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MepiAndn

O vdpdpyvpog ivar Eva otoryeio mov unopel va Ppebel oe {yvn oe 6L Ta opLKTA Kovotpo. H
vmapEn VOPaPYLPOL GE VOPOYOVAVOpOKES £YelpEl avnovyieg oyeTKd pe TV LIORAbon
€EOMMGLOD, UE TNV VYIEWVH KOl ACPAAELD TOL TPOGHOTIKOL TeEdiov Kot pe to mepiBdiiov. H
vrofadon tov eE0MMGHOD TOV TPOKOAEITAL AOY® TOV VOPAPYLPOV, Elval LEYAANG oNUAGTOG,
Wntépmg yo v Propnyavio uoikov agpiov, kabmg umopei vo 0dNynocel o€ aotoyion TOV
EVOALOKTAOV BepUOTNTAG OO OAOVUIVIO £YOVTOG KATOGTPOPIKES GUVETELEC.

To660 10 YEYOVHS OTL 0 VIPEAPYVPOG VTLAPYEL GE TOAD UIKPEG CLUYKEVIPMGELS GTA OPVKTA KOVGLLLOL
0G0 ka1 T0 OTL UTopel va TPOKAAEGEL GOPapd aTVYALLOTA STV Plopnyavia ToL LoD aepiov,
odnyel oty avdykn vVmopéng povtéAwv vOpPapyvPoL LYNANG axpifelag. g ek tovTOL, M
a&lohdynon tov SafEcIUOY HOVTEA®Y LOPAPYVPOL Elval amopaitnTn. XKOTOS OVTAG NG
SMA®UOTIKNG £pYaciog eivat 1 a&loAdYNGT SLPOPETIKAOV LOVTEL®DY LOPUPYHPOV GLYKPIVOVTAG
TaL e OEO0UEVOL SOALTOTNTOG KO EPOPUOLOVTAG T GE SLAPOPOVS TPOCOUOIMTEG MOTE VO YIVEL
TPOCOUOIGCT) dV0 JPOPETIKAOV EYKATUCTACEWDV ENEEEPYOTIOG PLOIKOD OEPIOL LE GTOYO TNV
GLYKPIOT TOV HOVTELMV LE TEIPAUATIKG OEGOUEVA TTESTIOV.

I"a 10 okomd awto, Tpaypatomodnke PipAoypagikn avackdénnon mote va fpebodv oA Ta
Swbéotpna  povtéda vopapybpov. Ora to poviéda mov Ppébnkav  ypnoILomoody  TIC
kataotatikég  e€lomoelg  Peng-Robinson(PR) kot Soave-Redlich-Kwong(SRK)  ue
OLPOPETIKEG EKPPAGELS YO TNV GLVAPTNON OAPO KOODS KOl SLOPOPETIKOVS GUVTEAECTEC
aAAnienidpaonc. Awbéotpo yoo a&loAdynon NTav eniong £va LOVIELO OV avamTOYONKE amod
mv Statoil, mov avaeépetar g SRK-Twu(Hg), omwg emiong kot 1o UMR-PRMC 7ov
avartuyOnke and tov Boutod Kot tovg cuvepydteg Tov.

Ta povtéha mov emAéyOnkav yio a&todAdynon meptrapfavooy ta poviéla PR kow SRK ywpig
OLVTEAESTEG OAANAETIOpaoNG Yo TOV VOPapyVpo. Eniong a&oroyndnkav ta povtéda PR kot
SRK tov makérov PRO/IL. Avtd to 600 poviéda ypnotuonolodv cOVIEAEGTEG AAANAETIOPOONG
KO EMOUEVOG PEATIOVOLV TNV IKOVOTNTA TPOPAEYNS TOV HOVTELOL GTNV LYPY| eAct. EmmAéoy,
agoroynOnkav ta poviéda SRK-Twu kot PRMC. Avtd to povtéda yxpnoylomolovv
TPONYUEVEG EKPPACELS Y10 TNV GLVAPTNON AAPO, KATL TOL 00NYEl o€ onuovTikn Pedtimon g
KavoTnTOG TPOPAEYNG TOL HOVTELOL Yo TV aépla. edon. To povtého SRK-Twu(Hg) g
Statoil ypnoponotei 1060 pio Tponyuévn EKQpacn Thg cVVAPTNONG AAPA OGO Kol GUVTELECTEG
aAnienidpaong. Téhog, To UMR-PRMC ypnoyomotet v kataotatiky e&icowon PRMC aidd
avTi TOV KAUGGIK®OV KavOveV avauéng xpnotpomotet Tig «universal mixing rules». Avtoi ot
KOVOVES avapiEng YPNOLLOTOI0NY TIG TAPUUETPOVS GLUVEICQPOPGS opddmv Unifac avti tov
nopapétpov  oAnAenidpacns. Ta 600 tehevtaion povtéda Peitidvovv v kavoTNTO,
TPOPAEYNMC TOCO YL TV VYPY| OGO KoL Y10l TV aEPLA PAOT).

Ta povtého emAéyOnkav €tor dote va aglohoynbel m coumeplpopd TV HOVIEA®V OTOV
dropbavetal n ikavotnta Tpodppnong yia v aépto eaon(SRK-Twu and PRMC), yia v vypn
odon (SRK PRO/II default, PR PRO/II default), ywo kopio don (SRK and PR) ko yia tig 600
eaoelc(SRK-Twu(Hg), UMR-PRMC). Awmoctobdnke o6t1 av dopbwbel n  wavotnto
TpoOppNoNG Lovo ya pia amod Tig 600 edoelg Tote givar mBavo N KavdTTa TPOHPPNONGS Y10 TV
KOTOVOUT LOPAPYVLPOL VO YEPOTEPEYEL. ¢ €K TOVTOVL, GLUVICTOTOL 1) TOVTOXPOVN YPNOM
dtopOmong Kot yia Tig VO PAGELS.
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Ta amoteléopata g aSl0AGYNONG OV £YIVE VITOSEIKVVOVY OTL TO HOVTEAO OV avatTOY O KE
armd v Statoil kabmg kot to UMR-PRMC eivan ta akpifféotepo poviélo amd avtd mov
doxdonkay kot Bewpovvral aSomiota. To enduevo kaAdTEPO HOVTEAO Bpébnke OTL givar To
PR PRO/II default tov mokétov PRO/II 0ALd cuvictatol vo xpnoULOTOLEiTaL UE TPOGOYT.
Koavéva amd ta vméAoura poviéla dev o kova yio Tpdppnon TG KATAVOUNS VOPApYDpOov
ev ta xepdtepa povtéra Bpédnkav va eivar ta. SRK kot SRK PRO/II default.

AEZEIX  KAEIAIA: vopdpyvpog, HOVTEAD  VOPOpYDPOL, KATAVOUN  LOPOPYDPOL,
TPOGOLOIMGT], PLGIKO AEPLO
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Abstract

Mercury is a trace component that can be found in all fossil fuels. Mercury’s existence in
hydrocarbons raises concerns about equipment degradation, about the health and safety of the
field personnel and about the environment. Equipment degradation, caused by mercury, is of
great importance, especially for the gas industry, because it can lead rapidly to catastrophic
failures of the aluminum heat exchangers.

Both the fact that mercury exists at very low concentrations in fossil fuels and that it can cause
major accidents in the natural gas industry, leads to the need of very accurate models for
mercury. Therefore, an evaluation of the available models for mercury is necessary. The scope
of this thesis is to evaluate different models by comparing them to solubility data and by
implementing them in different process simulators, to simulate two natural gas processing
plants, in order to compare the predictions given by the simulations to field data.

To this purpose, a literature review was conducted to find all the available models for mercury.
All the models found, use the Peng-Robinson(PR) and Soave-Redlich-Kwong(SRK) equations
of state as their basis with varying expressions for the alpha function and different binary
interaction parameters. A model developed by Statoil, referred to as SRK-Twu(Hg), was alos
available for evaluation as was UMR-PRMC proposed by Voutsas et al.

The models that were selected for evaluation included the PR and SRK models with no binary
interaction parameters for mercury. Also, the PR and SRK models found in the PRO/I11 software
package were evaluated. These two models use binary interaction parameters and therefore they
improve the prediction ability of the model for the liquid phase. Additionally, the SRK-Twu
and PRMC models were tested. These models use advanced expressions for the alpha function,
which results in a major improvement of the predictive ability for the vapor phase. The SRK-
Twu(Hg) by Statoil uses both an advanced expression for the alpha function and binary
interaction parameters. Finally, the UMR-PRMC uses the PRMC model, but instead of the
classical mixing rules, it introduces the universal mixing rules. These mixing rules use the
Unifac contribution group parameters instead of binary interaction parameters. The two last
models improve the prediction ability for both the liquid and vapor phase.

These models were selected in such a way, in order to evaluate how the models behave when
vapor phase correction is used (SRK-Twu and PRMC), when liquid phase correction is
used(default PRO/Il SRK and PR), when no correction is used (SRK and PR) and finally when
both corrections are used (SRK-Twu(Hg), UMR-PRMC). It was found that if one uses for their
model only vapor phase correction or only liquid phase correction they could possibly get worse
results for mercury’s distribution. Therefore, it is recommended that both vapor phase and
liquid phase corrections should be applied at the same time.

The results of the evaluation indicate that the model developed by Statoil and the UMR-PRMC
model are the most accurate of the models tested and are considered reliable. The next best
model was found to be the PR PRO/II default model, but it is recommended to be used with
caution. All the other models, were found unable to predict mercury’s distribution, with the
worst models being the SRK and the SRK PRO/II default models.

KEY WORDS: mercury, mercury model, mercury distribution, simulation, natural gas
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1. Introduction

Mercury is a trace component that can be found in all fossil fuels including natural gas, gas
condensates, crude oil, coal, tar sands and other bitumens. The concentration of mercury in
crude oil and natural gas is highly dependent on geologic location and issues associated with it
have become more apparent as deeper and hotter reservoirs are exploited.

Mercury’s existence in hydrocarbons raises concerns about equipment degradation, about
health and safety matters of the field personnel and about the environment, since it is designated
as a persistent, bioaccumulative and toxic pollutant. Equipment degradation, caused by
mercury, is of great importance, especially for the gas industry, because it can lead rapidly to
catastrophic failures of the aluminum heat exchangers (Cold Boxes). One such accident
happened in 1973, when a catastrophic failure of an aluminium heat exchanger occurred at
Skikda LNG plant in Algeria and led to a plant explosion [1]. It is, therefore, of great importance
for operators to have models that are able to accurately predict mercury’s distribution in a
processing plant. However, very limited data are available on mercury modelling in the
literature, since the models developed by different companies have not been published.

Both the fact that mercury exists at very low concentrations in fossil fuels and the fact that it
can cause major accidents in the natural gas industry, leads to the need of very accurate models
for the prediction of its distribution in a processing facility. Therefore, an evaluation of the
available models for mercury is necessary and in this work this evaluation is made by
comparing different models to solubility data and using them in different process simulators, in
order to simulate two natural gas processing plants.

In Chapter 2, the theoretical background about mercury and the concerns associated with it will
be discussed. Then, in Chapter 3, all the considered models will be presented and some of these
models will be selected for further evaluation. In Chapter 4, the evaluation of the selected
models will be presented and discussed. All the models are used in Chapter 5, for the simulation
of one natural gas processing plant where no field data are available to further evaluate the
models. Then, the most accurate model is used, for the simulation of another natural gas
processing plant, where it is compared to field data, since they are now available. Finally, in
Chapter 6 and Chapter 7, conclusions and future work proposals will be given respectively.



2. Theoretical Background

The U.S. EPA designates mercury and its common chemical forms as persistent,
bioaccumulative and toxic pollutants. Mercury enters the global mercury cycle from both
natural sources, such as volcanic activity and dissolution of mercury mineral in oceans, and
human activities such as industrial activities and combustion of fossil fuels.

Mercury occurs mostly in the elemental form or in the inorganic form. Mercury in the
atmosphere is mostly elemental, but most of the mercury in water, soil, sediments, plants and
animals is in the form of inorganic mercury salts and organometallics (mostly methylmercury).

[2]

Mercury is a trace component that can be found in all fossil fuels including natural gas, gas
condensates, crude oil, coal, tar sands and other bitumens. The concentration of mercury in
crude oil and natural gas is highly dependent on geologic location and varies between
approximately 0.01 ppb and 10 ppm (wt.). Mercury deposits are often associated with
geological plate boundaries fold belts and areas with volcanic or hydrothermal activity. Issues
associated with mercury have become more apparent as deeper and hotter reservoirs are
exploited, since higher levels of mercury are found there. In the following table regional
estimated levels of mercury in natural gas and condensates are shown. [3, 4]

Table 2.1: Regional Estimated Levels of Mercury in Natural Gas and Condensates.[3]

Location Estimated mercury in natural gas and condensate for world
regions
Gas (ug/m®) Liquids (ug/kg)
Europe 100-150 -
South America 50-120 50-100
Gulf of Thailand 100-400 400-1200
Africa 80-100 500-1000
Gulf of Mexico 0.02-0.4 -
(USA)
Overthrust Belt 5-15 1-5
(USA)
North Africa 50-80 20-50
Malaysia 1-200 10-100
Indonesia 200-300 10-500

In addition to the contribution of geologic mercury to atmospheric pollution, mercury in oil and
gas has a direct negative impact on petroleum processes. These impacts include equipment
degradation, toxic waste generation, increased risk to the health and safety of workers and
poisoning of catalysts. Mercury in plant feeds often requires process modifications to avoid the
negative impacts and to comply with product specifications



2.1 Natural Gas

The evaluation made in this work has two main parts. The comparison of models against
experimental solubility data of mercury in different components and the evaluation of the
models in case studies for different natural gas processing facilities. Therefore, a short
description will be made about natural gas and about the processing of natural gas in a
processing plant.

Natural gas is a mixture of light hydrocarbon gases at ambient pressure and temperature.
Natural gas is colorless, odorless, tasteless and lighter than air and is used primarily as a fuel
and as a raw material in manufacturing. In home, it is used for furnaces, water heaters and
cooking stoves and as an industrial fuel is used for generating steam in water boilers and as a
clean heat source for sterilizing instruments and processing foods. As a raw material it is used
for hydrogen, sulfur, carbon black and ammonia production.

Natural gas is considered environmentally friendly when comparing to other fossil fuels due to
low sulfur dioxide, nitrous oxide and carbon dioxide emissions which help reduce acid rain,
ozone layer and greenhouse gases. However, because of the storage difficulties and the lack of
transporting structures the use of natural gas had remained limited until 1920s. [5]

Natural gas exists in nature under pressure in rock reservoirs, formed by organic matter
degradation on the past millions of years, in the Earth’s crust by itself or dissolved in heavier
hydrocarbons and water. Natural gas consists mainly of methane. Other constituents include
ethane, propane, butanes and small proportion of Cs+ hydrocarbons. Toxic compounds can also
be present, such as benzene, toluene and Xxylenes while trace components include sulfur,
nitrogen, halogen and heavy metal compounds, like mercury. Although the composition of
natural gas varies depending on the field from which it is extracted a typical composition of
natural gas can be found below:

Table 2.2: Typical Composition of Natural Gas

Name Volume (%)

Methane >85
Ethane 3-8
Propane 1-2
Butane <1
Pentane <1
Carbon Dioxide 1-2
Hydrogen Sulfide <1
Nitrogen 1-5

Helium <0.5




2.2 Natural Gas Processing

Raw natural gas must be processed before its distribution to end consumers in order to separate
natural gas, condensate, noncondensable, acid gases and water. The plant is also necessary to
control excess hydrocarbon liquid and to control delivery pressure. The typical process
operation modules can be found at the figure below.

Gas & Liquids from Wells
|

| Field Liquids Removal | co;
| Field Acid Gas Removal | I
T
Sulfur Elemental
|Fl°ld Dehydration | Recovery " Sulfur
| Field Compression |
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Nitrogen Helium —— Raw Helium

Rejection Recovery
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Figure 2.1: Typical Process Operation Modules for a Gas Processing Facility[6]

Physical Separation

At a typical gas processing plant, the raw gas entering the facilities goes to the inlet receiving.
There a physical separation of the distinct phases is made. In this process, liquid water,
hydrocarbon liquids and solids are removed. Water and solids are processed for disposal and
the hydrocarbon condensate is typically stabilized to produce a safe transportable liquid.

Acid Gas Treating Facilities

After the physical separation, the gas continues to the gas treating facilities where acid gas
treating takes place and mercury is removed. During the acid gas treating carbon dioxide (CO,),
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hydrogen sulfide (H2S) and other sulfur-containing species such as mercaptans are removed.
These compounds must be removed since hydrogen sulfide and carbon dioxide, in the presence
of water, form sulfuric acid and carbonic acid respectively. This raises corrosion and toxicity
issues. Most plants use water-based absorbents to remove these impurities but in general, two
processes are used for acid gas removal. The first is adsorption, carbon being the adsorbing
medium. In this case, hot air or steam can be used for desorbing the captured gas for recovery
or for thermal destruction. The second process is absorption. For this process water, aqueous
amine solutions, caustic, sodium carbonate and nonvolatile hydrocarbon oils can be used as
absorbing media depending on the type of gas to be absorbed. [6]

Mercury Removal

In the gas treating facilities, mercury removal units (MRU) can be used since mercury can often
be present in natural gas. Mercury is known to damage aluminum heat exchangers to the point
of catastrophic failure and therefore its removal is necessary. Both regenerative and
nonregenerative processes are available for the removal of mercury from gas and liquid streams.
Most of the nonregenerative processes use sulfur, impregnated on a support, such as activated
charcoal or alumina, to provide a large surface area. This impregnated sulfur reacts with
mercury to form a stable compound on the adsorbent surface. The regenerative processes utilize
silver on molecular sieve to chemisorb elemental mercury while providing dehydration at the
same time. The mercury-silver amalgam that is formed decomposes at typical regeneration
temperatures for dehydration and essentially all of the mercury condenses with the water on
regeneration and form a separate phase, which can easily be decanted. [7-9]

Dehydration

The gas leaving the gas treating facilities is usually water saturated, thus making the
dehydration step necessary. The dehydration is necessary because natural gas in the right
conditions can combine with liquid or free water to form solid hydrates that can plug valves
fittings and pipelines. Water can also cause erosion and corrosion if condensed in the pipeline.
Moreover, water vapor increases the volume and decreases the heating value of the gas. The
most common methods for dehydrating natural gas are liquid desiccant (glycol) dehydration
and solid desiccant dehydration. In these two methods water molecules are transferred into a
liquid solvent (glycol solution) or a crystalline structure (dry desiccant). Another method is
refrigeration. In this method the stream is cooled and water is condensed while an inhibitor to
prevent hydrate formation is injected. [5, 6]

Hydrocarbon Recovery

Generally in a gas processing plant apart from the sales gas, which is rich in methane, liquid
heavier products can be produced. These heavier hydrocarbon liquids, referred to as natural gas
liquids (NGLs), include ethane, propane, butanes and natural gasoline (condensate). It should
be noted that the recovery of NGL components yields a source of revenue, since NGLs normally
have greater value as separate products than as part of the natural gas stream.

