
phi(1,c)=exp(b(c)/bm*(Z1-1)-log(Z1-bm*p/(R* m)- ..
am/(2*sqrt(2)*bm*R*T)*(2*xa/am-b(c)/bm)*
log((Z1+(1+sqrt(2))*bm*p/(R*T))/(Z1+(1-sqrt (2))*bm*p/(R*T))));
end

%---- Fugacity coefficients in oil ----
%am and bm in oil
am=0;
bm=0;
for c=1:C
for n=1.C
am=am+x(2,c)*x(2,n)*a(c,n);
end
bm=bm+x(2,c)*b(c);
end

Aalborg university Esbjerg



Gas dehydration

%A and B for cubic equation
A=am*p/(R*T)"2;
B=bm*p/(R*T);

%Peng-Robinson cubic EOS

Z2=B;
error=1
mc=0;

’

MC=100;
while error > 1le-6
g=22"3+(-1+B)*Z2"2+(A-3*B"2-2*B)*Z2+(-A*B+B
gdot=3*Z2"2+2*(-1+B)*Z2+(A-3*B"2-2*B);
Z2=72-g/gdot;
error=abs(Q);
mc=mc+1;

if mc>=MC

disp( 'max no. of iterations in loop ¢'

end

%Fu
for
xa=0

return
end

gacity coefficients
c=1:C

for n=1:.C

xa=xa+x(2,n)*a(c,n);

phi(2

end
,c)=exp(b(c)/bm*(Z2-1)-log(Z2-bm*p/(R*

am/(2*sqrt(2)*bm*R*T)*(2*xa/am-b(c)/bm)*
log((Z2+(1+sqrt(2))*bm*p/(R*T))/(Z2+(1-sqrt

end

%---- Update K and check for convergence ----

flag=0;
for

flag

c=1:.C
if abs(K(c) - phi(1,c)/phi(2,c)) > K(c)*1e-3+1e-6
=1;

K(c)=phi(1,c)/phi(2,c);

else

K(c)=phi(1,c)/phi(2,c);

end

end

ma=ma-+1;
if ma>=MA

disp(

end
end

L1=1-psi;
L2=psi;

'max no. of iterations for loop a'
return

A2+BN3);

- ..
(2))*bm*p/(R*T))));
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%---- Printing of results  ----
printl=1;
print2=1;
print3=1;
if printl==1
fprintf( 'LLE with PR EOS\n' );
fprintf( 'P=%.2e Pa\n' P);
fprintf( 'P= %.2f Barg\n' ,pflash);
fprintf( T= %.2f K\n' ,);
fprintf( T=%.2f C\n' ,Tflash);
fprintf( \n'" ),
fprintf( 'Water-phase %.3f mol\n’' ,L1);
fprintf( 'Oil-phase  %.3f mol\n' ,L2);
fprintf( \n" );
end
if printl==1 && print2==1
fprintf( " Total flow [mol%%]\n’ );
fprintf( '‘Water  %.4f\n’ ,2(1)*100);
fprintf( "TEGIycol %.4f\n' ,2(2)*100);
fprintf( ‘Decane  %.4f\n' ,2(3)*100);
fprintf( \n'" ),
fprintf( ' Water-phase [mol%%] [mol]\n'
fprintf( 'Water %.4f %.4f\n'
fprintf( "TEGIycol %.4f %.4f\n'
fprintf( ‘Decane %.4f %.4f\n'
fprintf( \n'" ),
fprintf( " Oil-phase [mol%%] [mol]\n'
fprintf( 'Water %.4f %.4f\n'
fprintf( "TEGIycol %.4f %.47\n'
fprintf( ‘Decane %.4f %.4f\n'
fprintf( \n'" ),
end
if printl==1 && print3==1
fprintf( 'Liquid-Liquid split (psi) %.3f\n’
fprintf( \n'" ),
fprintf( " K-values \n' )
fprintf( 'Water  %.3e\n’ K(Q));
fprintf( "TEGIlycol 9%.3e\n’ K(2));
fprintf( 'Decane  %.3e\n’ K(@®3));
end