Pipeline quality natural gas specifications include apart from limits on sulfur and water content
also a higher heating value specification(35400 to 42800 kJ/Sm?®) [10]. The heating value may
be too high because of Co+ fraction present in the treated gas, which makes the hydrocarbon
recovery necessary. Hydrocarbon recovery is also required in field operations for fuel
conditioning or dew point control. By controlling dew point, hydrocarbon condensation can be
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prevented in cold spots, such as under rivers or lakes, where the liquid collect in the low areas
and then move as a slug through the system.

NGL can be separated from the gas using many different processes. The separation can be done
with refrigeration processes or even with lean oil absorption, solid bed adsorption and
membrane separation processes. Then, the NGL can be sold as mixed product or it can be
fractionated into its various components using a series of distillation columns. A general scheme
of the fractionation part can be seen at the following figure. [5, 6]

i-Butane to
Demethanizer bottoms pipeline/storage
l Ethane to Propane to
pipeline pipeline/storage

NGL treating

Dehydration L

Deethanizer Depm»

n-Butane to
pipeline/storage

<1<
@N = Cg% N@_}

{@N =<

Natural gasoline

to storage
Debutanizer

Figure 2.2: General Scheme of the Fractionation Part.[6]

Other processes

Other processes in a gas processing plant involve nitrogen rejection, helium and sulfur recovery.
As regards nitrogen rejection, it is used for lower-quality gas feedstock in order to produce
pipeline quality gas and the process used is typically cryogenic. The removed nitrogen from the
natural gas can then be used in an enhanced oil recovery (EOR) operation, just like CO..

Helium recovery is used only if helium content is above 0.5 vol%. Helium is a valuable product
from natural gas processing and therefore high concentrations are desirable.

As regards sulfur recovery, this process is required if venting the H.S exceeds the
environmental limits. The alternative way of dealing with H.S is its disposal by injection into
underground formations. [5, 6]



2.3  Mercury

Mercury is a chemical compound also known as quicksilver or hydrargyrum. It is a d-block
element and is the only metallic element that is liquid at standard conditions for temperature
and pressure. Mercury is a poor conductor of heat, but a fair conductor of electricity. Mercury
behaves similarly to nobble gas elements, forming weak bonds and thus melting at relatively
low temperatures, because of its electron configuration.

Mercury is a very rare element in the Earth’s crust. However, mercury does not blend
geochemically with the elements that contribute to the majority of the crustal mass and thus
mercury ores can be concentrated extraordinarily considering the abundance of the element in
ordinary rock [11].

Mercury’s existence in hydrocarbons raises concerns about equipment degradation, about
health and safety matters of the field personnel, mostly during opening equipment or during hot
work, and about the environment. Mercury is designated as persistent, bioaccumulative and
toxic pollutant. The different forms of mercury show different toxicity levels. Organic species
of mercury are the most toxic form of mercury, while inorganic mercury (inorganic salts) are
considered to be less toxic but they can also bioaccumulate.

2.3.1 Mercury Species

Mercury in most forms is toxic and contributes to health, safety, and environmental risks. In
natural gas, mercury occurs as the metallic form. Various forms of mercury, elemental,
organometallic, and inorganic salt, can be present in natural gas condensates, depending on the
origin of the condensates [3]. Mercury can be found in nature in the zero (elemental), +1
(mercurous), or the +2 (mercuric) valence state. Mercurous compounds involve Hg-Hg bonds
and are generally unstable and rare in nature.

Mercury’s forms can be grouped in the following categories [2].

1. Organic Mercury (dissolved)
In this species, a mercury atom has at least one bond to a carbon atom: R-Hg-R or R-
Hg-X.
Where R=CHs (most common), C;Hs, etc. and X=Cl, nitrate, sulfate, hydroxide or
another anion.

The most prominent R-Hg-R compound is dimethylmercury. Mercury is difficult to
oxidize and can be oxidized only by strong oxidants such as halogens, hydrogen,
peroxide, nitric acid and concentrated sulfuric acid. Mercury can also be oxidized and
methylated by sulfate-reducing bacteria in sediments. Under ambient conditions,
elemental mercury readily forms amalgams with silver, gold, copper, zinc and
aluminum.

2. Inorganic Mercury Salt
Some of these species are water-soluble: (HgX)" or HgX2, where X is an inorganic ion.
The water-soluble group is also characterized like ionic mercury. However, some
mercuric halides remain unionized in aqueous and organic solutions, like HgCI.?, which
is soluble in oil. The most common insoluble forms of inorganic salts are mercury
sulfide (HgS) and mercuric oxide (HgO).



3. Elemental Mercury (HgP

Elemental mercury may be present in dissolved or particulate form. It corresponds to
metallic mercury and it is the most common specie in most hydrocarbon matrices.
Elemental mercury has a high vapor pressure, comparing to the other forms of mercury
and relatively low solubility in water, 0.05 ppm. Elemental mercury is soluble to liquid
hydrocarbons to a few (1-3) ppm. Elemental mercury adsorbs on metallic surfaces and
on solid materials (sand) suspended in liquids, and reacts with iron oxide corrosion
products on pipe and equipment walls. The solubility of Hg® depends strongly on
temperature, which could cause Hg%’s precipitation in equipment, when saturated
liquids are cooled. Mercury in the atmosphere is most commonly found in the elemental
form. [4]

2.3.2  Mercury in Hydrocarbons

Elemental mercury and mercury compounds occur naturally in geologic hydrocarbons
including coal, natural gas, gas condensates and crude oil. As regards natural gas, mercury can
be almost exclusively found only in its elemental form and at concentrations far below
saturation, thus preventing the existence of liquid mercury phase formation in most reservoirs.

Several chemical forms of mercury are contained in crude oil and gas condensate [2]:

1. Dissolved elemental mercury (Hg%: Elemental mercury is soluble in hydrocarbon
liquids in atomic form to a few ppm. Elemental mercury adsorbs on metallic
components, suspended wax and sand, and thus mercury concentration of dissolved
elemental mercury typically decreases with distance from the wellhead due to
adsorption, reaction with iron or conversion to other forms.

2. Dissolved organic mercury (RHgR and RHgX, where R=CHzs, C2Hs, etc. and X = Cl or
other inorganic anion): Dissolved organic mercury compounds are highly soluble in
crude oil and gas condensate and are adsorptive similarly to elemental mercury.

3. Inorganic (ionic) mercury salts (Hg?*X orHg?*X2, where X is an inorganic ion):
Mercury salts are soluble in oil and gas condensate but prefer to partition to the water
phase. Mercuric chlorides have a reasonably high solubility in organic liquids and ionic
salts also may be physically suspended in oil or may be adsorbed to suspended
particles.[2]

4. Complexed mercury (HgK or HgK3): Mercury can exist in hydrocarbons as a complex,
where K is a ligand such as an organic acid, porphyrin or thiol.

5. Suspended mercury compounds (HgS, HgSe): Mercury in this form is insoluble to water
and oil but could be present as suspended solid particles of very small particle size.
HgsS is formed in the presence of both mercury and hydrogen sulfide, which can settle
out in tanks and deposit in equipment:

Hg® + HaS <> HgS(s)

6. Suspended adsorbed mercury: Elemental and organic mercury, in this form, is adsorbed
on particles like sand or wax. Suspended mercury compounds can be separated from
liquid feeds to the plant by physical separation techniques such as filtration or
centrifugation.

An approximation of natural abundance of mercury compounds in hydrocarbons can be found
at the following table.



Table 2.3: Approximation of Natural Abundance of Mercury Compounds in

Hydrocarbons [2]

Coil Natural Gas | Gas Condensate Crude Oil
Hg° Trace Dominant Dominant Dominant
(CHs)2Hg ? Trace T, (Some?) Trace,
(Some?)
HgCl> Some? None Some Some
HgS Dominant None Suspended Suspended
HgO Trace? None None None
CHsHgCl ? None Trace? Trace?

Where “?” indicates that data are not conclusive

2.3.3 Mercury’s Partitioning during Processing

Very little data are available that could show how mercury distributes in a refining or in a gas
process. Calculations of mercury’s distribution could be made as long as experimental data and
accurate models for mercury are available. The partitioning of mercury into product and effluent
streams in petroleum processing is largely determined by solubility. Pressure and temperature
changes during processing produce the major redistribution of mercury compounds in process
separations. Predictive calculations are easier when low temperature processes are involved
because chemical reactions to transform one mercury species to another typically occur less at
low temperatures. On the other hand, some high temperature refinery processes make predictive
calculations more difficult, because now chemical reactions exist.

Mercury is more soluble in heavier hydrocarbons compared to the lighter ones of the same type,
meaning normal alkanes, cycloalkanes, aromatic hydrocarbons and branched Hg. The branched
alkanes dissolve the least amount of Hg. For all hydrocarbons the order of their ability to
dissolve Hg is as follows: branched alkanes<normal alkanes<cycloalkanes<aromatic
hydrocarbons. For the hydrocarbons with six atoms there is a difference at the order of the
aromatic hydrocarbons and the cycloalkanes. Aromatic hydrocarbons and cycloalkanes, at
some cases, can dissolve more Hg than normal alkanes even if the normal alkanes have more
carbon atoms than the aromatic hydrocarbons. In general, more Hg could be expected in the
heavy hydrocarbon streams in a real process. [12]

Broad generalities about mercury distribution are possible:
During Extraction

The fluid produced at the wellhead contains both the dissolved and suspended forms of
mercury. The fluid goes through separators so that a primary phase separation of hydrocarbon
liquids, gas and water is accomplished. Most of the suspended mercury will be retained in the
liquid phases that separate, strictly due to gravity or it will be retained in the separator as sludge.
As regards dissolved forms of mercury, in general, purely ionic mercury should partition
preferentially to the water phase while elemental and organic forms should be retained by the
liquid hydrocarbon phase. [2]



During Transportation

During transportation of fluids, mercury is not lost as regards mercury in oil. This is not always
the case for gas though. During transportation of wet gas in steel pipelines, a reaction between
steel corrosion products and elemental mercury takes place and thus a mercury-rich layer is
created on pipeline walls. Because of that, the time to detect mercury at the end of a pipeline is
dependent on the length of that pipeline. The reaction is catalyzed by the presence of H.S in
trace quantities and driven by the following reactions. [2, 8]

H>S + Fe203 — FeO + S + H.0
Hg + S — HgS
During Refining

During oil refining, general rules apply to all operations but little is known about what happens
to mercury during unit operations such as catalytic cracking or visbreaking. Crude oil goes
through a desalting process where it is washed with water in order to remove soluble salts.
During this process, suspended mercury and ionic species that have affinity for water are
removed. Thus, downstream of the desalting unit, oil should contain higher percentages of the
elemental and complexed species of mercury. The distribution of total mercury in crude oil to
primary distillation products trends to be lower in heavier products [4]. If a crude feed contains
large amounts of suspended mercury, then HgS would remain in heavier products and in the
residue. HgS in residue could then find its way to the atmosphere after having been converted
to HgP or HgO, after its use as a fuel for combustion in a fire boiler.

In the following figure, mercury’s separation in an oil field separation system is shown. The
system is part of a mercury removal process applied to crude oil of Southern Argentina [13].
There it was found that during the lifting process the larger drops of mercury, being in ionic or
elemental form, tend to separate towards the aqueous phase, while the smaller ones remained
suspended inside the hydrocarbon phase. Elemental mercury was the primary form of mercury
in the gas phase. Drops of elemental mercury condense and adhere to the walls of the pipelines
and vessels, creating mud deposits in association with other solids, such as oxides, sand and
clay. [13]

- |:> Gas

T~70-60°C Gas-Liquid Elemental
Line Pipe Separator | [ Mercury

Oil

Particulate

| ‘ ) ‘x S| -ﬂ Dissolved

reury (300-10.000 pob)
| i : " ¥ by L F o
Sle Tels T ol (100-1,000 ppb)
IN LY

Elemental Mercury ~ ! |

Water

Figure 2.3: Mercury’s distribution in an oil field separation system. [13]
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Mercury’s Fate in a Natural Gas Processing Facility

Mercury’s distribution in gas processing is easier to predict, as the process is simpler and less
inclined to cause species’ transformations. Fluids from gas wells typically contain lesser
amounts of suspended and ionic mercury compounds than those found in crude oil. Mercury is
highly mobile and bonds to metal surfaces with which it comes into contact. The implication of
this is that any mercury that enters a gas processing plant will be distributed across process and
waste streams [8]. In general, organic mercury preferentially partition to heavy liquid fractions
(condensate) and ionic compounds partition to water, while elemental mercury equilibrates
between liquid and gas fractions [11, 14, 15]. Between the hydrocarbon and the aqueous phase,
elemental mercury partitions predominantly to the hydrocarbon liquid phase except where the
aqueous phase contains alcohols such as mono-ethylene glycol. [16]

The elemental mercury in gas will dissolve in the liquid glycol dehydrators during treatment
for contaminants, but if the concentration of mercury is high enough, then elemental mercury
vapor can condense in the glycol reboiler vapor condenser [2]. The lean glycol is put through
heat exchangers to drive off accumulated impurities, which are either vented or flared. While
the solubility of mercury in glycol is low, high concentrations are found in the vented gas. A
potential explanation is that mercury is in suspension attached to fine sulphur particles, or
alternatively that the gas contains hydrocarbon residues [8].

In amine systems, mercury can react with the H>S scavenged by the amine to transform into
HgS, which could then be found in the amine filters [2]. Elemental mercury could condense
during cryogenic separation processes especially when mercury in feeds is in excess of
approximately 10-20 ug/m?. Mercury is also known to concentrate on molecular sieves, since
mercury is absorbed onto metals [8]. In a report by Johnson Matthey Catalysts [17], it is stated
that up to half of the mercury present in the raw gas is likely to be removed on the acid gas
removal and drying stages, due to mercury’s high volatility.

2.3.4 Concerns about Mercury

In natural gas processing plants considerable quantities of mercury can collect in the cryogenic
heat exchangers. The substantial amounts of mercury are derived from traces of mercury present
in natural gas which can condense and collect in cold parts of the system. Typically mercury
would condense onto surfaces in the solid form (i.e. at temperatures less than -39 °C) and would
only melt during shut down periods when it would be expected to collect in low points in the
manifolds and pipework in the heat exchanger system. [18]

Deposition of liquid elemental mercury in aluminium heat exchangers can compromise their
structural integrity. The equipment degradation is a particular concern for LNG plants and since
the level of mercury that can be tolerated is not established, most operators want to remove it
“all”, meaning to remove it to a level where it cannot be detected with the available analytical
capability. At this moment, this level is 0.01 pg/Nm?and this limit is the desirable maximum
concertation at the feed. [19]

Mercury creates a risk of corrosion and liquid metal embrittlement of Al, Zn and Cu and can
cause cracking of welded aluminum heat exchangers, as it tends to deposit in cryogenic
equipment. Mercury is also responsible for contamination of molecular sieves and glycol
dehydration units, amine acid gas removal systems and catalysts. Mercury could also cause
health and safety risk because of potential personnel exposure to mercury vapor in vents or in
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waste sludge where mercury is accumulated, even in small amounts. Furthermore, waste-water
streams containing high levels of mercury must be treated before disposal thus adding costs to
plant’s expenses. Environmental risk also exists because of mercury contamination in produced
water disposal and because of the combustion of fossil fuels within the processing facility.

2.3.4.1 Technical Problems

The main concern about mercury is aluminium equipment degradation, especially in aluminium
heat exchangers or cold boxes where mercury can condense. However, it should be noted that
mercury in the form of HgSs) could cause problems such as fouling and plugging of compact
equipment. Mercury can also cause catalyst poisoning in different catalysts such as the
hydrotreating catalysts due to metal amalgamation. Following, there is a description of the
mechanisms that can lead to equipment degradation because of the presence of mercury.

Mercury’s Mechanism for Aluminum Degrading

Mercury in natural gas occurs at very low levels, but it can accumulate and cause severe attack
and failure in cryogenic aluminum heat exchangers, which are typically aluminum plate-fin
heat exchangers. Condensation or precipitation of solid mercury can occur in heat exchanger
passes, even with functional mercury removal systems in place [18]. Solid deposits become
liquid when heat exchangers warm during a shutdown or when a trip is triggered, leading to a
catastrophic failure of aluminum heat exchangers. Implications of the effect of mercury in
natural gas were first reported in 1973, when a catastrophic failure of an aluminium heat
exchanger occurred at LNG plant in Algeria. There, it was found that a combination of mercury
and water temperatures around 0 °C caused corrosion in the aluminium tubes [1].

16)

Figure 2.4: Schematic View of Cryogenic Heat Exchanger Showing the Manifolds (6)
and nozzles (7) [18]

Amalgamation

In this process, mercury can form liquid solutions with various metals such Al, Au, Ag and Zn.
As regards Al, the amalgam reaction starts when mercury wets the aluminium metal surface,
but this is generally prevented by an Al>Os protective surface oxide, which is placed on the
aluminium metal surface. Mercury can migrate through this surface oxide if existing defects of
this surface are increased, which could be a result of thermal or mechanical stresses.
Additionally, abrasion and some chemical environments can destroy the protective oxide layer.
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It should be noted, that for aluminium, the concentration of aluminium in the amalgam is low,
further limiting the depth of the attack. [18]

Amalgam reaction:
Hg + Al — Hg(Al)

Amalgam Corrosion
Amalgam corrosion is a process that takes place with moisture and minimum amounts of
mercury. Small amounts of aluminium dissolve in liquid mercury and diffuse to the mercury-
moist air surface and finally oxidize. In this process, aluminum is removed from the mercury
and more mercury can dissolve and this process can continue until the aluminium is completely
converted to oxide.

Figure 2.5: Core Separation Due to Amalgam Corrosion. [20]

The reaction stages can be seen below:
Hg + Al — Hg(Al)
Hg(Al) + 6H.0 — Al>03 3H,0 +3H + Hg

Once amalgam is created small amounts of aluminium can dissolve in liquid mercury and
diffuse to the mercury-moist air interface and then rapidly oxidize to free mercury which further
dissolves and the process continues until the aluminum is completely converted to oxide.

Liquid metal Embrittlement (LME)

Liquid metal embrittlement (LME) is a complex metal fracture mechanism that occurs rapidly
and can be triggered by the presence of liquid mercury. Mercury’s accumulations in parts of
natural gas plants has led to failures, since LME occurs rapidly and no adequate testing
techniques exist to safely monitor the plant [18].

For the LME to take place three conditions must occur:

1. Presence of an embrittling liquid metal — mercury being a severe embrittling agent for
aluminium alloys

2. The presence of a stress above a threshold value

3. “Wetting” of the substrate by the liquid metal — for aluminium alloys rupture of the
oxide protective film between the substrate and liquid metal
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Figure 2.6: Liquid metal embrittlement of aluminium. [20]

Many metals are embrittled by certain liquid metals. Mercury embrittles liquid Al, Cu, Ti, Ni,
Fe, Zn alloys. Al alloys are also embrittled by liquid Ga, In, Pb, Sn, Cd, and Na. Most cases of
LME involve only adsorption of embrittling atoms at stressed surfaces and crack tips, no
diffusion of embrittling atoms into the material or ahead of crack tips is involved. LME is
generally much more severe than other embrittling processes, such as hydrogen embrittlement
or stress-corrosion cracking, and once cracks have initiated, very rapid sub-critical cracking can
occur even at low stresses.

Liquid metals are drawn into growing cracks so that the crack tip is always in contact with
embrittling metal atoms. As with amalgamation, for LME cracks to initiate there must be
intimate contact between liquid metals (in liquid phase) and solid metals. However, the
intervening oxide films, used to protect the aluminum alloy, prevent wetting and adsorption.
These films can be broken by mechanical processes, like abrasion on the surface by hard
particles in natural gas or liquid systems, or by chemical processes like corrosion. Another
factor could be the differential thermal expansion between aluminium substrate and the alumina
oxide being a factor of around 3 could cause the oxide to crack when the heat exchanger is
warmed. [18]

Mercury can accumulate in the aluminum equipment as liquid or solid deposits. In cold liquid
streams, solid mercury particles can carry long distances and thus mercury deposits are often
found in areas of limited flow far from the point of actual condensation or precipitation. In most
cases, the LME failure mode is a leak in proximity to a weld but occasionally LME cracks
propagate to greater distances to produce a rupture that allow sudden discharge of large
quantities of gas or liquids. [20]

2.3.4.2 Health Effects on Humans
Mercury is toxic and raises health concerns for humans. An exposure to the various forms of
mercury will harm a person’s health depending on a number of factors, such as the following:

e The chemical form of mercury

e The dose

e The age of the person exposed

e The duration of exposure

e The route of exposure (inhalation, ingestion, dermal contact, etc.)
e The health of the person exposed

In general, according to [21], no human data indicate that exposure to any form of mercury
causes cancer, since the available human data are very limited. Regarding the natural gas
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industry, the main concern is elemental mercury. Elemental mercury primarily caused health
effects when it is breathed as a vapor where it can be absorbed through the lungs. These
exposures occur when elemental mercury is spilled and exposed to the air, particularly in warm
or poorly ventilated indoor spaces. As regards other mercury compounds (inorganic and
organic), they can be absorbed through the gastrointestinal tract and affect other systems via
this route, such as the nervous system or the kidneys. Consequently, suitable personal protective
equipment is required during maintenance work for the field personnel. [17, 22]

2.3.4.3 Environmental Effects

Human activity has significantly increased mercury levels over the past several centuries.
Mercury emitted to the air can then build up in water and soils and can transform into
methylmercury which accumulates in the tissues of wildlife and people.

Mercury follows continuously a biogeochemical cycle in the environment. The cycle is
completed in six major steps [23] that are given below:

1. Degassing of mercury from rock, soils, and surface waters, or emissions from volcanoes
and from human activities.

Movement in gaseous form through the atmosphere

Deposition of mercury on land and surface waters

Conversion of the element into insoluble mercury sulfide

Precipitation or bioconversion into more volatile or soluble forms such as
methylmercury

6. Reentry into the atmosphere or bioaccumulation in food chains

AR

Mercury in produced hydrocarbons may escape to the environment by several avenues of
egress. These avenues may be generally categorized as wastewater, solid waste streams and air
emissions. Wastewaters originate in production operations in the form of produced water and
in refining and gas processing as wastewater. Solid waste streams are generated in production,
transportation and in refining, while air emissions originate from fugitive emissions from
process equipment and from combustion. [2]

15



3. Mercury Modelling

3.1 Thermodynamic Modelling

In this work, only purely thermodynamic models were tested. A thermodynamic model is an
equilibrium model that assumes vapor-liquid equilibrium at each stage. Additionally rate-based
models exist. Rate-based models assume that vapor-liquid equilibrium occurs only at the
interface and use the Maxwell-Stefan equation to describe the mass transfer between the vapor
phase and the liquid phase. It is also important to note that for all the tested models no reaction
or species transformation was taken into consideration. Gas and liquid processing can transform
one chemical form of mercury to another. A common reaction is that of elemental mercury with
sulfur compounds that could be caused by the mixing of gas and condensate from sour and
sweet wells. Also high temperature processes could convert diakylmercury and complexed
mercury to the elemental form. [24]

An isolated system consisting of liquid and vapor phases in intimate contact eventually reaches
a final state wherein no tendency exists for change to occur within the system. The temperature,
pressure, and phase compositions reach final values which thereafter remain fixed. The system
now is in equilibrium. When thermodynamics is applied to vapor liquid equilibrium, the goal
is to find by calculation the temperatures, pressures, and compositions of the phases in
equilibrium. These calculations are performed through thermodynamic models such as cubic
equations of state the most popular of them being the PR and the SRK equations of state.

3.2 Models Considered for Evaluation

Very limited data are available on mercury modelling. It is clear that companies have developed
their own models but these data remain classified and cannot be publicly accessed. A model
developed by Statoil [25] was available and some mercury models were also found in the
literature[26, 27]. Mercury models were also provided by the PRO/II software package. Finally,
other classic models, such as Peng Robinson and Soave Redlich Kwong were evaluated and are
all described at the following section.

3.2.1 Soave Redlich Kwong (SRK)

This equation of state originates from the original Redlich-Kwong equation of state. Soave
altered the RK equation by including the effect of temperature in the attractive term in the a
parameter. He also took into account the shape of each chemical compound using the acentric
factor . The equation of state is given below. No binary interaction parameters for mercury
were used in this model.

16



The model:

_RT a(T)
T V—b V{V+b)

N
b= Z xibi
i=1

RT,;
b; = 0.08664 P” =0 for mercury
c #0 for other

1
a(T) = Z Z xix;(agaj)? (1 = ki)
T

P

Where:

a; = aqa;

(RTci)2

a = 042747 —°
CclL

a; = (1+my(1 - T95))

m; = 0.48 + 1.574w; — 0.176w?

Tei, Pci = critical temperature and pressure of component i
oi = acentric factor for component i
kij= binary interaction parameter for components i and j

3.2.2 Peng Robinson (PR)

Peng and Robinson researchers kept the temperature dependence at the attractive term.
However, they altered the denominator of the attractive term and changed the fitted parameters.
Peng-Robinson was created in 1970 focusing on natural gas systems. No binary interaction
parameters for mercury were used in this model.

The model:

RT a

P = v v —b)

Where:

1=1
RT,;
Pci

1
a(T) = Z Z xx;(aga;)2 (1 = ki)
T

b; = 0.07780

=0 for mercury
#0 for other

a; = aga;
RT..)?
ag = 0.45724@

ci
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a; = (1+my(1 —T95))

m; = 0.37464 + 1.54226w; — 0.26992w?

3.2.3 SRK PRO/II default

This model is the same as the SRK model described above, the only difference being that in
this model, binary interaction parameters for mercury are used. Specifically the binary
interaction parameters used for mercury are those provided in the PRO/II software package.
Binary interaction parameters are used in the equations of state to help calibrate the extent of
non-ideality of a given binary mixture. High non-idealities are expected in the liquid phase,
thus the use of these parameters is expected to improve more the predictions for the liquid phase
and less for the vapor phase.

The model:
b RT a(T)
“V—b VIV +b)
Where:
N
b = 2 xibl'
i=1
RT,;
b; = 0.08664 5 Default values from
ci

PRO/II package

1
a(T) = Z Z xix;(aga;)? (1 = ki)
T

a; = aci;
(RTci)2

Ccl

a.; = 0.42747

o = (1 + ml(l - TCOi.S))Z

m; = 0.48 + 1.574w; — 0.176w?

Binary interaction parameters for mercury:

The kijs provided by PRO/II are temperature dependent and are given below:
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Table 3.1: Binary Interaction Parameters for Mercury Provided by PRO/II for the SRK

EoS
kiip
kij = kija + %
System Kija Kijb

Mercury-Methane | -0.0081000 | -18.039
Mercury-Ethane | -0.033000 | -16.632
Mercury-Propane | -0.058000 | -15.226
Mercury-n-butane | -0.082900 | -13.820
Mercury-ibutane - -
Mercury-Pentane | -0.11830 | -9.7036
Mercury-Hexane | -0.12870 | -11.927
Mercury-CO, - -
Mercury-N» - -

3.2.4 PR PRO/II default

Again, this model is the same as the PR model described above, but instead of using zero Kis,
here the binary interaction parameters used, between mercury and other components, are those
of PRO/II software package. As for the SRK PRO/II default model, the use of kis mainly
improves the predictions for the liquid phase.

The model:

RT a

e T FY )

Where:

=1

b; = 0.07780 RTCf Default values from
c PRO/1I package

a(T) = Z 2 xix;(aga;)? (1 = ki)
T

a; = aga;

RT,;)?
aci=0.45724( ci)

ci
a; = (1+my(1 - T95))

m; = 0.37464 + 1.54226w; — 0.26992w?

Binary interaction parameters for mercury:

The kijs provided by PRO/II are temperature dependent and are given below:
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Table 3.2: Binary Interaction Parameters for Mercury Provided by PRO/II for the PR

EoS
kiip
kij = kija + %
System Kija Kijb

Mercury-Methane | 0.20096 | -33.895
Mercury-Ethane | 0.16461 | -29.915
Mercury-Propane | 0.12827 | -25.935
Mercury-n-butane | 0.091921 | -21.954
Mercury-ibutane -
Mercury-Pentane | 0.054602 | -17.436
Mercury-Hexane | 0.018124 | -13.588
Mercury-CO> - -
Mercury-N» - -

3.2.5 SRK-Twu(Hg) — no ki

This equation of state is the same as the SRK described above, except for the alpha function
used for mercury, which is now described by Twu’s expression [28]. The introduction of this
new alpha term is an effort to improve the vapor pressure prediction. SRK-Twu is an extended
version of the Soave-Redlich-Kwong (SRK) cubic equation of state where the alpha function
proposed by Twu et al are used. The temperature-dependent alpha function is able to predict
vapor pressure and liquid heat capacity from the triple point to the critical point accurately for
a large number of components, including both low and extremely high boiling point
components. The alpha function has three parameters, L, M, and N, which are unique to each
component and are determined from the regression of pure-component vapor pressure data. The
introduction of this advanced expression of the alpha function results in accurate vapor pressure
prediction and thus in accurate predictions for the vapor phase. No binary interaction parameters
for mercury were used in this model. The improvement of the prediction of the vapor pressures
when using an advanced expression of the alpha function can be seen below:

Mercury Vapor Pressures

1E-03

1E-04
Q
§ 1E-05 Experimental
00 data Dippr
‘_ID 1E-06 SRK-Twu(Hg)
8 1E-07 SRK
[a

1E-08

1E-09

-40 10 60 110
T [deg C]

Figure 3.1: Mercury’s Vapor Pressures Predicted by SRK and SRK-Twu(Hg)
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The model:

_RT a(T)
T V—b V{V+b)

N
b= inbi
i=1

RT,;
b; = 0.08664 —= =0 for mercury
ct #0 for other

1
a(T) = Z Z xix;(aga;)2 (1 = ki)
T

P

Where:

a; = aga;

RT,)?
a, = 0.42747 FTe)”

ci

Alpha function used for all components except for mercury:
a; = (1+my(1 —T95))
m; = 0.48 4+ 1.574w; — 0.176w?
Alpha function used for mercury:

o = T, Vexp[L(1 — TMM)]

Twu’s parameters are given at the following table:

Table 3.3: Twu’s Parameters for Mercury by Mentzelos [12]

Parameter | For T=[-35°C - 1235°C]
L 0.09245
M 0.9784
N 2.244

Where:
L, M, N: parameters fitted to vapor pressure experimental data

3.2.6  PRMC(Hg) — no k;

This equation of state is the same as the PR described above, except for the alpha function used
for mercury which is now described by Mathias Copeman expression [29]. The introduction of
this new alpha term is an effort to improve the vapor pressure prediction. The temperature
dependent alpha function has three parameters, mi, my and ms, which are unique to each
component and are determined from the regression of pure-component vapor pressure data, just
like with Twu’s expression. Again, the introduction of this advanced expression of the alpha
function results in accurate vapor pressure prediction and thus in accurate predictions for the
vapor phase. No binary interaction parameters for mercury were used in this model.
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The model:

_ RT a
“V—b VWV +b)+h(V-Db)

N
b= Z xibi
i=1

RT;
b = 0.07780—

ci

1
a(T) = Z Z xix;(agaj)? (1 = ki)
T

P

Where:

=0 for mercury
#() for other

a; = aqa;

(RTci)2
Pci

ag = 0.45724
Alpha function used for all components except for mercury:
a; = (1+m(1 - T95))

m; = 037464 + 1.54226w; — 0.26992w?

Alpha function used for mercury:

= (L ma(1-T9) 4 14 my(L- T30 + 14 may(1 — 135%°)’

Mathias-Copeman’s parameters are given below:

Table 3.4: Mathias-Copeman Parameters for Mercury by Mentzelos [12]

Parameter | For T=[-35°C -
1235°C]
mz 0.1491
my -0.1652
my 0.1447

Where:
m1, my, ms: parameters fitted with vapor pressure experimental data

3.2.7 SRK-Twu(Hg) - Statoil 2011

Statoil in 2011, after a literature review used SRK-Twu (described above) to model mercury.
The L, M, N parameters required for the alpha function were determined from the regression
of pure component vapor pressure data which were taken from NIST. The simulator NegSim
was used to perform the fitting of the alpha function parameters. [30]
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The model:

_RT a(T)
T V—b V{V+b)

N
b= Z xibi
i=1

R
b; = 0.08664

P

Where:

Tci

ci #0 for all components

1
a(T) = Z Z xix;(agaj)? (1 = ki)
T

a; = aqa;

(RTci)2

a = 042747 —°
CclL

Alpha function used for all components except for mercury:
a; = (1+m(1 - T95))
m; = 0.48 + 1.574w; — 0.176w?
Alpha function used for mercury:
o; = T, Vexp[L(1 — TMM)]

The critical parameters T, Pc, o, taken from Aspen HYSYS version 7.1, and the L, M, N
parameters obtained are shown below.

Table 3.5: Critical Parameters for Mercury by Aspen HYSYS 7.1

Critical Properties for Mercury | Value
T¢ [K] 1735.15

Pc [31] 1608
® -0.16445

Table 3.6: Twu’s Parameters for Mercury Proposed by Statoil in 2011 [30]

Twu’s Parameters for Mercury | For T=[20°C - 430°C]
L 0.068584
M 0.985182
N 4.239459

Binary interaction parameters for mercury:

The solubility data reported by Okouchi et al, were used to generate binary interaction
parameters of the SRK-Twu EQOS for mercury. However, the solubility data reported include
only the solubility of mercury in pentane, hexane, heptane and octane. After fitting the solubility
data to the SRK-Twu, using the simulator NeqSim, binary interaction parameters were obtained
for Cs-Cs. In order to obtain binary interaction parameters from C1 to Cyo a linear correlation
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was made. Thus, using the correlation below, binary interaction parameters were generated and
are given at Table 3.7.

Correlation: Not given because it is classified

Where:
CN: is carbon number
kij: is the interaction parameter between mercury and Cs-Cg

Table 3.7: Binary Interaction Parameters for the SRK-Twu(Hg) — Statoil 2011 model
[30]

Carbon Number Binary Interaction
Parameter[Kkij]
classified
I
I
Il
I
Il
I
Il
Il
I

OO NP WIN|E

=
o

The main concerns about this model is about the binary interaction parameters. No data were
found in the literature for mercury’s solubility in C1-C4, which consist the largest part of natural
gas. The binary interaction parameters used in this model were extrapolated from the fitted
parameters, which only included data for mercury solubility in Cs-Cg. Finally, the developed
correlation for the binary interaction parameters cannot distinguish isomers, as it only takes into
account the carbon number and not the structure of the molecule.

3.2.8 PRMC - Mentzelos

This equation of state is the same as the PRMC — no ki described earlier, but now binary
interaction parameters for mercury are porposed. Mentzelos calculated constant and
temperature depended binary interaction parameters for mercury, where solubility data were
available. For mercury systems, for which no solubility data were found in the literature (such
as methane and ethane), generalized correlations were developed based on the existing data.
[12]

It should be noticed that some generalized correlations take the form of a quadratic function,
which could result in inaccurate results due to its parabolic form.

The model:

RT a

P = T VW E ) ¥ bV =)
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Where:

N
b = Z xibi
i=1

RT,;

b; = 0.07780 #0 for all components

1
a(T) = ZZ.’X’L'.X'J'(aiaj)E (1 - kU)
iJ

a; = aga;

(RTci)z

a,; = 0.45724

ci
%= (1 +my(1-T5) + 1 +my(1— Tcol-'S)2 +14mg(1—TY5 3)2

Mathias-Copeman’s parameters for mercury for this model are given at Table 3.4.

Binary interaction parameters for mercury:

The binary interaction parameters developed along with generalized correlations for the ki;
parameters are given below. These correlations take into account both the normal boiling point
and the structure of each component, thus differentiating isomers.

Table 3.8: Binary Interaction Parameters for the PRMC- Mentzelos Model [12]

System Kij

Constant | Kij=a+bT [K] Kij=a+b/T [K] Based on
generalized
correlations
Hg-methane - - - 6.14E-01
Hg-ethane - - - 3.57E-01
Hg-propane 2.27E-01 - - 2.27E-01
Hg-ibutane - - - 1.56E-01
Hg-n-butane 1.29E-01 - - 1.32E-01
Hg-iC5 - - - 7.96E-02
Hg-nC5 3.99E-02 -0.0004T + 34.62/T-0.078 6.61E-02
0.16
Hg-nC6 1.13E-02 - -6.6/T +0.033 2.05E-02
Hg-nC7 -1.12E-02 - 10.39/T-0.047 -9.76E-03
Hg-nC8 -3.42E-02 | 0.0004T -0.14 | -30.35/T + 0.07 -2.82E-02
Hg-nC9 - - - -3.73E-02
Hg-nC10 -7.32E-02 | 0.0015T-0.53 -133.51/T + -3.90E-02
0.38
Hg-2,2dmC4 2.97E-02 | 0.0016T-0.44 -134.14/T + 4.54E-02
0.49

Hg-2,3-dm-C4 - - - 3.40E-02
2-m-C5 - - - 3.11E-02
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System Kij
Constant | Kij=a+bT [K] Kij=a+b/T [K] Based on
generalized
correlations
3-mC5 - - - 2.73E-02
Hg-2,2,4tmC5 1.41E-02 | 0.0008T-0.22 | -68.37/T +0.25 -
Hg-cyC6 3.69E-02 | 0.0013T-0.35 -116.62/T + 2.46E-02
0.43
Hg-cyC7 - - - -3.20E-02
Hg-cyC8 - - - -7.76E-02
Hg-toluene 5.86E-02 | 0.0002T +0.01 | -15.22/T+0.11 5.86E-02
Hg-mcyC6 1.65E-02 | 0.0004T-0.10 | -31.72/T+0.13 -
Hg-benzene 1.08E-01 -0.0005T + 41.42/T-0.03 1.08E-01
0.25
Hg-oxylene 4.43E-02 -0.0004T + 35.12/T-0.076 4.43E-02
0.17
Hg-cis1,2dmcyC6 -3.18E-02 | 0.0010T-0.33 | -88.35/T +0.26 -
Hg-cis1,4dmcyC6 -3.77E-02 - - -
Hg-trans1,4dmcyC6 | -2.72E-02 | 0.0009T-0.25 | -74.05/T +0.25 -
Hg-trans1,2dmcyC6 | -2.23E-03 | 0.0009T-0.31 | -82.67/T +0.25 -

Correlations:

Paraffinic HC: Kij = 610 Tp>— 0.0053 Tp+ 1.1312
Naphthenic HC: ki =-0.0015 Ty, +0.5554
Aromatic HC: kij=2-10" Tp>— 0.0149Tp+ 3.2052

The critical properties used by Mentzelos are given at the following table:

Table 3.9: Critical Parameters Used in Mentzelos’ Models [12]

Critical Properties for Mercury DIPPR’s Set
Used
T [K] 1735.15
Pc [31] 1608
® -0.1645

3.2.9 SRK-Twu (All) = Mentzelos

In this model SRK equation of state is used along with Twu’s expression for the alpha function
for all components and not only for mercury. Mentzelos calculated constant and temperature
depended binary interaction parameters for mercury, where solubility data were available. For
mercury systems, for which no solubility data were found in the literature (such as methane and
ethane), generalized correlations were developed based on the existing data. [12]

It should be noticed that some generalized correlations take the form of a quadratic function,
which could result in inaccurate results due to its parabolic form.