X(1,1)¥100,x(1,1)*L1):
X(1.2)*100 x(1.2)*L1):
X(1.3)100.x(1.3)*L1);

);
X(2,1)*100,(2,1)*L2);
X(2,2)*100,x(2,2)*L2);
X(2,3)¥100,(2,3)*L2);

,psi);
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A2.2 Case4

%MATLAB script to find phase composition for
%Water/Glycol/methane/Decane mixture by solving VLL equilibrium,
%using PR - Peng-Robinson and the Henley-Rosen algo rithm
clear

clc

%---- Global Variables ----

global C; %Number of components

C=4;

global R; %The Gas Constant

R=8.314; %[J/(mol*K)]

global pc; %(Critical pressure [pa]

global Tc; %(Critical temperature [K]

global omega; %Acentric factor

%---- Critical data for components  ----

%Data is from HYSYS critical component data databas e - K-values are

%guessed

for c=1 %Water
Tc(c)=647.25; %(Critical Temperature [K]
pc(c)=22.12¢€6; %Critical Pressure [Pa]
omega(c)=0.3440; %Acentric factor
K(1,c)=1.674¢€0; %Water in olil
K(2,c)=2.705e-2; %Water in water

end

for c=2 %TEGIycol
Tc(c)=727.05; %(Critical Temperature [K]
pc(c)=1.42€6; %Critical Pressure [Pa]
omega(c)=0.6900; %Acentric factor
K(1,c)=8.836€0; %Glycol in oil
K(2,c)=4.052e16; %Glycol in water

end

for ¢c=3 %Methane
Tc(c)=190.70; %Critical Temperature
pc(c)=4.641e6; %Critical Pressure
omega(c)=0.0115; %Acentric factor
K(1,c)=1.724e2; %Methane in oll
K(2,c)=1.033e6; %Methane in water

end

for c=4 %Decane
Tc(c)=617.55; %(Critical Temperature [K]
pc(c)=2.108¢e6; %Critical Pressure [Pa]
omega(c)=0.4885; %Acentric factor
K(1,c)=2.154e-3; %Decane in oil
K(2,c)=2.776€18; %Decane in water

end

%---- Input data  ----

Tflash=25; %Temp in [C]
T=Tflash+273.15; %Temp in [K]
pflash=0.0; %Pressure in [barg]
p=(1+pflash)*1le5; %Pressure in [Pa]
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%Composition [mol]

z(1)=0.10; %Water
z(2)=0.34; %TEG
z(3)=0.20; %Methane
z(4)=0.36; %Decane
%Normalizing for z-values
zsum=0;
for c=1:C
zZsum=zsum+z(c);
end
for c=1:C
z(c)=z(c)/zsum;
end
%---- Start guess  ----
psi=0.555; %Start guess for vapor-liquid split (V/F)
xi=0.822; %Start guess for liquid-liquid split (L1/(L1+L2))