26



The model [12]:

_RT a(T)
T V—b V{V+b)

N
b= Z xibi
i=1

RT;
b; = 0.08664

P

Where:

ci #0 for all components
1
a(T) = Zinxj(aiaj)z (1 - kl])
i
a; = aqa;
RT.)?
ag = 0.42747 KTet)

Pci

o = T,'™ Vexp[L(1 - TMM)]

Twu’s parameters for mercury used in this model are given at Table 3.3.

Binary interaction parameters for mercury:

The binary interaction parameters developed along with generalized correlations for the ki;
parameters are given below.

Table 3.10: Binary Interaction Parameters for the SRK-Twu(All) - Mentzelos Model

[12]
System Kjj

Constant Kij=a+bT [K] Kij=a+b/T [K] Based on

generalized

correlations
Hg-methane - - - 6.54E-01
Hg-ethane - - - 3.82E-01
Hg-propane 2.45E-01 - - 2.42E-01
Hg-ibutane - - - 1.65E-01
Hg-n-butane 1.54E-01 - - 1.39E-01
Hg-iC5 - - - 8.09E-02
Hg-nC5 5.21E-02 -0.0003T + 0.15 | 29.47/T -0.049 6.57E-02
Hg-nC6 2.49E-02 - -15.24/T +0.076 1.36E-02
Hg-nC7 3.38E-03 - 4.36/T-0.012 -2.26E-02
Hg-nC8 -1.86E-02 0.0005T - 0.15 -39.23/T+0.12 -4.65E-02
Hg-nC9 - - - -6.06E-02
Hg-nC10 -5.44E-02 0.0016T - 0.53 -138.92/T + -6.70E-02

0.41
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System Kij
Constant Kij=a+bT [K] Kij=a+b/T [K] Based on
generalized
correlations
Hg-2,2dmC4 4.34E-02 0.0017T-0.46 -143.76/T + 4.23E-02
0.53

Hg-2,3-dm-C4 - - - 2.93E-02

2-m-C5 - - - 2.59E-02

3-mC5 - - - 2.15E-02
Hg-2,2,4tmC5 3.11E-02 0.0009T - 0.23 | -75.30/T+0.29 -

Hg-cyC6 4.83E-02 0.0014T - 0.36 -123.56/T + 4.74E-02

0.46

Hg-cyC7 - - - -5.34E-03

Hg-cyC8 - - - -4.79E-02

Hg-toluene 7.05E-02 0.0003T-0.005 | -21.75/T+0.14 7.05E-02
Hg-mcyC6 2.91E-02 0.0005T-0.10 -37.61/T +0.16 -

Hg-benzene 1.18E-01 -0.0004T +0.24 | 37.21/T-0.008 1.18E-01

Hg-oxylene 5.64E-02 -0.0003T +0.16 | 28.69/T-0.042 5.64E-02
Hg-cis1,2dmcyC6 -1.68E-02 0.0010T-0.33 -92.27/T +0.29 -
Hg-cis1,4dmcyC6 -1.42E-02 - - -
Hg-trans1,4dmcyC6 -5.61E-03 0.0010T - 0.29 -83.63/T +0.28 -
Hg-transl,2dmcyC6 -3.02E-03 0.0009T - 0.28 -80.36/T + 0.26 -

Correlations:

Paraffinic HC:
Naphthenic HC:
Aromatic HC:

The critical properties used by Mentzelos in this model are given in Table 3.9

3.2.10 SRK-Twu(Hg) - Mentzelos
In this model, SRK is used along with Twu’s alpha expression for mercury only, while for all
other components Soave’s alpha expression is used. Again, Mentzelos calculated constant and
temperature depended binary interaction parameters for mercury, where solubility data were
available. For mercury systems, for which no solubility data were found in the literature (such
as methane and ethane), generalized correlations were developed based on the existing data.

[12]

kij = 6:10® Tp2~ 0.0055 T+ 1.1927
kij =-0.0014 Ty, +0.5429
kij =210 Tp?— 0.0149T,+ 3.1296

It should be noticed that some generalized correlations take the form of a quadratic function,
which could result in inaccurate results due to its parabolic form.
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The model [12]:

_RT a(T)
T V—b V{V+b)

N
b= Z xibi
i=1

RT,
b; = 0.08664
ci #0 for all components

1
a(T) = Z Z xix;(agaj)? (1 = ki)
T

P

Where:

a; = aqa;

(RTci)2

a = 042747 —°
CclL

Alpha function used for all components except for mercury:
a; = (1+my(1 —T95))

m; = 0.48 + 1.574w; — 0.176w?

Alpha function used for mercury:
o = T, Vexp[L(1 — TMM)]

Twu’s parameters for mercury used in this model are given at Table 3.3.

Binary interaction parameters for mercury:

The binary interaction parameters developed along with generalized correlations for the ki
parameters are given below.

Table 3.11: Binary Interaction Parameters for the SRK-Twu(Hg) - Mentzelos Model

[12]
System Kij

Constant | Ki=a+bT [K] Kij=a+b/T [K] Based on

generalized

correlations
Hg-methane - - - 6.31E-01
Hg-ethane - - - 3.66E-01
Hg-propane 2.41E-01 - - 2.31E-01
Hg-ibutane - - - 1.57E-01
Hg-n-butane 1.488E- - - 1.32E-01

01

29



System Kij
Constant | Ki=a+bT [K] Kij=a+b/T [K] Based on
generalized
correlations
Hg-nC5 5.24E-02 -0.0004T + 30.76/T - 0.053 6.27E-02
0.16
Hg-iC5 - - -13.600/T + 7.71E-02
0.072
Hg-nC6 2.64E-02 - 3.560/T - 0.008 1.39E-02
Hg-nC7 4.46E-03 - - -1.93E-02
Hg-nC8 -1.76E-02 | 0.0005T -0.16 -40.82/T +0.12 -4.05E-02
Hg-nC9 - - - -5.21E-02
Hg-nC10 -5.34E-02 | 0.0017T-0.55 | -145.12/T+0.44 -5.62E-02
Hg-2,2dmC4 4.41E-02 | 0.0017T-0.45 | -141.70/T + 0.53 4.07E-02
Hg-2,3-dm-C4 - - - 2.85E-02
2-m-C5 - - - 2.54E-02
3-mC5 - - - 2.12E-02
Hg-2,2,4tmC5 3.23E-02 | 0.0009T - 0.23 -74.52/T +0.29 -
Hg-cyC6 4.83E-02 | 0.0014T-0.37 | -126.63/T +0.47 4.84E-02
Hg-cyC7 - - - -4.34E-03
Hg-cyC8 - - - -4.69E-02
Hg-toluene 7.04E-02 | 0.0003T-0.01 -22.27/T +0.15 7.04E-02
Hg-mcyC6 2.92E-02 | 0.0005T-0.11 -40.02/T +0.17 -
Hg-benzene 1.177E- -0.0004T + 34.26/T + 0.002 1.18E-01
01 0.23
Hg-oxylene 5.83E-02 -0.0003T + 28.03/T-0.038 5.83E-02
0.16
Hg-cis1,2dmcyC6 -2.29E-02 | 0.0012T-0.37 | -102.84/T +0.32 -
Hg-cis1,4dmcyC6 -2.01E-02 - - -
Hg-transl,4dmcyC6 | -9.70E-03 | 0.0009T - 0.25 -79.38/T + 0.28 -
Hg-trans1,2dmcyC6 | 1.56E-02 | 0.0010T-0.31 | -88.05/T+0.29 -

Correlations:

Paraffinic HC: kij = 6-10° Tp>— 0.0054Tp+ 1.1588

Naphthenic HC:  kijj =-0.0014 T, +0.5439

Aromatic HC: kij = 2-10"° Tp>- 0.0157Tp+ 3.2640

The critical properties used by Mentzelos in this model are given in Table 3.9
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3.2.11 SRK-Twu(Hg) — Statoil 2014

This equation of state is the same as the SRK-Twu(Hg)-no ki; described earlier, but now binary
interaction parameters for mercury are used. The introduction of the binary interaction
parameters was made to improve the prediction for mercury in binary or multicomponent
systems, especially for the liquid phase. This model is a continuation of the work done by Statoil
in 2011, which takes into consideration three new literature references. These references are the
master thesis of Mentzelos, Wiltec and GPA reports [32], with new experimental solubility data
for mercury-hydrocarbon systems. The availability of new solubility data made it possible to
generate new binary interaction parameters, not available before.

The model:

_RT a(T)
T V—b V{V+b)

N
b= Z xibi
i=1

RT,
b; = 0.08664
c #0 for all components

1
a(T) = Z Z xx;(aga;)? (1 = ki)
T

P

Where:

a; = aga;

RT,)?
ag = 0.42747 FTet)”

ci

Alpha function used for all components except for mercury:
a; = (1+my(1 —T95))
m; = 0.48 + 1.574w; — 0.176w?
Alpha function used for mercury:
o; = TN Vexp[L(1 - TMM)]

The critical parameters Te, Pc, ®, and the L, M, N parameters used for this models are given at
the Table 3.5 and Table 3.3 respectively.

Binary interaction parameters for mercury:

Based on the new solubility data provided by Wiltec and GPA reports binary interaction
parameters for mercury were generated. For those components for which no experimental data
were available, ki correlations were developed based on the available data. With these
correlations one can calculate kijjs, based on the component’s carbon number and on whether
they are paraffinic, naphthenic or aromatic hydrocarbons. These correlations, are significantly
improved comparing with the SRK-Twu(Hg) — Statoil 2011 model, since they take into account
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except for the carbon number also the structure of each molecule, thus differentiating isomers.
The kijs and the correlations are given below.

Table 3.12: Binary Interaction Parameters for the SRK-Twu(Hg) Model [25]

System Kijj
C1—Hg classified
C2—Hg /l
Cs—Hg Il
iCs—Hg /l
nCs—Hg /l
nCs — Hg /l
nCes — Hy /l
nCz—Hg /l
CyC6 — Hg I
Benzene — Hg /l
nCs—Hg Il
MCyC6 — Hg /l
Toluene — Hg /l
0-Xylene — Hg /l
nCi— Hg Il
N2 — Hg /l
CO2 - Hg Il

Comments

The binary interaction parameter for the n-butane-mercury system, provided by Statoil was
fitted to solubility data for high temperatures (T>184°C), which is not of interest for the natural
gas processes. Therefore, a predicted ki was generated instead, using the correlation for the
paraffinic hydrocarbons given below.

Correlations:

Paraffinic HC classified
Naphthenic HC I
Aromatic HC 1l

3.2.12 UMR-PRMC

UMR-PRMC is a predictive model belonging to the category of the EOS/GE models. This
model uses, instead of the classical mixing rules that use binary interaction parameters, a
Unifac-type GE model via the universal mixing rules develop by Voutsas et al [26] in
combination with the PRMC model. The result is that this model considers that all components
are comprised of the Unifac groups thus describing them as a combination of these groups. The
main advantage of that, is that no experimental solubility data are needed for the model to make
predictions. This is the reason why the UMR-PRMC model can be characterized as a predictive
model.

The mixing rules used in the UMR-PRMC are given below:
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The model
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Where:

e  Anm, Bnm, Cnm are the Unifac interaction parameters between groups n and m
e Db is the co-volume parameter of an EOS

e v is the molar volume

e i is the relative Van der Waals volume of compound “i”

e (i is the relative Van der Waals surface area of compound “i”

e Qs the relative Van der Waals surface area of sub-group “k”
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e X is the mole fraction

e X is the group mole fraction of group “m”

e ¥ is the Unifac parameter

e GacECis the Staverman-Guggenheim term of the combinatorial part of the excess
Gibbs energy

e GacE™ is the Staverman-Guggenheim term of the residual part of the excess Gibbs
energy

¢ R isthe global constant for gasses

o [k is the residual activity coefficient of group “k” in a solution

e 0jis the surface area fraction of component “i”

e (i is the segment fraction of component “i”

e T isthe absolute temperature [K]

e The parameter “A” is equal to -0.53

For the development of this model for mercury, mercury was considered to be a separate Unifac
group and based on its solubility data with other hydrocarbons, the group interaction parameters
for the Unifac model were calculated. The model developed and proposed by Mentzelos [27]
is the following.

Unifac’s group interaction parameters for mercury are given at the following table.

Table 3.13: Unifac’s Group Interaction Parameters for Mercury [27]

i j Ai[K] | Bi[-] | Ci[K' | Ai[K] | Bj[] | Cii[K"]

ACH Hg classified | classified | classified | classified | classified | classified
ACCHjs Hg I I I I I I
CH: Hg I I I I I I
cy-CH> Hg I Il I I I I
CHq4 Hg I Il I I I I
CzHs Hg I I I I I I
CO; Hg I I I I I I
N2 Hg I Il I I I I
H20 Hg I I I I I I

The two following parameters are also necessary for the UMR-PRMC model.

e Relative VVan der Waals volume parameter (r)=10.598
e Relative Van der Waals surface area parameter (q) = 8.739

3.3 Models Selected for Evaluation

In this work, eight models were tested. The first two models are the most popular equations of
state used today, meaning SRK and PR. The purpose for testing this model is to test how these
really popular models behave regarding mercury. Then the default SRK, referred to as SRK
PRO/II default, and PR, referred to as PR PRO/I1 default, found in the PRO/II software package
were evaluated. These models have kis for mercury systems, thus improving mainly the
predictive ability for the liquid phase. Thus, these two models are the “liquid correction”
models. Then the SRK-Twu(Hg) - no ki and then PRMC(Hg) - no ki; were evaluated. These
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two models use advanced expressions for the alpha function of the equations of state. These
expressions include parameters which are fitted to experimental vapor pressure data, which
results in improved predictive ability for the vapor phase. These two models are the “vapor
phase correction” models. Finally, the model developed by Statoil in 2014, which from now on
it will be referred to as SRK-Twu(Hg), was evaluated. This model is an improvement of
Statoil’s model in 2011, which now takes into account new solubility data from new sources.
This model includes binary interaction parameters for mercury, while it also uses Twu’s
advanced expression for the alpha function. These two facts result in an improvement for both
the liquid and the vapor phase. The model provided by Statoil in 2011 and Mentzelos models
were not selected for further evaluation since they were taken into account for the creation of
Statoil model in 2014 (SRK-Twu(Hg)). Finally, the UMR-PRMC model will only be evaluated
at the case studies presented at Chapter 5 and not for the binary and multicomponent mixtures,
like all the other models, as this evaluation was made by Metzelos [27].

Concluding the models selected for evaluation are the following:

1. SRK
Most Popular Models Used
2. PR
3. SRK PRO/II default — -
“Liquid Phase Correction”
4. PR PRO/II default
5. SRK-Twu(Hg) - no kj
(Ho) ! “Vapor Phase Correction”
6. PRMC(HQg) - no kj
7. SRK-Twu(Hg) Statoil’s Model
8. MRU-PRMC

3.4 Additional Work on Mercury Modelling

As mentioned before, very limited data are available on mercury modelling, since companies
keep their models classified. One model is provided in the Multiflash product from Infochem
Computer Services, which was acquired by KBC.

The Infochem mercury model is stated to be able to handle simultaneously any number of
phases on any type including vapor, hydrocarbon liquid, aqueous, liquid mercury and solid
mercury or other solids. The model can use three different equations of state, RKSA (Redlich
Kwong-Soave Advanced), PRA (Peng-Robinson Advanced) and CPA-Infochem (Cubic Plus
Association). These models are in-house optimized models of the standard RKS, PR and CPA
models. In a study for a Middle East natural gas processing plant, conducted by KBC,
Multiflash was used to simulate mercury’s distribution and it was stated by the author that the
model accurately described mercury’s distribution in the plant. The Infochem mercury models
were not available for evaluation. [31]

This model was also used by ConocoPhillips in 2012 [16]. However at this work additional
work was done. An HgsS equilibrium model was developed. The conversion of Hg® to HgS was
modelled based on a series of curves for the amount of THg present as HgS. The proportion of
total mercury (THg) present as HgS, was characterized using a K value, which is a function of
HgP concentration in a phase:
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Figure 3.2: HgS-HgO equilibrium Characterization [16]
The developed model by ConocoPhillips [16] works as follows:

Soluble HgP in each phase is converted to HgS, using the K value, and remains in that phase.
HgS precipitating from a solid Hg® phase is partitioned between hydrocarbon liquid and
aqueous phases as per the solubility of Hg® in those phases. Thus, HgS partitioning model
depends on accurate prediction of HgC distribution between aqueous and hydrocarbon phases.
Multiflash software from Infochem Computer Services Ltd. was used for that cause. The model
developed was designed to predict:

e aseparate Hg? solid phase

e HgS precipitation as a solid non-thermodynamic component of vapor, hydrocarbon
liquid and aqueous phases
e Conversion of Hg? to HgS and HgS to Hg°
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4. Evaluation of Models

In this part an evaluation of the selected models was made. The evaluation of the models is
based on two main parts.

At the first part, the models were tested against binary and multicomponent experimental
solubility data for mercury provided by Wiltec [32]. The available experimental solubility data
for binary mixtures of mercury with other components were compared to the results given by
the selected models. The available binary experimental data were for mixtures of mercury with
the following components:

e Methane (C1)

e Ethane (Cy)

e Propane (Cs)

e iButane (iCs)

e nPentane (nCs)

e Carbon dioxide (CO2)
e Nitrogen (N2)

Regarding the SRK PRO/II default and PR PRO/II default models, they were not used for the
i1Cs-Hg, CO2-Hg and N2-Hg systems, since no binary interaction parameters for mercury are
provided for these systems by PRO/II.

The available multicomponent mixtures for which an evaluation was made are the following:

e Natural Gas
e nC4+nCs + nCe (liquid)
e iCs+ Cz(liquid)

It should be noted that the binary interaction parameters for the SRK-Twu(Hg) model were
fitted to the same experimental data (Wiltec data), thus the results given by this model are not
pure predictions for the binary mixtures. On the other hand, for the multicomponent mixtures
the results given by all models are pure predictions. The exact compositions of the
multicomponent mixtures are given later.

At the second part, a k-values analysis was made. This analysis is necessary to better understand
how the models tend to distribute mercury between the vapor and the liquid phase. The K values
can be calculated by the following formula where y and x is mercury’s composition in the vapor
and liquid phase respectively.