%---- Calculations ----
%Loop to calculate K(1) & K(2)
flag=1,;
ma=0;
MA=100; %Max no. of iterations
while flag && ma<MA
%---- Calculation of psiand xi ~ ----
error=1;
mb=0;
MB=100;
while error > 1le-6 && mb<MB
%Sum of f(1)
f(1)=0;
for c=1:C
f(1)=f(1)+z(c)*(1-K(1,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K (2,c)+psi*K(1,c));
end
%Sum of f(2)
f(2)=0;
for c=1:.C
f(2)=f(2)+z(c)*(1-K(1,c)/K(2,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K (2,c)+psi*K(1,c));
end
%sum of fdot(1,1), fdot(1,1)=d(f(1))/d(psi)
fdot(1,1)=0;
for c=1.C
fdot(1,1)=fdot(1,1)-z(c)*(1-K(1,c))*
(-xi-(1-xi)*K(1,c)/K(2,c)+K(1,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K (2,0)+
psi*K(1,c))"2;
end
%sum of fdot(1,2), fdot(1,2)=d(f(1))/d(xi)
fdot(1,2)=0;
for c=1:C
fdot(1,2)=fdot(1,2)-z(c)*(1-K(1,c))
*((1-psi)-(1-psi)*K(1,c)/K(2,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K (2,c)+
psi*K(1,c))"2;
end
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%sum of fdot(2,1), fdot(2,1)=d(f(2))/d(psi)
fdot(2,1)=0;
for c=1:C
fdot(2,1)=fdot(2,1)-z(c)*(1-K(1,c)/K(2,
(-xi-(1-xi)*K(1,c)/K(2,c)+K(1,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K
psi*K(1,c))"2;
end
%sum of fdot(2,2), fdot(2,2)=d(f(2))/d(xi)
fdot(2,2)=0;
for c=1:C
fdot(2,2)=fdot(2,2)-z(c)*(1-K(1,c)/K(2,
((1-psi)-(1-psi)*K(1,c)/K(2,c))/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K
psi*K(1,c))"2;
end

%Newton Raphson equation for two equations and two
psi=psi-(f(1)*fdot(2,2)-f(2)*fdot(1,2))/
(fdot(1,1)*fdot(2,2)-fdot(1,2)*fdot(2,1
xi=xi-(fdot(1,1)*f(2)-fdot(2,1)*f(1))/
(fdot(1,1)*fdot(2,2)-fdot(1,2)*fdot(2,1

if psi<0 || psi >1 || xi<O0 || xi>1

disp( 'new initial values for xi or psi'
fprintf( ‘Vapor-Liquid split (psi) %.4f\n’
fprintf( '‘Oil-Water split  (xi) %.4f\n'
return
end
error=abs(f(1))+abs(f(2));
mb=mb+1,;
if mb>=MB
disp( 'max no. iterations for loop b' )
Yoreturn
end
end

%---- Composition of the phases ----

%Composition of oil

for c=1:C

x(1,¢)=z(c)/
(xi*(1-psi)+(1-xi)*(1-psi)*K(1,c)/K(2,c

end

%Composition of gas

for c=1.C

y(c)=K(1,c)*x(1,c);

end

%Composition of water

for c=1:.C

x(2,c)=y(c)/K(2,c);

end

%---- aand b in Peng-Robinson  ----

for c=1.C

kappa=0.37464+1.54226*omega(c)-0.26992*omeg

alfa=(1+kappa*(1-sqrt(T/Tc(c))"2;

a(c,c)=0.45724*R"2*Tc(c)"2/pc(c)*alfa;

b(c)=0.07780*R*Tc(c)/pc(c);

end

c)*

2o

(o) .
(2,0)+

unknown

)

)8

,psi);

Xi);

)+psi*K(1,c));

a(c)"z;
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for c=2:C
for n=1:(c-1)
a(c,n)=sgrt(a(c,c)*a(n,n));
a(n,c)=a(c,n);
end
end
%---- Fugacity coefficients in gas ----
%a and b for mixtures in gas
am=0; %a for mixture
bm=0; %b for mixture
for c=1:C
for n=1:C
am=am-+y(c)*y(n)*a(c,n);
end
bm=bm-+y(c)*b(c);
end
%A and B for cubic equation
A=am*p/(R*T)"2;
B=bm*p/(R*T);
%Peng-Robinson cubic equation
Z=1; %initial guess
error=1;
mc=0;
MC=100;
while error > 1le-6 && mc<MC
g(1)=2"3+(-1+B)*Z"2+(A-3*B"2-2*B)*Z+(-A*B+B N2+B"3);
gdot(1)=3*Z"2+2*(-1+B)*Z+(A-3*B"2-2*B);
Z=Z-g(1)/gdot(1);
error= abs(g(1));
mc=mc+1;
if mc>=MC
disp( 'max no. iterations for loop c' )
return
end
end
ZN=Z;
%Fugacity
for c=1:.C
ya=0; %summation of interaction for component C with othe
for n=1.C
ya=ya+y(n)*a(c,n);
end
phi(1,c)=exp(b(c)/bm*(Z-1)-log(Z-bm*p/(R*T) )- ..
am/(2*sqrt(2)*bm*R*T)*(2*ya/am-b(c)/bm) * .
log((Z+(1+sqrt(2))*bm*p/(R*T))/
(Z+(1-sqrt(2))*bm*p/(R*T))));
end

%---- Fugacity coefficients in oil  ----
%a and b for mixtures in oil
am=0; %a for mixture
bm=0; %0b for mixture
for c=1.C
for n=1:.C
am=am+x(1,c)*x(1,n)*a(c,n);
end
bm=bm+x(1,c)*b(c);
end
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%A and B for cubic equation
A=am*p/(R*T)"2;
B=bm*p/(R*T);

%Peng-Robinson cubic equation
Z=B; %initial guess
error=1;
md=0;
MD=100;
while error > 1e-6 && md<MD
g(2)=2"3+(-1+B)*Z"2+(A-3*B"2-2*B)*Z+(-A*B+B
gdot(2)=3*Z"2+2*(-1+B)*Z+(A-3*B"2-2*B);
Z=Z-g(2)/gdot(2);
error= abs(g(2));
md=md+1,;
if md>=MD
disp( 'max no. iterations for loop D'
return
end
end
20=Z;

%Fugacity
for c=1.C

A2+BN3);

xa=0; %summation of interaction for component C with othe r

for n=1:C
xa=xa+x(1,n)*a(c,n);
end

phi(2,c)=exp(b(c)/bm*(Z-1)-log(Z-bm*p/(R*T)
am/(2*sqrt(2)*bm*R*T)*(2*xa/am-b(c)/bm)
log((Z+(1+sqrt(2))*bom*p/(R*T))/
(Z+(1-sqrt(2))*bm*p/(R*T))));

end

%---- Fugacity coefficients in water ----
%a and b for mixtures in water
am=0; %a for mixture
bm=0; %b for mixture
for c=1.C
for n=1:.C
am=am+x(2,c)*x(2,n)*a(c,n);
end
bm=bm+x(2,c)*b(c);
end

%A and B for cubic equation
A=am*p/(R*T)"2;
B=bm*p/(R*T);

%Peng-Robinson cubic equation

Z=B; %initial guess

error=1;

me=0;

ME=100;
while error > 1e-6 && me<ME
9(3)=2"3+(-1+B)*Z"2+(A-3*B"2-2*B)*Z+(-A*B+B
gdot(3)=3*2"2+2*(-1+B)*Z+(A-3*B"2-2*B);
Z=Z-g(3)/gdot(3);

A2+BN3);
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error= abs(g(3));
me=me+1,;
if me>=ME
disp( 'max no. iterations for loop €' )
return
end
end
ZW=Z,

%Fugacity
for c=1:C
xa=0; %summation of interaction for component C with othe
for n=1.C
xa=xa+x(2,n)*a(c,n);
end

phi(3,c)=exp(b(c)/bm*(Z-1)-log(Z-bm*p/(R*T) )- ...

am/(2*sqrt(2)*bm*R*T)*(2*xa/am-b(c)/bm) * .
log((Z+(1+sqrt(2))*bm*p/(R*T))/
(Z+(1-sqrt(2))*bm*p/(R*T))));

end

%---- Update K and check for convergence  ----

flag=0; %Clear the flag
for c=1.C
if (abs(K(1,c) - phi(2,c)/phi(1,c)) > K(1,c)*1e-3+1e-
flag=1,; %more calculations needed