LY
X

Finally, especially for the SRK-Twu(Hg) model, the prediction ability of the model’s kij-
correlations was tested. As stated before, the model provides three correlations for the
components for which no solubility data were available and thus no binary interaction
parameters could be calculated. These correlations can generate binary interaction parameters
for a hydrocarbon component based on whether it is paraffinic, naphthenic or aromatic and
based on its carbon number. To make the evaluation of the correlations, a kij was generated by
the correlation for the paraffinic components and tested against new solubility data that were
found for the nC12-Hg system. [33]
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4.1 Evaluation of the Models for Binary Mixtures

Experimental data were available for multiple binary hydrocarbon systems at different
pressures and temperatures from Wiltec’s report [32]. The results and the deviations from the
experimental data of all models except for the UMR-PRMC model are given below. The
evaluation of the UMR-PRMC model was made by Mentzelos [27] .

It must be noted that the binary interaction parameters for mercury for the SRK-Twu(Hg) model
were fitted to the same experimental data that are being compared to. That means, that the SRK-
Twu(Hg) model provides pure predictions only for the multicomponent mixtures.

Mercury in Methane

Figure 4.1: Hg’s Solubility in C1 (P=27.58 bara) — Vapor Figure 4.2: Hg’s Solubility in C1 (P=34.47 bara) —

Phase Vapor Phase
Methane-Hg (P=27.58 bara)-Vapor Methane-Hg (P=34.47 bara)-
9E-08 7E-08 Vapor
SRK SRK
8E08 6E-08
7E-08 PR PR
cE.08 5E-08
© SRK-Twu(Hg) - . SRK-Twu(Hg) -
£ sE-08 no kil £ 4808 no kij
@ e
E 4E-08 PRMC(Hg) - no g 3E-08 PRMC(Hg) -
3E-08 kij no kij
2€E-08
2E-08 SRK-Twu(Hg) SRK-Twu(Hg)
1E-08
1508 ==== SRK PRO/II — = =SRK PRO/II
0E+00 default 0 default
30— — —prPROJI -20 0 20— = - PR PRO/II
T [deg C] default T [deg C] default
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Figure 4.3: Hg’s Solubility in C1 (P=68.95 bara) — Vapor

Phase

Methane-Hg (P=68.95 bara)-Vapor

In general, the most important factor for this
system, which is in the vapor phase, is the

5E-08 prediction of the vapor pressures. The vapor
SRK pressures are accurately predicted by the SRK-
2E08 Twu(Hg)-no kjj, PRMC-no kijjand SRK-Twu(Hg)
PR models and thus they accurately predict the
solubility of mercury. For higher pressures the
Q 3E-08 SRK-Twu(Hg) - SRK-Twu(Hg) model provides results that are
= no kij slightly more accurate.
TCCB 08 PRMC(Hg) - no
kij It can also be seen that the PR model, which, in
SRK-Twu(Hg) general, predicts more accurately the vapor
1E-08 pressures than the SRK model, also predicts
— — =SRK PRO/Il better the solubility of mercury in methane than
0 default the SRK model. It can also be seen that the PR
-20 0 20 40 = = =PRPRO/Il default and SRK models systematically under-predict the
T [deg C] solubility of mercury in methane.
The SRK and PR models and the SRK PRO/II
default and PR PRO/II default models have
almost identical behavior describing the
methane-mercury system. This was expected as
the only thing that is different between these
models, is that the PRO/II models use Kij
parameters, which have major effect on the liquid
phase and minor effect on the vapor phase.
Table 4.1: Deviations of the Models for the Methane-Mercury System
Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
PRO/II PRO/II no Kij no Kij Twu(Hg)
default default
P=27.58 bara | 80,97% | 25,78% | 80,38% 28,16% 2,05% 3,45% 1,70%
(vapor)
P=34.37 bara | 79,90% | 23,81% | 79,14% 26,85% 3,14% 5,50% 1,72%
(vapor)
P=68.95 bara | 78,73% | 19,37% | 77,01% 25,98% 6,51% 11,17% 3,87%
(vapor)
Total 79,97% | 23,29% | 78,93% 27,06% 3,69% 6,34% 2,33%
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Mercury in Ethane

Figure 4.4: Hg’s Solubility in C2 (P=54-67 bara) — Figure 4.5: Hg’s Solubility in C2 (P=82 bara) —
Liquid Phase Liquid Phase
Ethane-Hg (P=54-67bara)-Liquid Ethane-Hg (P=82bara)-Liquid
3E-07 3E-07
SRK SRK
3E-07 3E-07
PR PR
2E-07 2E-07
:_E SRK-Twu(Hg) - é SRK-Twu(Hg) -
% 2E-07 no kij o 2E-07 no kij
e PRMC(Hg) - no 8 PRMC(Hg) - no
1E-07 kij 1E-07 kij
SRK-Twu(Hg) SRK-Twu(Hg)
SE-08 5E-08
= = =SRK PRO/II = = =SRKPRO/II
OE+00 default OE+00 default
0 0 2 PR PRO/II default 0 10 20 = = =PRPRO/I
T [deg C] T [deg C] default
Figure 4.6: Hg’s Solubility in C2 (P=23-37 bara) —
Vapor Phase
Comments:

Ethane-Hg (P=23-37 bara)-Vapor e The results presented above indicate that the liquid
9E-08 SR phase is accurately described by the SRK-Twu(Hg)
SE-08 and PR models. Between those two models, the
e08 PR SRK-Twu(Hg) model gives better predictions

especially at high pressures. The PRMC(Hg) - no ki;
o 50 SRK-Twu(He) - and SRK-Twu(Hg)-no ki models over predict
= SE-08 no kij mercury’s solubility in the liquid phase, while the
E 4E-08 PRMC(Hg) - no SRK model under-predicts mercury’s solubility.
kij
3E-08
SE08 SRK-Twu(He) e For the vapor phase, the best models are again SRK-
1E08 - — = SRKPRO/I Twu(Hg) — no kij and PRMC(Hg)- no ki, while
default SRK-Twu(Hg) has a higher deviation. The PR and
0F+00 — = —PRPRO/I SRK models under-predict the solubility of mercury
0 5 10 15 20 .
default in ethane.
T [deg C]

e As regards the SRK and PR default PRO/II models, it can be seen that when using the kj;
parameters, then the prediction for the liquid phase is more accurate, while the prediction
for the vapor phase remains almost the same. However, PR’s behavior should be discussed.
For PR it seems that when using no kij the prediction is better. This is due to cancelation of
error, since PR inaccurately predicts yi, yi and P;® which cancel each other’s error. This leads
to a good prediction of the liquid phase, xi, when solving the equilibrium.
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Where:
Xi : composition of the component i in the liquid phase
yi : composition of the component i in the vapor phase

P : pressure of the system

N

vi : activity coefficient of the component i
Pi® : vapor pressure of component | at the temperature of the system

If this effect did not take place then it would be expected that the liquid phase would be better
described when binary interaction parameters were used.

Table 4.2: Deviations of the Models for the Ethane-Mercury System

Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
PRO/Il | PRO/II no Kij no kij Twu(Hg)
default | default

P=54-67 bara | 67,29% | 5,46% | 47,53% | 22,76% 35,87% 39,38% 4,58%

(liquid)

P=82 bara 64,26% | 13,42% | 41,33% | 17,65% 47,33% 50,49% 2,16%

(liquid)

P=23-37 bara | 81,77% | 34,04% | 79,91% | 37,50% 12,75% 9,68% 18,75%

(vapor)

Total 72,03% | 19,07% | 58,32% | 26,97% 30,31% 31,14% 9,39%
Mercury in Propane
Figure 4.7: Hg’s Solubility in C3 (P=48.26 bara) — Figure 4.8: Hg’s Solubility in C3 (P=68.95 bara) —
Liquid Phase Liquid Phase
Propane-Hg (P=48.26 bara)-liquid Propane-Hg (P=68.95 bara)-liquid
5E-07 SRK SE07 SRK
4E-07 PR 4E-07 PR
8 3E-07 SRK-Twu(Hg) - O 3E.07 SRK-Twu(Hg)
= no kij 2 - no kij
S PRMC(Hg) - 2 PRMC(Hg) -
£ 2607 Kij o g 2607 no kij
SRK-Twu(Hg) SRK-Twu(Hg)
1E-07
1E-07
— — =SRKPRO/II = = =SRKPRO/II
OE+00 default default
0 10 20— = =PR PRO/II 0E+00 = = =PRPRO/II
T [deg C] default 0 10 20 default
T [deg C]
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Figure 4.9: Hg’s Solubility in C3 (P=4-8 bara) — Vapor
Phase

Propane-Hg (P=4-8 bara)-Vapor

3E-07

For the liquid phase the only accurate prediction is
made by the SRK-Twu(Hg) model while all other

o models fail. Additionally, it should be noted that
PR, SRK-Twu(Hg)-no kij and PRMC(Hg)-no ki;
2E-07 PR . . et
systematically over-predict the solubility of
SRICTuwu(He) mercury in propane, while SRK continues to
E 2E-07 o ki systematically under-predict mercury’s solubility.
g 1o E;MC(Hg) e For the vapor phase, as already mentioned, the most
important factor is the accurate prediction of the
SRK-Twu(He) vapor pressures and not the binary interaction
>E08 parameters. Thus, SRK-Twu(Hg)- no ki,
- - -ZZfKaEiO/” PRMC(Hg)-no kij and SRK-Twu(Hg) models have
OE+00 the smallest and similar deviations. On the other
0 10 20 = = =PRPRO/I hand, PR and SRK models deviate far more from
T [deg C] default the experimental data, under-predicting mercury’s
solubility.
Regarding the SRK and PR default PRO/II models,
it can be seen, when comparing with SRK and PR,
that the use of kij parameters enhances the prediction
for the liquid phase, while the vapor phase remains
intact. The behavior of PR model is the same as in
the ethane-mercury system and was explaned
above.
Table 4.3: Deviations of the Models for the Propane-Mercury System
Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
PRO/II PRO/II no ki no Kij Twu(Hg)
default default
P=48.26 bara | 62,44% | 12,09% | 22,98% | 11,29% 50,66% 47,90% 1,04%
(liquid)
P=68.95 bara | 61,51% | 14,57% | 20,53% 9,52% 54,11% 51,11% 1,23%
(liquid)
P=4-8 bara | 81,66% | 34,29% | 81,21% | 34,81% 10,77% 9,75% 12,01%
(vapor)
Total 68,53% | 20,31% | 41,57% | 18,54% 38,51% 36,25% 4,76%
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Figure 4.10: Hg’s Solubility in iC4 (P=4-8 bara) — Liquid

mole frac

Figure 4.12: Hg’s Solubility in iC4 (P=0.9-1.9 bara) —

mole frac

Mercury in iButane

Phase

ibutane-Hg (P=48.26 bara)-Liquid

3E-07

3E-07

e SRK
2E-07
PR
2E-07
SRK-Twu(Hg) - no
1E-07 kij
e PRMC(Hg) - no kij
5E-08 /
e SRK-Twu(Hg)
0E+00
10 5 0 5 10

T [deg C]

Vapor Phase

ibutane-Hg (P=0.88-1.90 bara)-Vapor

3E-07

3E-07
= SRK
2E-07
PR
2E-07
SRK-Twu(Hg) - no
kij
1E-07
= PRMC(Hg) - no kij
5E-08
// ——— SRK-Twu(Hg)
0E+00
-10 -5 0 5

T [deg C]
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Figure 4.11: Hg’s Solubility in iCs (P=4-8 bara) —

Liquid Phase

ibutane-Hg (P=82.74 bara)-Liquid

3E-07

3E-07 SRK
2E-07
o PR
o
&=
o 2E-07
© SRK-Twu(Hg) -
£ no kij
1E-07
e PRMC(Hg) - no
kij
5E-08
e SRK-Twu(Hg)
0E+00
10 0 10
T [deg C]
Comments:

As it can be seen in the diagrams above, the SRK-
Twu(Hg) and PR model accurately describe the
liquid phase, while the SRK-Twu(Hg)-no k;j; and
PRMC(Hg)-no  kij over-predict mercury’s
solubility. On the other hand, the SRK model
under predicts the solubility of mercury in ibutane.

In the vapor phase, SRK-Twu(Hg)- no kj,
PRMC(Hg)- no ki and SRK-Twu(Hg), that
accurately predict the wvapor pressures, can
accurately predict the solubility of mercury in
ibutane. Both the SRK and PR models under-
predict mercury’s solubility.



Table 4.4: Deviations of the Models for the iButane-Mercury System

Error% SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
no ki no Kij Twu(Hg)
P=48.26 bara (liquid) 67,59% 1,17% 39,11% 32,62% 0,81%
P=82.74 bara (liquid) 66,61% 2,20% 43,03% 36,33% 1,82%
P=0.88-1.90 bara 84,13% 36,93% 13,23% 11,45% 12,90%
(vapor)
Total 73,49% 14,90% 30,63% 25,84% 5,66%

Mercury in n-Pentane

Figure 4.13: Hg’s Solubility in nCs (P=17.9-20.7 bara) —
Liquid Phase

nPentane-Hg (P=17.86-20.68 bara)-
Liquid

The SRK-Twu(Hg) and PR models can
accurately predict the solubility of mercury in n-
Pentane. Both the SRK-Twu(Hg)-no kij and

" SRK PRMC(Hg)-no ki models make over-prediction,
6E-07 while the SRK makes an under-prediction of
bR mercury’s solubility
5E-07
. SRK-Twu(Hg) - no As explained before, PR can accurately predict
£ 4E07 kij mercury’s solubility for the liquid phase due to
2 PRMC(Hg) - no ki cancelation of error. On the other hand, the use
g 3807 of kij parameters in the SRK PRO/II default and
PR PRO/II default models improve, as expected
2607 SRiCTwle) the prediction for the liquid phase, comparing
o with the SRK and PR models respectively.
= - = SRK PRO/Il default
0E+00 — = = PR PRO/Il default
-20 -10 0 10 20
T [deg C]
Table 4.5: Deviations of the Models for the Pentane-Mercury System
Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- | SRK-
PRO/Il | PRO/II no Kkij no Kij Twu(Hg)
default default
P=17.86-20.68 bara | 62,65% | 7,81% | 15,07% | 15,03% 54,90% 43,02% 4,20%
(liquid)
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Mercury in CO»

Figure 4.14: Hg’s Solubility in CO2 (P=82.7 bara) —

mole frac

5E-07
4E-07
4E-07
3E-07
3E-07
2E-07
2E-07
1E-07
5E-08
0E+00

Liquid Phase

CO2-Hg (P=82.74 bara)-Liquid

e SRK
PR
SRK-Twu(Hg) - no
kij

= PRMC(Hg) - no kij

= SRK-Twu(Hg)

i

T [deg C]

Figure 4.16: Hg’s Solubility in CO2 (P=34-57 bara) —

mole frac

8E-08

7E-08

6E-08

5E-08

4E-08

3E-08

2E-08

1E-08

OE+00

Vapor Phase

CO2-Hg (P=34-57 bara)-Vapor

= SRK
PR
SRK-Twu(Hg) - no
kij
e PRMC(Hg) - no kij
/ —— SRK-Twu(He)
0 10 20
T [deg C]
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Figure 4.15: Hg’s Solubility in CO2 (P=103.4 bara)

— Liquid Phase

CO2-Hg (P=103.42 bara)-Liquid

5E-07
5E-07
4E-07 TSRK
4E-07
PR
§ 3E-07
G
o 3E-07
o 2E-07 SRK-Twu(Hg) -
£ 2& no kij
2E-07
= PRMC(Hg) - no
SE-08 _// = SRK-Twu(Hg)
OE+00
0 10 20
T [deg C]
Comments:

In the COz-mercury system, the most accurate
model is SRK-Twu(Hg) model. Equations of state
are not applicable for polar compounds. The carbon
dioxide may not have dipole moment, but it has
quadrupole moment. Thus, equations of state are
not expected to give accurate predictions without
the use of binary interaction parameters. Given the
results presented above, it can be seen that the
liquid phase is accurately predicted only by the
SRK-Twu(Hg) model, while all other models fail
to make an accurate prediction.

For the vapor phase though, SRK-Twu(Hg) and PR
models seem to give the best results. The SRK-
Twu(Hg) model has a deviation of 16%, which is
similar to the deviations seen for all binary
hydrocarbon mixtures. On the other hand, the PR
model, seems to have less deviation from the
experimental data comparing with the binary
hydrocarbon vapor systems tested above.



Table 4.6: Deviations of the Models for the CO2-Mercury System

Error% SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
no Kij no Kij Twu(Hg)
P=82.74 bara 145,03% 693,76% 892,09% 948,44% 6,70%
(liquid)
P=103.42 bara 171,12% 770,84% 991,05% 1048,90% 5,60%
(liquid)
P=34-57 bara 71,57% 7,02% 33,12% 36,11% 16,30%
(vapor)
Total 129,24% 490,54% 638,76% 677,81% 9,53%
Mercury in Nitrogen
Figure 4.17: Hg’s Solubility in N2 (T=0 °C) — Vapor
Phase
Comments:

Nitrogen-Hg (T=0 deg C)-Vapor

The prediction of the nitrogen-mercury system in
vapor phase is accurately predicted, due to the use of

5E-08
2E08 the advanced expression for the alpha function, by
SRK-Twu(Hg), SRK-Twu(Hg)-no Kij and
4E-08 SRK PRMC(Hg)-no kij model while the PR and SRK
3E-08 models make under-predictions.
o PR
L 3k-08
ié 2E-08 SRK-Twu(Hg) - no
2E-08 Kij
= PRMC(Hg) - no kij
1E-08
5E-09 e SRK-Twu(Hg)
OE+00
0 20 40 60 80
P [bara]
Table 4.7: Deviations of the Models for the Nitrogen-Mercury System
Error% SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
no Kij no Kij Twu(Hg)
T=0°C (Vapor) 79,86% 20,85% 7,18% 10,25% 6,75%
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4.2 Evaluation of the Models for Multicomponent Mixtures
Experimental data are available for three hydrocarbon mixtures. The composition of these
mixtures are shown below along with the results and the deviations calculated.

Natural Gas Mixture

Component Molar Composition
Methane: 0.881
Ethane: 0.062
Propane: 0.0251
Nitrogen: 0.0103
Carbon Dioxide: 0.0216
Figure 4.18: Hg’s Solubility in NG (P=27.6 bara) — Figure 4.19: Hg’s Solubility in NG (P=69 bara) —
Vapor Phase Vapor Phase
Natural Gas Mixture (P=27.58 bara)- Natural Gas Mixture (P=68.95
Vapor bara)-Vapor
9E-08 SRK 6E-08 SRK
8E-08
PR 5E-08 PR
7E-08
o 6E-08 SRK-Twu(Hg) - o 4E-08 SRK-Twu(Hg) -
£ 5E-08 no kij & no kij
S 4E-08 PRMC(Hg) - o 308 PRMC(Hg) -
S no kij € no kij
SE08 SRK-Twu(Hg) 2608 SRK-Twu(Hg)
2E-08
1E-08
1E-08 / = = =SRK PRO/II — = =SRK PRO/II
0 o default 0 default
T [deg C] default T [deg C] default
Comments:

As with the binary mixtures, the best prediction for a vapor phase is given by the SRK-Twu(Hg), SRK-Twu(Hg)-
no ki and PRMC(Hg)-no ki; models. Between these three models, SRK-Twu(Hg) model is better when it comes to
higher pressures. The PR and SRK models under-predict the solubility of mercury in this vapor phase mixture.

As this system is in the vapor phase, no big deviations between the SRK and PR and SRK PRO/II default and PR
PRO/II default models were expected. It should be noted that this mixture includes CO> and N> for which PRO/II
has no interaction parameters for mercury. These components are in small quantities and thus they have no major
effect in the prediction of mercury’s solubility.
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Table 4.8: Deviations of the Models for the NG-Mercury System

Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
PRO/1l1 | PRO/II no Kij no Kij Twu(Hg)
default | default

P=27.58 bara | 81,61% | 31,16% | 81,00% | 33,34% 7,40% 7,10% 9,38%
P=68.95 bara | 79,40% | 22,97% | 77,47% | 29,43% 8,06% 10,85% 6,85%
Total 80,50% | 27,07% | 79,24% | 31,39% 7,73% 8,97% 8,11%

Isobutane + Propane Mixtures (liquid)

Component
Propane:
Isobutane:

Figure 4.20: Hg’s Solubility in iC4+C3 (P=35-48 bara)
— Liquid Phase

Isobutane -Propane Mixture (P=35-

3E-07

2E-07

2E-07

mole frac

1E-07

5E-08

0E+00

Comments:
For this mixture, as with the binary mixtures for the liquid phase, the most accurate predictions are made by SRK-
Twu(Hg) and PR. The SRK-Twu(Hg)-no kij and PRMC(Hg)-no ki models, are over-predicting while the SRK
model continues to under-predict mercury’s solubility. The good prediction by PR was expected, as explained
above, due to cancelation of error. Considering the default PRO/Il models, the use of binary interaction parameters
improve the solubility prediction for the liquid phase. It should be noted, that there is no kj; for the ibutane in the
PRO/I1 database and the improvement of the prediction is only due to the propane-mercury kijj. Again, the behavior
of the models is qualitative the same comparing to the binary mixtures presented above.

48 bara)-Liquid

-10
T [deg C]

10

SRK

PR

SRK-Twu(Hg) -
no kij
PRMC(Hg) -
no kij

SRK-Twu(Hg)

= = =SRKPRO/II

default

= = =PRPRO/II

default
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Molar Composition
0.594
0.406

Liquid Phase

Figure 4.21: Hg’s Solubility in NG (P=69 bara) —

Isobutane -Propane Mixture

(P=68.95 bara)-Liquid

3E-07

2E-07

2E-07

mole frac

1E-07

5E-08

0E+00

-10 0 10

SRK

PR

SRK-Twu(Hg)
- no kij
PRMC(Hg) -
no kij

SRK-Twu(Hg)

= = =SRK PRO/II

default

= = = PR PRO/II

default




Table 4.9: Deviations of the Models for the iC4+Cz- Mercury System

Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
PRO/11 PRO/II no Kij no kij Twu(Hg)
default default

P=35-48 bara | 69,37% | 4,44% | 52,13% 12,34% 37,24% 32,84% 9,12%
P=68.95 bara | 67,35% | 6,19% | 48,71% 6,75% 46,24% 41,43% 4,19%
Total 68,36% | 5,31% | 50,42% 9,55% 41,74% 37,14% 6,65%

n-Butane + n-Pentane + n-Hexane Mixture (liquid)

Component Molar
Composition

nButane: 0.324

nPentane: 0.335

nHexane: 0.341

Figure 4.22: Hg’s Solubility in nC4+nCs+nCes (P=69
bara) — Liquid Phase

) Comments:
nButane-nPentane-nHexane Mixture Again, for this mixture in the liquid phase, the SRK-
(P=21 bara)-Liquid Twu(Hg) and PR models are the most accurate ones,
8E.07 while the PRMC(Hg)-no kij and SRK-Twu(Hg)-no
SRK ki over-predict mercury’s solubility. On the other
7E-07 hand, the SRK model under-predicts mercury’s
6E-07 PR solubility. The use of kis by the default PRO/II
models improve the prediction for the liquid phase,
9 5E-07 SRK-Twu(Hg) - like in all the other cases.
< 4E07 no kij
TED PRMC(Hg) - no
3E-07 kij
2E-07 SRK-Twu(Hg)
1807 — - -SRK PRO/II
OE+00 default
-25 -5 15 35 = = =PRPRO/II
T [deg C] default
Table 4.10: Deviations of the Models for the nC4+C5+nC6 - Mercury System
Error % SRK PR SRK PR SRK-Twu(Hg)- | PRMC(Hg)- SRK-
PRO/II PRO/II no ki no ki Twu(Hg)
default default
P=21bara | 63,39% | 6,28% | 15,20% 16,65% 53,04% 41,19% 7,91%
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Comments

After the comparison of the models against binary and multicomponent mixtures it was found
that the SRK-Twu(Hg) model can more accurately predict both for the vapor and the liquid
phase. This is expected, as comparing to the other models this one is the only one that accurately
describe the vapor phase, due to Twu’s expression for the alpha function, and the liquid phase,
due to the use of binary interaction parameters.

SRK-Twu(Hg) model, is a fitted model when comparing to the binary experimental data as
already mentioned. However, for the multicomponent hydrocarbon mixtures this model as all
the others give pure predictions. As the behavior of all models is qualitative the same, for both
the binary and multicomponent mixtures, then one can safely say that the SRK-Twu(Hg) model
is the best model between the models tested.

The liquid phase is accurately described when binary interaction parameters are used

e It was noted that for the liquid phase the only accurate model was the SRK-Twu(Hg), as it
uses binary interaction parameters, which are necessary for a liquid phase considering its
non-ideality. It was also noted that the PRMC(Hg)-no kij and the SRK-Twu(Hg)- no Ki;
models systematically over-predict the solubility of mercury in the liquid phase, while the
SRK model systematically makes under-predictions of mercury’s solubility for the liquid
phase. The SRK PRO/II default and PR PRO/II default models improve the predictions for
the liquid phase, when comparing to the SRK and PR models, but still the predictions
provided by these models are not very accurate.

e The PR model, was also found to be good for the prediction of the liquid phase, but this is
due to cancelation of error. PR inaccurately predicts both yi, yi and P;® which cancel each
other’s error. This leads to a good prediction of the liquid phase, Xi, when solving the
equilibrium. [34]

7l

l YiP?

Where:
Xi : composition of the component i in the liquid phase
yi : composition of the component i in the vapor phase
P : pressure of the system
vi : activity coefficient of the component i
Pi® : vapor pressure of component i at the temperature of the system

The vapor phase is accurately described when the vapor pressures are accurately
described

For the vapor phase prediction, it seems that the most important factor is the correct prediction
of the vapor pressures. This is achieved mainly by the SRK-Twu(Hg), PRMC(Hg)-no k;j; and
SRK-Twu(Hg)- no kijj models, thus these models have all similar results. The PR and SRK
models systematically make under-predictions for the vapor phase with the PR model being the
most accurate between these two. The default SRK and PR PRO/II models were also found to
under-predict mercury’s solubility for the vapor phase.

For all mixtures in vapor phase, except for the methane-mercury system, while the SRK-
Twu(Hg), SRK-Twu(Hg)-no kijj and PRMC(Hg)- no ki models give the best results, the
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deviation is still around 12%. This behavior is expected for systems being at high pressures
since then the systems become non-ideal. However, for the propane-mercury and ibutane-
mercury systems, the results presented above were not expected as both of these systems are at
low pressures. The deviations between these models and the experimental data could be
attributed to the uncertainty of the experimental data.

On the other hand, for the methane-mercury system, these models give accurate predictions
except for PRMC(Hg)- no kij at high pressures.

4.3 Evaluation of the Models Based on K values for Binary Systems

In addition to the analysis made above, the K values were calculated for the components that
experimental data were available for both the liquid and the vapor phase. This analysis is
necessary to better understand how the models tend to distribute mercury between the vapor
and the liquid phase. Below, the K values expression can be found along with the results of the

analysis.
k=2
X

Where:

y = mercury composition in vapor phase
X = mercury composition in liquid phase

Figure 4.23: K values for the C2>-Hg System (P=23-54 Figure 4.24: K values for the Cs-Hg System (P=4-48

bara) bara)
Ethane-Mercruy (23-54 bara) Propane-Mercury (4-48 bara)
0.45 o SRK 0.80 o SRK
0.40 070 ¢—0————0——¢
0.35 R 060 o o —o—o—9 PR
0.30
SRK-Twu(Hg) - no 0.50 .__.___.__..———0 SRK-Twu(Hg) -
L 0 kij no kij
) %040 & o ——o—e—@
0.20 —@— PRMC(Hg) - no kij —@— PRMC(Hg) - no
015 0.30 Kij
010 —@— SRK-Twu(Hg) 0.20 .—__.-__.__.___. —@— SRK-Twu(Hg)
0.05 —@— SRK PRO/II default 0.10 —@— SRK PRO/Il
0.00 0.00 default
0 10 20 —@— PR PRO/II default 0 5 10 15 20 —@—PRPRO/I
T [deg C] T [deg C] default
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Figure 4.25: K values for the iCs-Hg System (P=1-48 Figure 4.26: K values for the CO2-Hg System (P=34-
bara) 82 bara)

ibutane-Mercury (1-48 bara) CO2-Mercury (34-82 bara)

2.00 0.90

1.60 0.70 ._—4-"/./. SRK
1.40 SRK 0.60

1.20 PR 0.50
~
.00 SRK-Twu(Hg) - 0.40 SRK-Twu(Hg) -
0.80 no kij 0.30 no kij
0.60 +EBMC(Hg) -no 0.20 —8— PRMC(Hg) - no
ij ’ i
0.40 —8— SRK-Twu(Hg) 0.10 ./‘/ !
—@— SRK-Twu(Hg)
020 0.00
0.00 0 10 20
-10 -5 0 5 T [deg C]
T [deg C]
Table 4.11: K-Values Deviations
Error % SRK PR SRK PR SRK-Twu(Hg)- PRMC(Hg)- SRK-
PRO/1l | PRO/II no Kkij no Kij Twu(Hg)
default default
Ethane 43,35% | 36,89% | 60,97% 18,89% 35,58% 35,11% 14,82%
Propane 51,23% | 41,35% | 75,56% 26,47% 40,73% 38,94% 11,17%
ibutane 49,15% | 36,09% - - 37,73% 33,12% 11,76%
CO2 87,33% | 86,15% - - 85,24% 85,70% 13,27%
Total 57,77% | 50,12% | 68,27% 22,68% 49 ,82% 48,22% 12,76%

Comments

The most accurate prediction, for the K values, is made by the SRK-Twu(Hg) model, but still
with a deviation around 13%. For all systems, all models make under-prediction of the K values.
This means, that all models predict that mercury partitions more to the liquid phase than what
the experimental data indicate.

The systematic under-prediction of the K values for all models can be explained as follows
having in mind Figures Error! Reference source not found.-Figure 4.17: Hg’s Solubility in
N2 (T=0 °C) — Vapor Phase:

e SRK-Twu(Hg) model accurately predicts the liquid phase but under-predicts the vapor

phase with a deviation around 10%.

k—0'9—090
=—=0.

Thus, the calculated K value is expected to be lower than the experimental value with a
deviation around 10%.
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The PRMC(Hg)-no ki and SRK-Twu(Hg)-no ki; models over-predict by 50% mercury’s
solubility in the liquid phase but they under predict mercury’s solubility in the vapor phase
by 10% deviation.

k—og—ow
15

Thus, the calculated K value is expected to be lower than the experimental value with a
deviation around 40%.

The PR model tends to under-predict by 30% mercury’s solubility in the vapor phase, but
it slightly over-predicts the liquid phase by 10%

k—'7—OM
11

Thus, the calculated K value is expected to be lower than the experimental value with a
deviation around 40%.

The SRK model tends to under-predict by 80% mercury’s solubility in the vapor phase and
the liquid phase by 60%
0.2

k=ﬁ=0.5

Thus, the calculated K value is expected to be lower than the experimental value with a
deviation around 50%.

The SRK PRO/II default model tends to under-predict by 80% mercury’s solubility in the
vapor phase and the liquid phase by 30%

k—oz—om
07

Thus, the calculated K value is expected to be lower than the experimental value with a
deviation around 70%.

The PR PRO/II default model tends to under-predict by 30% mercury’s solubility in the
vapor phase and the liquid phase by 10%

k—07—0W
09

Thus, the calculated K value is expected to be lower than the experimental value with a
deviation around 23%.

Regarding the CO2— Mercury system
1. The SRK model under-predicts the vapor phase by 70% and over-predicts the liquid
phase by 150%.

k_a3_0u
25

Thus, the calculated K value is expected to be lower than the experimental value
with a deviation around 90%.

2. The PR model over-predicts the vapor phase by 7% and over-predicts the liquid
phase by 750%.
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Thus, the calculated K value is expected to be lower than the experimental value
with a deviation around 85%.

3. The SRK-Twu(Hg)-no ki and PRMC(Hg)-no kij models over-predict the vapor
phase by 35% and over-predicts the liquid phase by 950%.

k_1.35_013
105

Thus, the calculated K value is expected to be lower than the experimental value
with a deviation around 85%.

It is interesting to find, that the PR PRO/II default model predicts more accurately the K-values
than the PR while the case is exactly the opposite for SRK PRO/II default and SRK models.

The predicted K-values from the PR PRO/II default increased comparing to the PR model, and
this is because the predicted mercury’s solubility decreased. PR predicted higher mercury’s
solubility, due to cancelation of error as was already explained. As regards the SRK PRO/II
default and SRK models, SRK under-predicts mercury’s solubility both for the vapor phase and
for the liquid phase. The SRK PRO/II default uses ki; parameters, thus describing better the
liquid phase but still under-predicting for the vapor phase and therefore under-predicting also
the K values. This resulted in even lower K-values comparing to the ones predicted by SRK,
which already under-predicted them.

4.4  Evaluation of the Prediction Ability of the SRK-Twu(Hg) Model’s Correlations
In this part, an evaluation of the SRK-Twu(Hg) model’s correlations was made. This was made
possible since new solubility data were found. These data were published by AICHE [33].

Specifically, AICHE provides temperature depended correlations for mercury’s solubility in
different hydrocarbon components. The applicability range for temperatures for these
correlations is -65°C-65°C. These correlations by AICHE are given at the following table:

Table 4.12: AICHE’s Correlations for Mercury’s Solubility [33]

Hg°[ng/g] at Solvent Hg? N R?

25°C Solubility

(T:[°C))
2206 n-pentane 396 206877 | 14 | 0,997
2139 n-hexane 433 906397 110 | 0,999
1988 n-octane 437 006067 1 18 | 0,988
1884 n-dodecane 404 200167 144 | 0,985
1313 Iso-octane 251 %0862T 118 | 0,992
1840 All alkanes 357 e006%6T | 221 | 0,964
2718 benzene 684 %9521 1 12 | 0,964
2762 toluene 640 %958T 1 23 | 0,987
2778 ethylbenzene 722 005397 8 | 0,993
2640 o-xylene 598 e205%4T | 12 | 0,989
2708 All aromatics 673 %9577 1 65 | 0,960
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ppb of Hg

Hg°[ng/g] at Solvent Hg° N R?
25°C Solubility
(T: [°C))
1417 Methylene 406 2057 1 14 | 0,996
chloride
640 Methanol 156 e%0565T 1 14 | 0,979
52,1 water 17 004487 13 | 0,979

These data were compared to the ones found in Mentzelos work [12]. The compounds that
exist in both databases are the following: n-pentane, n-hexane, n- octane, benzene, toluene and

0- xylene.

It was found that the new data are in very good agreement with the old data for o-xylene, toluene
and benzene. For n-pentane, n-hexane and n-octane data from both sources are in good
agreement in general, with the greatest deviations existing at high temperatures. The average
deviation between the two sources is 17% and thus it is regarded that the new data are reliable.
The results of this comparison are given below:

Figure 4.27: Evaluation of AICHE data - Hg’s
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Figure 4.28: Evaluation of AICHE data - Hg’s
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Figure 4.29: Evaluation of AICHE data - Hg’s Figure 4.30: Evaluation of AICHE data - Hg’s
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Since the new data are considered reliable, they were used to evaluate the correlations made by
Statoil in 2014. Unfortunately, experimental data for only one system were provided by AICHE,
for which a kij can be predicted by Statoil’s correlation for the SRK-Twu(Hg) model. That

system is the ndodecane-mercury system and thus the evaluation made here is based only on
the evaluation of this system.
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The correlation for paraffinic hydrocarbons for the SRK-Twu(Hg) was used to generate a kjj for
the ndodecane-mercury system. This kij was used along with the SRK-Twu(Hg) model. Then,
the correlation for ndodecane by AICHE was used to generate pseudo-experimental solubility
data for the nC12-Hg system. The results are presented below:

Mercury Solubility in n-dodecane
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Figure 4.33: Evaluation of AICHE data - Hg’s Solubility in nC12
Comments

As it can be seen, the results given by the use of the predicted k;jj with the SRK-Twu(Hg) model
are in good agreement with the AICHE data up to the temperature of 40°C. For higher
temperatures the deviation becomes higher. It should be noted, though, that when comparing
the two data sets, AICHE’s data were also found to have positive deviations for all the other
systems as shows at Figures Figure 4.27: Evaluation of AICHE data - Hg’s Solubility in nCs-
Figure 4.32: Evaluation of AICHE data - Hg’s Solubility in O-xylene. For that reason, the
positive deviations found for higher temperatures could be attributed to the fact that only pseudo
data are available which are generated by a correlation, which was created based on
experimental data. Thus, the deviation experienced here is regarded to be because of the fact
that a correlation of experimental data is used and not real experimental data.

In conclusion, the correlations provided by Statoil for the SRK-Twu(Hg) model are considered
to be reliable and can be used for extrapolation in order to predict binary interaction parameters
for hydrocarbon components for which no solubility data are available. Of course, this
conclusion is based on an evaluation of only one system and therefore the use of these functions
is recommended for hydrocarbons from Csto C12 only.

4.5 Discussion

The analysis of mercury’s solubility in binary and multicomponent hydrocarbon mixtures
indicated that the SRK-Twu(Hg) model is the most accurate and consistent, between the seven
models tested, for both the liquid and the vapor phase. It is reported by Mentzelos [27], that the
UMR-PRMC model can also accurately predict mercury’s solubility for both the vapor and
liquid phase and thus this model is also considered to be a reliable one.
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The original SRK and PR models are not capable of accurately describing mercury’s solubility
neither for the liquid nor for the vapor phase. The SRK PRO/II default and PR PRO/II default
models improved the predictions for the liquid phase, comparing with the SRK and PR
respectively, but they did not improve the predictions for the vapor phase. The PRMC(Hg)-no
kij and SRK-Twu(Hg)-no kij models can accurately describe the vapor phase but not the liquid
phase of the systems tested.

The most consistent model for both the liquid and vapor phase is the SRK-Twu(Hg) model.
The liquid phase is very well predicted, but mercury’s solubility in the vapor phase is under-
predicted by 10%, which results in an under-prediction of the K values.