K(1,c)=phi(2,c)/phi(1,c);
K(2,c)=phi(3,c)/phi(1,c);
elseif  (abs(K(2,c) - phi(3,c)/phi(1,c)) > K(2,c)*1e-3+1e-

flag=1,; %more calculations needed
K(2,c)=phi(3,c)/phi(1,c);
else

K(1,c)=phi(2,c)/phi(1,c);
K(2,c)=phi(3,c)/phi(1,c);

end
end
ma=ma-+1,
if ma>=MA
disp( 'max no. iterations for loop a' )
end
end
V=psi;
L1=xi*(1-psi);
L2=L1/xi-L1;
%---- Printing of results ----
printl=1;
print2=1;
print3=1;
if printl==1
fprintf( 'VLLE with PR EOS\n' );
fprintf( 'P= %.2e Pa\n' P);
fprintf( 'P= %.2f Barg\n' ,pflash);
fprintf( T= %.2f K\n' T);
fprintf( T=%.2f C\n' ,Tflash);
fprintf( \n'" ),

6)

6)
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fprintf( ‘Vapor-phase %.3f mol\n' V);
fprintf( ‘Decane-phase %.3f mol\n'
fprintf( 'Glycol-phase %.3f mol\n'
fprintf( \n" );

end

if print2==1
fprintf( ' Total flow [mol%%]\n' );
fprintf( '‘Water  %.4f\n’ ,2(1)*100);
fprintf( "TEGIlycol %.4f\n' ,2(2)*100);
fprintf( 'Methan  %.4f\n' ,2(3)*100);
fprintf( ‘Decane  %.4f\n' ,2(4)*100);
fprintf( \n'" ),
fprintf( Gas-phase  [mol%%)] [mol\n'
fprintf( "Water %.4f %.4f\n'
fprintf( "TEGIycol %.4f %.4f\n'
fprintf( ‘Methan %.4f %.4f\n'
fprintf( ‘Decane %.4f %.4f\n'
fprintf( \n" );
fprintf( Oil-phase  [mol%%] [mol]\n'
fprintf( "Water %.4f %.4f\n’
fprintf( ‘TEGIycol %.4f %.4f\n'
fprintf( ‘Methan %.4f %.4f\n'
fprintf( '‘Decane %.4f %.47\n'
fprintf( \n" );
fprintf( ' Water-phase [mol%%] [mol\n'
fprintf( ‘Water %.4f %.4f\n'
fprintf( ‘TEGIycol %.4f %.4f\n'
fprintf( 'Methan %.4f %.4f\n'
fprintf( '‘Decane %.4f %.47\n'
fprintf( \n" );

end

if printl==1 && print3==1

,L1);
,L2);

);
Y(1)*100,y(1)*V);
Y(2)*100,y(2)*V);
Y(3)*100,y(3)*V);
Y(4)*100,y(4)*V);

X(1,1)*100,x(1,1)*L1);
X(1,2)*100,x(1,2)*L1);
X(1,3)*100,x(1,3)*L1);
X(1,4)*100,x(1,4)*L1);

,X(2,1)*100,x(2,1)*L2);
,X(2,2)*100,x(2,2)*L2);
X(2,3)*100,x(2,3)*L2);
X(2,4)*100,x(2,4)*L2);

fprintf( 'Vapor-Liquid split (psi) %.3f\n’ ,psi);
fprintf( 'Liquid-Liquid split (xi) %.3f\n’ Xi);
fprintf( \n" );
fprintf( K-values K1 K2\n' )
fprintf( ‘Water %.3e  %.3e\n’ K(1,1),K(2,1));
fprintf( TEGIlycol %.3e %.3e\n' ,K(1,2),K(2,2));
fprintf( 'Methan  %.3e  %.3e\n’ ,K(1,3),K(2,3));
fprintf( 'Decane  %.3e %.3e\n’ K(1,4),K(2,4));
fprintf( \n'" ),

end
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Appendix 3: HYSYS PFD
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