From the analysis made above, it is clear that when one tries to better describe the vapor
phase, that results in an over-prediction for the liquid phase by 50%, which in turn requires
binary interaction parameters to get it fixed. Thus, PRMC(HQg)-no kjj and SRK-Twu(Hg)-
no ki models better describe the vapor phase but they over-predict mercury’s solubility in
the liquid phase. The vapor phase prediction although better is still and under prediction of
around 10%. The over-prediction in the liquid phase and under-prediction of the vapor
phase results in an under-prediction of the K values.

The SRK model cannot accurately predict the vapor phase, neither the liquid phase, since it
cannot accurately predict mercury’s vapor pressures and no kij parameters are used for any
mercury-HC system. SRK always under-predicts mercury’s solubility in hydrocarbon
systems, for the vapor phase by 80% and the liquid phase by 60%, which results also in an
under-prediction of the K values.

The PR model, in general, can predict with more accuracy mercury’s vapor pressures than
the SRK model. That results in better but still an under-prediction of mercury’s solubility
in the vapor phase by 30%. PR also under-predicts for the liquid phase having a small
deviation of 10%, due to cancelation of error, as explained above. These facts, also result
in an under-prediction of the K values.

After analyzing the SRK and PR PRO/II default models, it was found that the binary
interaction parameters improved the prediction in the liquid phase, comparing to the SRK
and PR respectively, but left intact the vapor phase prediction. This could possibly lead to
worse K value prediction (lower K values) and thus to worse prediction of mercury’s
distribution in a process. This is the case for the SRK PRO/I1 default model, which provides
worse results than the SRK model. However, the case is not the same for the PR and PR
PRO/I1 default models. The results acquired by the PR PRO/II default model were found to
be better than the results by PR. This different behavior is believed to be due to the fact that
in general PR provides better predictions for the vapor phase, that the SRK. Therefore, the
prediction for the vapor phase is better and when using the kijjs then the prediction for the
liquid is also qualitatively better, since no cancellation of error takes place. All these suggest
that PR PRO/II default provides better results than the SRK PRO/I1 default models.

It should be noted that if one uses for their model only vapor phase correction, through an
advanced expression for the alpha function such as Twu’s or Mathias-Copeman expression,

or only liquid phase correction, through the use of binary interaction parameters, they could
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possibly get worse results for the K values. That could result to worse predictions of
mercury’s distribution in a process. It is recommended that both vapor phase and liquid
phase correction should be applied at the same time
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5. Case Studies — Comparison to Field Data

At the previous parts, an evaluation of the selected models found in the literature was made.
The best and most accurate models were found to be the SRK-Twu(Hg) and the UMR-PRMC
models, which can both accurately describe mercury’s solubility in different hydrocarbon
components for both the liquid and the vapor phase.

At this part, three case studies are examined in order to further evaluate the models. In these
case studies, simulations of two plants (Plant A and Plant B) were performed and field data
from a third plant (Plant C) were used for evaluation. Specifically, for Plant A, no field data
were available, thus in this simulation all the eight models that were selected were used for the
simulation to further understand the behavior of the models. For Plant B, field data were
available. For this simulation, only the best of the models was tested, meaning the SRK-
Twu(Hg) and the UMR-PRMC model. Finally, for Plant C, field data were available, however
not enough data where provided by Statoil to make the simulations possible. Therefore, for
Plant C a qualitative description of mercury’s distribution is made.

For these simulations the PRO/II 9.3 software was used to perform the simulations for Plant A
for all models except for the UMR-PRMC model. For the UMR-PRMC model, the simulations
were made using the CAPE-OPEN platform in Aspen HYSYS 8.6. Finally, the simulations of
Plant B were made in Aspen HYSY'S 8.6.

5.1 Simulation of Plant A

Rich gas from the fields is transported to Plant A via pipelines. First of all, the pressure and
temperature are adjusted. Then the water in the gas is removed so that it can be cooled down to
a low temperature (-60°C) without causing ice accretion in pipes and other equipment. The gas
is then sent to the separator plant where the wet gas (NGL) is separated out. The wet gas is then
sent on to the fractionation plant where it is split into propane, normal butane, iso-butane and
naphtha. Ethane is separated out in a special plant and is sold as a separate product. When all
these elements have been separated from the gas, the remainings (sales gas or dry gas), which
consists mainly of methane.

5.1.1 Simulation Results of Plant A

In this part, a part of the simulation of the Plant A will be presented. The part of the plant that
is going to be presented is the fractionation part. This process, also presented below, is consisted
of a series of distillation columns that partition the components of natural gas.
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Figure 5.1: Fractionation Part of Plant A

The first column is called Demethanizer and partitions methane as a top product and C»+ as a
bottom product. The second column, called Deethanizer, takes as feed the C,+ fraction and
partitions ethane and the Cs+ fraction. The third column, called Depropanizer takes as feed the
Ca+ fraction and partitions propane as a top product and Cs4+ fraction as the bottom product.
The Cs+ fraction is the feed for the next column called Debutanizer, where the top product
consists of nC4 and iCs and the bottom product is the Cs+ fraction. Then, the top product is
headed to the splitter, where iCs is retrieved as a top product, while the nCy is retrieved at the
bottom product of the column.

All eight models that were discussed previously, were used for the simulation of this process.
The implementation of the all the models, expect for the UMR-PRMC model, in PRO/II, which
was used for these simulations, is straightforward as the user can choose the desired equation
of state and then the user can apply the desired expression for the alpha function separately for
each component. Of course, the user is also able to apply their desired binary interaction
parameters. The UMR-PRMC model was tested through the CAPE-OPEN platform in Aspen
HYSYS 8.6 as stated earlier.

5.1.1.1 Demethanizer

This column partitions methane and the C»+ fraction. The column operates at 34 bar and the
temperature range is -60 °C, at the top of the column, and 50 °C, at the bottom of the column.
The way mercury partitions in the column, according each model, is shown at the following
table.

Table 5.1: Mercury’s Partitioning at the Demethanizer at Plant A

Model Percentage of mercury at Percentage of mercury at the
the top bottom
SRK 4,7% 95,3%
PR 6,0% 94,0%
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Model Percentage of mercury at Percentage of mercury at the
the top bottom
SRK PRO/II 2,4% 97,6%

default
PR PRO/I1 default 6,4% 93,6%
SRK-Twu(Hg)-no 5,9% 94,1%
Kij

PRMC(Hg)-no ki 6,2% 93,8%
SRK-Twu(Hg) 9,6% 90,4%
UMR-PRMC 0.9% 99.1%

As it can be seen that all models, except for the SRK-Twu(Hg) model, predict that 1-6% percent
of the mercury that enters the Demethanizer ends up at the top product. The SRK-Twu(HQ)
model predicts a higher percentage of 10% at the top.

The explanation for this behavior can be given considering the K values, shown at the
evaluation part in Figures Figure 4.23-Figure 4.26 and Figures Figure 5.2-Figure 5.3. The
system becomes richer in ethane and propane from the top of the column to the bottom. As it
can be seen in the Figure 4.23, Figure 4.24, Figure 5.2 and Figure 5.3 for the K values for both
ethane and propane, the models tend to favor the partitioning of mercury in the liquid phase,
since the K values are lower than 1. Thus, when going down the column this tendency becomes
stronger and most of the mercury ends up at the bottom.
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Figure 5.2: K values calculated by UMR-PRMC for the C2-Hg System (P=23-54 bara)
[27]
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Figure 5.3: K values calculated by UMR-PRMC for the Cz-Hg System (P=4-48 bara)
[27]

The percentage of mercury reaching the top of the column is very high, regarding how low the
K-values are and that is because of the position of the feeds entering the column as explained
below. In particular, the greatest effect is caused by the first feed, which enters the column at
the first stage.

At the figure below, one can see the K values for mercury in the Demethanizer.

Demethanizer K-values
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Figure 5.4: K values for Mercury in the Demethanizer at Plant A

The K-values are well below 1, which means that mercury is mostly concentrated at the liquid
phase. However, SRK-Twu(Hg) model predicts that 10% of the mercury entering the column
ends up at the top product, which is very high for the K-values presented above.

This is due to the position of the feed of the column. Specifically, this column has three feeds.

1. The first feed enters the column at the 1% stage and contains 20% of the mercury
entering the column.

2. The second feed enters the column at the 2" stage, containing 46% of the mercury
entering the column.
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3. The third feed enter the column at the 7" stage, containing 34% of the mercury
entering the column.

The biggest amount of mercury entering the column via the third feed is headed at the bottom
of the column, because mercury does not have the chance to move upwards due to the low K
values. However, some small part of the mercury entering that stage reaches the stage above,
but still the biggest part of this mercury ends up again at the stage below due to the low K
values. The same thing happens with the mercury entering the column via the second feed. On
the other hand, mercury entering via the first feed can go upwards and head directly to the top
product as there is no stage above and thus all mercury that partitions to the vapor phase ends
up at the methane product and thus to the sales gas.

To test it, a forth feed was created, that contained all the amount of mercury that previously
existed in the first feed, all other components of the first feed remained intact. The forth feed
was tested entering at the 2" and 3" stage of the column. The results are given below.
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Figure 5.5: Percentage of Hg Reaching the Top of the Demethanizer with Respect to the
Inlet Point

As it is clear from Figure 5.5, mercury entering the column at the first stage mainly affects the
total amount of mercury that ends up at the methane product. Therefore, to control the amount
of mercury reaching the sales gas, it is recommended to control the amount of mercury entering
via the first feed of the column.

5.1.1.2 Deethanizer
This column partitions ethane and the Cs+ fraction. The column operates at 26.5 bar and the
temperature range is 1 °C, at the top of the column, and 96 °C at the bottom of the column.

Table 5.2: Mercury’s Partitioning at the Deethanizer at Plant A

Model Percentage of mercury at Percentage of mercury at the
the top bottom
SRK 0,0% 100,0%
PR 0,0% 100,0%
SRK PRO/II default 0,0% 100,0%
PR PRO/II default 0,1% 99,9%
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Model Percentage of mercury at Percentage of mercury at the
the top bottom
SRK-Twu(Hg)-no 0,0% 100,0%
Kij
PRMC(Hg)-no ki 0,0% 100,0%
SRK-Twu(Hg) 0,3% 99,7%
UMR-PRMC 0.4% 99.6%

All models agree that almost 100% of the mercury ends up at the bottom product. This was
expected, as the bottom product consists mostly of Cs and C4 products, and mercury is known
to strongly follow them. The K values analysis, shown at Figures Figure 4.23-Figure 4.25,
Figure 5.2, Figure 5.3 and Figure 5.7, can be used again to explain the behavior of mercury’s
partitioning. The top product is rich in ethane, for which the K-values are lower than 1. Which
means that mercury prefers to follow the liquid phase down the column and not the top product.
Moreover, the bottom products are propane, ibutane and nbutane. Propane also has low K
values which further support that mercury should end at the bottom product. As regards ibutane,
mercury’s K values are well above 1 and this is also expected to be the case for nbutane. These
K-values would lead mercury to the top product, but both ibutane and nbutane are in very small
amounts at the stages between the feed stage and the top stage, as seen at Figure 5.6, and these
quantities are not enough to get mercury to the top product.
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Figure 5.6: Composition of iC4and nCain the Deethanizer at Plant A
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Below, the K values for the ibutane calculated by the UMR-PRMC model are presented.

2.40

2.20

UMR

2.00 -

1.80 -

'K' variable

1.60

1.40 -

1.20 -

1.00 ‘ ‘ :
260 265 270 275 280

T[K]

Figure 5.7: K values calculated for UMR-PRMC for the iCs-Hg System (P=1-48 bara)

5.1.1.3 Depropanizer
This column partitions propane and the Ca+ fraction. The column operates at 12 bar and the
temperature range is 34 °C, at the top of the column, and 100 °C at the bottom of the column.

Table 5.3: Mercury’s Partitioning at the Depropanizer at Plant A

Model Percentage of mercury at Percentage of mercury at the
the top bottom
SRK 3,7% 96,3%
PR 18,7% 81,3%
SRK PRO/II default 0,0% 100,0%
PR PRO/II default 36,2% 63,8%
SRK-Twu(Hg)-no kij 18,6% 81,4%
PRMC(Hg)-no kij 22,5% 77,5%
SRK-Twu(Hg) 56,1% 43,9%
UMR-PRMC 62,5% 37,5%

At the two previous columns, mercury followed mostly the bottom product, which is not the
case for the Depropanizer. The top product consists mostly of propane. Mercury’s K values in
propane are below 1, thus preventing mercury from reaching the top product. On the other hand,
the top product consists mostly of nbutane and ibutane. Mercury in ibutane has K values well
above 1, which prevents mercury from reaching the bottom product. The result is mercury’s
distribution almost 50-50 (according to the SRK-Twu(Hg) model) between the top and bottom
product. This behavior was expected as mercury is known to follow both the C3 and C4 products.

The PR, SRK-Twu(Hg)-no ki; and PRMC(Hg)-no kij models agree that almost 20% of mercury
ends up at the top of the column, while SRK-Twu(Hg) predicts that around 56% of mercury
ends up at the top of the column. If one sees the K values, for mercury in propane and ibutane,
then it can be seen that the PR, SRK-Twu(Hg)-no ki; and PRMC(Hg)-no kij models almost have
the same K values, which means that they partition mercury the same way between the vapor
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and liquid phase. On the other hand, SRK-Twu(Hg) model differs from the other models and is
closer to the experimental data, having less tendency to send mercury to the liquid phase, in
contrast to the others. This is why SRK-Twu(Hg) model predicts more mercury at the top
product than the other models. The results provided by the UMR-PRMC model are similar to
those of the SRK-Twu(Hg) model.

It is interesting to notice, that the SRK PRO/II default provides worse results than the SRK. As
explained before, this behavior is due to the fact, that although binary interaction parameters
are used, no vapor phase correction actions are done (for example the use of Twu’s alpha
function). The SRK under-predicts mercury’s solubility in the liquid phase. But when using kijs
this under-prediction is less, resulting in even lower K-values.

The PR PRO/II default model provides the closest results to the SRK-Twu(Hg) model. This
was expected, as the K values calculated for the propane-mercury system by the PR PRO/II
default model are also the closest results to the SRK-Twu(Hg) model.

5.1.1.4 Debutanizer
This column partitions C4 and the Cs+ fraction. This column operates at 4 bars and the
temperature range is 37 °C, at the top of the column, and 95 °C, at the bottom of the column.

Table 5.4: Mercury’s Partitioning at the Debutanizer at Plant A

Model Percentage of mercury at Percentage of mercury at the

the top bottom
SRK 99,7% 0,3%
PR 100,0% 0,0%

SRK PRO/II default 66,2% 33,8%
PR PRO/II default 100,0% 0,0%
SRK-Twu(Hg)-no Kij 100,0% 0,0%
PRMC(Hg)-no kij 100,0% 0,0%
SRK-Twu(Hg) 100,0% 0,0%
UMR-PRMC 100,0% 00%

All models agree that almost 100% of the mercury entering the column ends up at the top
product. This was expected as mercury strongly follows the C4 compounds. This can further be
supported by mercury’s K values in ibutane being well above 1, which leads mercury to the
vapor phase and to the top product. Furthermore, as seen at the figure below, mercury’s
concentration at the column follows the same trend as ibutane’s concentration inside the
column, which means that ibutane’s concentration heavily affects mercury’s distribution inside
the debutanizer.
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Figure 5.8: Mercury’s and iButane’s Mole Fraction at the Debutanizer at Plant A

5.1.1.5 Splitter
This column partitions ibutane as the top product and nbutane as the bottom product. This
column operates at 5 bar and the temperature range is 35 °C to 53 °C.

Table 5.5: Mercury’s Partitioning at the Splitter at Plant A

Model Percentage of mercury at Percentage of mercury at the

the top bottom

SRK 28,5% 71,5%

PR 89,8% 10,2%

SRK PRO/II default 0,0% 100%
PR PRO/II default 99,6% 0,4%
SRK-Twu(Hg)-no ki 81,2% 18,8%
PRMC(Hg)-no Kij 95,8% 4,2%
SRK-Twu(Hg) 100,0% 0,0%
UMR-PRMC 100,0% 0,0%

All models, expect from the SRK model, agree that the biggest part of mercury ends up at the
ibutane product. Specifically, the SRK-Twu(Hg) and UMR-PRMC models predict that 100%
of the mercury ends up at the ibutane product. All mercury is headed at the top product because
of the high K values of mercury in ibutane as seen at Figure 4.25. Mercury in n-butane is
expected to also have high K values, which further support the fact that mercury is headed to
the ibutane product and not to the nbutane.

Here, it can be clearly seen that when only the liquid phase is corrected, worse results can be
obtained. The SRK PRO/II default model predicts that all mercury follows the ibutane product,
while SRK predicts that only 30% of mercury ends up at the ibutane product.

5.1.2 Discussion of the Results — Plant A
In the simulations made, deviations, between the models, existed mainly at the Depropanizer
and at the Splitter, but this is due to the K values of the components as explained above. In the
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simulations, it was clear that mercury follows strongly the propane and C4 compounds. It was
also noticed that for the Demethanizer the first feed is mainly responsible for the mercury
reaching the methane product. Thus if one wanted to minimize mercury in sales gas, then they
should minimize mercury in that stream.

The SRK-Twu(Hg) model suggests that 10% of the mercury entering the fractionation part ends
up at the methane product, while the remaining mercury splits, almost 50-50 between propane
and ibutane. The UMR-PRMC model suggests that 1% of the mercury entering the fractionation
part ends up at the methane product, while the remaining mercury splits, almost 60-40 between
propane and ibutane.

For the distribution results to be accurate, the models must be able to accurately predict the K
values. The best models for doing so, was found to be the SRK-Twu(Hg) and the UMR-PRMC.
The PR PRO/II default model, was found to give the second best results after the SRK-Twu(Hg)
model for the K values. It was also found to give the closest results to the SRK-Twu(Hg) model
in the simulations of Plant A. Therefore, PR PRO/II default model is regarded the best model
after the SRK-Twu(Hg) and the UMR-PRMC models.

It is interesting to notice, that the SRK PRO/II default model provides worse results for the K
values than the SRK. And this due to the fact, that although binary interaction parameters are
used, no vapor phase correction actions are performed. Specifically, the SRK under-predicts
mercury’s solubility in the liquid phase, but when using kjs this under-prediction is less,
resulting in even lower K-values. However, the case is not the same for the PR and PR PRO/II
default models. The results acquired by the PR PRO/II default model were found to be better
than the results by PR. This different behavior is believed to be due to the fact that in general
PR provides better predictions for the vapor pressures, thus also for the vapor phase, that the
SRK. Therefore, the prediction for the vapor phase is better and when using the kijjs then the
prediction for the liquid is also qualitatively better, since no cancellation of error takes place.
All these suggest that PR PRO/II default provides better results than the SRK PRO/II default
models.

5.2 Simulation of Plant B

At this part, an evaluation of the SRK-Twu(Hg) and UMR-PRMC models will be made, testing
them against field data, since field data became available for Plant B. These models were
selected since it was found, by the previous analysis, to be the best of all the models. The
evaluation will be made using Aspen HYSY'S 8.6 software package. For the implementation of
the UMR-PRMC model in Aspen HYSYS the CAPE-OPEN platform was used.

In order to continue with the evaluation, the following topics should be addressed.

e Implementation of the SRK-Twu(Hg) model in Aspen HYSYS

The SRK-Twu(Hg) model cannot be directly implemented in Aspen HYSYS, since the user
cannot choose separately the expression for the alpha function for each component. The
user can only choose a specific model, which applies the same alpha function to all
components. Thus, now the SRK-Twu(Hg) model cannot be directly implemented, but the
SRK-Twu(All) can. The difference between these two models is that Twu’s expression for
the alpha function is now used for all components and not only for mercury as happens with
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the SRK-Twu(Hg) model. This new model, from now on, will be referred to as SRK-
Twu(All).

As it will be shown later, it was found that both models provide almost identical results and
thus SRK-Twu(All) can be safely used instead of SRK-Twu(Hg) for the implementation of
the model in Aspen HYSYS. Another way to implement SRK-Twu(Hg) model is to
implement it through the CAPE-OPEN platform. This kind of implementation was not done
in this work.

e Binary interaction parameter for the mercury-water system

The simulation file Plant B includes water as a component. However, no binary interaction
parameter for the mercury-water system was available up to this point. The new solubility
data found [33] were used to generate a new kjj for the SRK-Twu(All) model.

5.2.1 Comparison between SRK-Twu(All) and SRK-Twu(Hg) Models

SRK-Twu(Hg) uses Twu’s expression for the alpha function only for mercury while for all
other components the Soave’s expression is used. This model cannot be directly implemented
in Aspen HYSYS since there is no option to select a particular alpha function for a specific
component. However, one can select to implement SRK-Twu(All), which means that Twu’s
alpha function will be used for all components. The parameters required for the alpha function
for all components, except for mercury, are provided by Aspen HYSYS software package. For
mercury, the same parameters used in the SRK-Twu(Hg) model, given in Table 3.3 , are also
used in SRK-Twu(All).

In this part, a comparison between these two models was made in order to verify the
applicability of the SRK-Twu(Hg) model in Aspen HYSYS. It should be noted that for both
models the binary interaction parameters used are those of SRK-Twu(Hg) model. The results
are given at the table below.

Table 5.6: Comparison Between the SRK-Twu(Hg) and SRK-Twu(All) Models

Mixture of Mercury with: Deviation Between SRK- SRK-Twu(Hg) SRK-Twu(All)
Twu(Hg) and SRK- deviation from deviation from
Twu(All) experimental experimental data
data (Wiltec)
Methane 0,91% 2,39% 2,23%
Ethane 0,46% 9,39% 9,36%
Propane 0,04% 4,76% 4,76%
ibutane 0,17% 5,86% 5,88%
n-Pentane 0,48% 4,20% 3,86%
CO2 0,13% 9,53% 9,54%
Nitrogen 1,57% 6,75% 5,22%
Natural Gas Mixture 1,74% 6,85% 7,61%
ibutane + Propane 0,10% 6,65% 6,58%
n-Butane + n-Pentane + 0,48% 7,91% 7,38%
n-Hexane
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Following the results, at Table 5.6, and the fact that the average deviation between the two
models is 0.5%, it is clear that the two models provide almost identical results. Thus, it can be
safely said that SRK-Twu(All) can be used instead of SRK-Twu(Hg), using parameters from
the SRK-Twu(Hg) model in order to implement SRK-Twu(Hg) model in Aspen HYSYS.

5.2.2 Development of New Binary Interaction Parameter for the Mercury-Water System
Water is a component in the simulation file of Plant B. No binary interaction parameter exists
for the water-mercury system since no solubility data were found up to this point. A correlation
provided by AICHE was found, which provides solubility data for the mercury-water system.
Based on this correlation a binary interaction parameter for this system was calculated.

The correlation provided by AICHE can be found at Table 4.12 and is given below:

SHgO — 17 e0,0448T
Where:

Shg: Hg? solubility in water in ng/g

T: Temperature in °C

This correlation is stated to be valid between -65°C and +65°C and was used to generate pseudo-
experimental data. These data, were then used to fit the binary interaction parameters for
mercury-water system using the SRK-Twu(All) model.

Water it is a highly polar component and can develop hydrogen bonds. Equations of state like
the SRK are known not to accurately predict these systems, thus a correction of the vapor
pressure prediction using Twu’s expression for the alpha function, as well as the use of binary
interaction parameters are of high importance. It is recommended that for the water component
Twu’s or Mathias-Copeman’s expressions along with binary interaction parameters should be
used.

A dynamic process simulator, NeqSim, was used to calculate the new k;; for the water-mercury
system. The calculated kij is given below:

Water-Mercury System
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Figure 5.9: Mercury’s Solubility in Water
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The average deviation for the temperature range tested, which is between 20°C and 60°C is
29%. This temperature range was selected for fitting as these temperatures are mostly found in
the simulation file were water separations take place.

5.2.3 Evaluation of SRK-Twu(All) Model Based on the Plant B Field Data

In this part, SRK-Twu(All) and the UMR-PRMC models were tested against field data from
Plant B. The SRK-Twu(All) model was used instead of the SRK-Twu(Hg) model since the
latter can only be implemented in Aspen HYSYS using CAPE-OPEN. The only way to
implement the UMR-PRMC in Aspen HYSYS was through the CAPE-OPEN platform, thus
this platform was used.

The SRK-Twu(All) model uses SRK EOS with Twu’s alpha function for all components. The
model is using the default Aspen HYSYS critical parameters (T¢, Pc, ®). The L, M, N
parameters for Twu’s alpha expression and the binary interaction parameters are the default
Aspen HYSY'S parameters for all components but for mercury. For mercury the kijjs and the L,
M, N parameters used are those of SRK-Twu(Hg) model, given at the Tables Table 3.12 and
Table 3.3 respectively. The new binary interaction parameter for the water-mercury system
calculated earlier (5.2.2) was implemented in the simulation file.

5.2.3.1 Process Description

The process is consisted of two parts. The first part is the one that leads to the natural gas
product and the second one is the one that leads to the LPG and Cs+ products. The feed enters
the plant and after some flash drums is split between those two parts.

The part of the feed that is leaded to the “natural gas product part” goes through some flash
drums. Then it is leaded through a H2S and Hg removal unit as well as a CO2 removal unit. The
stream is then leaded through some heat exchangers and flash drums to the dehydration unit
and from there to the cold box. After the cold box, a flash drum leads its bottom product to the
Demethanizer column. This stream is the lowest feed inlet of the column, as this column has
three feed inlets. Part of the top product of the flash drum is leaded in cold box again for further
cooling and then makes its way as the top feed inlet of the Demethanizer column. The remaining
part of the top product of the flash drum enters the column as the middle feed inlet. The top
product of the column is the natural gas product, while the bottom product is the Cs+ product
and is headed to the “LPG and Cs+ product part” of the plant for further fractionation.

As regards the “LPG and Cs+ product part” of the plant, the feed stream is enriched by bottom
products of flash drums of the “natural gas product part”. Then, the stream is leaded through
some flash drums to a stabilizer column. The light products are recycled and added to the feed
of the “natural gas product part”, while the heavy stabilized products are headed, along with the
Demethanizer bottom product, to a new distillation column. This column fractionates LPG and
Cs+ product. The process is shown at Figure 5.10.
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5.2.3.2 Simulation Results

In the process described above, there are some points that should be noted. The Hg, H>S and
CO- removal units as well as the dehydration unit cannot be directly simulated in Aspen
HYSYS. Instead, a component splitter operation is used. A component splitter is a pseudo
process that splits a selected component.

The mercury concentration field data are available for two periods, September 2014 and
November 2014. Data are available for Train 1 and Train 2 of the process. It should be noted
that at the time of the sampling the mercury removal unit was not in service for Train 1. It
should also be noted that in Train 2 the mercury adsorber was in operation but severely
damaged.

The experimental data are available at the following locations and can be found at the process
diagram above (Figure 5.10):

e Outlet of H2S & Hg Removal Unit
e Qutlet of CO2 Removal Unit

e Cold Box Inlet

e Top Feed Inlet

e DeC1 Top Product

e Natural Gas Product

As already stated, since the removal units cannot be simulated it is important to know the
experimental values at the outlet of these units. Thus, for the cases that these data were
available, the experimental values where set as the set points in the Aspen HYSYS simulation.
This is the case for the November 2014 Train 1 and the November 2014 Train 2 campaigns.
For the other cases where the outlet mercury concentration of the removal units was not
available, the Cold Box Inlet point was set as the set point in the Aspen HYSY'S simulation.
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The results of the simulations are given below. The * mark means that the designated point was
used as the set point for the current simulation. In order to calculate mercury’s flow, the total
flow of each stream is necessary. The actual flows of the streams were not available, therefore,
to calculate both the calculated and the experimental mercury flow, the total flow of each stream
were taken from the Aspen HYSY'S simulation files.

Cold Box Inlet is set as the Basis Point

Table 5.7: SRK-Twu(All) Model Evaluation from Plant B Field Data, September 2014 -

Train 1
September Experimental Calculated Calculated
2014 - Train 1 SRK-Twu(All) UMR-PRMC
Mercury Mercury Mercury Mercury Flow Mercury Mercury
Concentrations Flow Concentration | [kmol/hr *10%] | Concentrations Flow
[ng/Smq] [kmol/hr s [ng/Sm3] [ng/Smq] [kmol/hr
*108] *108]
Cold Box Classified Classified Classified Classified Classified Classified
Inlet*
Top Feed Inlet /l /l 101 5,5 101 5,5
DeC1 Top I 1l 13 2,4 8 1,4
Product
Natural Gas I 1l 13 2,4 8 1,4
Product
Table 5.8: SRK-Twu(All) Model Evaluation from Plant B Field Data, September 2014 -
Train 2
September 2014 Experimental Calculated Calculated
- Train 2 SRK-Twu(All) UMR-PRMC
Mercury Mercury Mercury Mercury Mercury Mercury
Concentrations Flow Concentrations Flow Concentrations Flow
[ng/Smq] [kmol/hr [ng/Smq] [kmol/hr [ng/Smq] [kmol/hr
*108] *108] *108]
Cold Box Inlet* Classified Classified Classified Classified Classified Classified
Top Feed Inlet /l /l 76 4,1 76 4,1
DeC1 Top 1 1l 10 1,9 6 1,1
Product
Natural Gas - - 10 19 6 1,1
Product
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Table 5.9: SRK-Twu(All) Model Evaluation from Plant B Field Data, November 2014 -

Train 1 (Cold Box Inlet Being The Set Point)

November 2014 Experimental Calculated Calculated
-Train 1 SRK-Twu(All) UMR-PRMC
Mercury Mercury Mercury Mercury Mercury Mercury
Concentrations Flow Concentrations Flow Concentrations Flow
[ng/Smq] [kmol/hr [ng/Smq] [kmol/hr [ng/Smq] [kmol/hr
*108] *108] *108]
Cold Box Inlet* Classified Classified Classified Classified Classified Classified
Top Feed Inlet /l /l 92 5,0 92 5.0
DeC1 Top 1l Il 12 2,2 7 1.3
Product
Natural Gas 1l Il 12 2,2 7 1.3
Product

Table 5.10: SRK-Twu(All) Model Evaluation from Plant B Field Data, November 2014 -

Train 2 (Cold Box Inlet Being The Set Point)

November 2014 Experimental Calculated Calculated
-Train 1 SRK-Twu(All) UMR-PRMC
Mercury Mercury Mercury Mercury Mercury Mercury
Concentrations Flow Concentrations Flow Concentrations Flow
[ng/Smq] [kmol/hr [ng/Smq] [kmol/hr [ng/Smq] [kmol/hr
*108] *108] *108]
Cold Box Inlet* Classified Classified Classified Classified Classified Classified
Top Feed Inlet /l /l 90 4,9 90 4.9
DeC1 Top I 1l 12 2,2 7 1.3
Product
Natural Gas - - 12 2,2 7 1.3
Product

In the cases above, it can be seen that the SRK-Twu(All) and the UMR-PRMC models provide
almost identical results.

In these case, the Cold Box Inlet is set as the set point. Between the Cold Box Inlet Point and
the Top Feed Inlet point there is one flash drum. Both models are in good agreement with the
provided field data for the Top Feed Inlet. Thus, the distribution of mercury in the three feed
inlets of the Demethanizer calculated by the two models is in good agreement with the field

data.

As regards the distribution of mercury in the column the field data indicate that 95% of the
mercury entering the column ends up at the top product, while the SRK-Twu(All) and the UMR-
PRMC predict that only 11% and 6,5% respectively, of the mercury entering the column reaches
the top product.
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Along the way from DeC1 Top Product to the Natural Gas Product, the models calculate the
same composition, since the stream is the same. The field data indicate a mercury reduction
along the way. This could be an indication of mercury’s absorption at the pipe walls.

The Outlets of the H,S & Hg Removal Unit and CO; Removal Unit are set as the Base Point

Table 5.11: SRK-Twu(All) Model Evaluation from Plant B Field Data, November 2014 -
Train 1 (Outlets of the H2S, Hg and CO2 Removal Units Being The Set Points)

November 2014 - Train 1

Experimental

Calculated SRK-Twu(All)

Mercury Mercury Flow Mercury Mercury Flow
Concentrations | [kmol/hr *108] | Concentrations | [kmol/hr *108]
[ng/Sm?] [ng/Sm?]
After H2S & Hg Removal Classified Classified Classified Classified
Unit*
After CO2 Removal Unit* I Il /l I
Cold Box Inlet I Il 102 20,0
Top Feed Inlet Il /l 100 5,4
DeC1 Top Product I Il 116 21,7
Natural Gas Product I /l 100 18,7

In this case the set points are the outlets of the H.S & Hg Removal Unit and CO, Removal Unit.
It should be noted that in this case the material balances are not valid, as at the top of the column
(DeC1 Top Product) there is more mercury than at the feed of the column (Cold Box Inlet).

The field data indicate that the amount of mercury that reaches the column ends up at the top
product and that some absorption takes place between the top of the column and the final natural
gas product. The model, on the other hand, indicates that only 11% of the mercury reaching the
column reaches the top product. In addition, the model accurately describes the concentration
at the Cold Box Inlet and at the Top Feed Inlet.
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The Outlet of the H,S and Hg Removal Unit is set as the Base Point

Table 5.12: SRK-Twu(All) Model Evaluation from Plant B Field Data, November 2014 -
Train 2 (Outlet of the H2S and Hg removal Units Being The Set Point)

November 2014 - Experimental Calculated SRK-Twu(All)
Train 2
Mercury Mercury Flow Mercury Mercury Flow
Concentrations | [kmol/hr *108] | Concentrations [kmol/hr
[ng/Sm?] [ng/Sm?] *108]
After H2S & Hg Classified Classified Classified Classified
Removal Unit*
After CO2 Removal - - 973 103,3
Unit
Cold Box Inlet Classified Classified 929 182,2
Top Feed Inlet Il Il 835 45,3
DeC1 Top Product Il Il 109 20,3
Natural Gas Product - - 0 0,0

In this case, the mass balances based in the experimental data are not valid, since the DeC1 Top
Product has more mercury than the mercury actually entering the column. In this case Cold Box
Inlet mercury concentration in not in agreement with the field data. This could be because the
CO- removal is neither simulated nor experimental data at the outlet of this unit exist.

The Top Feed Inlet is in worse agreement with the field data when comparing with the previous
cases. The DeC1 Top Product is in better agreement with the field data when comparing with
the previous cases, but this is due to the fact that the model always calculates one order of
magnitude lower mercury concentration at the top of the column than the Cold Box Inlet. And
since, the Cold Box inlet is calculated with one order of magnitude higher mercury’s
concentration, the cancellation of error leads to good results at the top of the column.

5.2.1 Discussion of the Results — Plant B

The experimental data indicate that 95% of the mercury entering the Demethanizer ends up at
the top product of the column. On the other hand the SRK-Twu(All) model indicates that only
around 11% of the mercury entering the column ends up at the top product, while the same
percentage for the UMR-PRMC model is 6,5%. Regarding the SRK-Twu(All), this conclusion
is in agreement with the study Plant A(5.1), where the mercury calculated reaching the top
product, at the Demethanizer, was also around 10% of the mercury entering the column. Statoil
in 2011, used the SRK-Twu(Hg)-Statoil 2011 model, to simulate the fractionation part of Plant
A. Similar results were acquired then predicting that only 10% of the mercury entering the
Demethanizer follows the sales gas [30]. UMR-PRMC indicates a lower percentage of mercury
reaching the sales product.

It should be noted, that the two models are in good agreement with the field data in all cases at
the Cold Box Inlet and the Top Feed Inlet points, which both are outlets of flash drums. This
indicates that the models are accurate at flash calculations.

The mass balances using the experimental data were not always valid. This could be due to
experimental error, mercury deposition or mercury absorption at the pipe walls. In general, the
uncertainty of the field data was considered to be high. The deviations between the field data
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and the models does not necessarily mean that the models used are not accurate, since the
models were found to be able to handle flash calculations.

However, the models used are equilibrium models and do not take into account reactions,
depositions and absorptions. Thus, the deviation between the experimental data and the
calculated results at the DeC1 Top Product point, could be attributed to experimental error, but
also to mercury depositions at the sample point. It must be noted, that the models used here are
purely thermodynamic models and such models require corrections for non-equilibrium
conditions. It is known that the rate of condensation and dissolution of Hg® are slow in liquid
at low temperatures [4], such as at the top of the Demethanizer. Thus, it is possible that a
correction should be applied for the model at these conditions to further improve the models.

The degree of saturation of mercury for all the streams around the cold box, the flash drum after
the cold box and the Demethanizer was calculated using the SRK-Twu(All). It was found that
none of the streams is close to saturation and therefore it is not probable that liquid condensation
of mercury will occur in that streams under normal operating conditions.

Table 5.13: Degree of Saturation for Mercury for Plant B Using the SRK-Twu(All)

model
Point of Calculation Degree of Saturation for
Mercury (SRK-Twu(All))
Cold Box Inlet 0.00%
DeC1 Top Product 0.00%
Top Feed Inlet (before valve) 0.00%
Top Feed Inlet (after valve) 0.00%
Middle Feed Inlet (after expander) 0.01%
Third Feed Inlet 0.01%
Top of the Demethanizer(right after the Demethanizer) 0.00%
Bottom of the Demethanizer(right after the 0.00%
Demethanizer)

5.3 Plant C—Qualitative Evaluation based on Field Data

For Plant C, field data were available, however not enough data where provided by Statoil to
make the simulations possible. Therefore, for Plant C a qualitative description of mercury’s
distribution is made.

5.3.1 Process Description

The gas that arrives onshore at Plant C is processed and liquefied. Processing involves removal
of water/MEG (added initially to inhibit ice formation in the pipeline) and condensate, followed
by CO2 removal, water removal (from the wet gas) and mercury removal. The gas is then cooled
and nitrogen is removed to produce LNG and LPG which are then exported along with the
treated condensate via dedicated boats. A block diagram of the process is given below.
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Figure 5.11: Block Diagram of the Processing Scheme in Plant C

5.3.2 Plant C Surveys Results

Two surveys [35, 36] were made at Plant C and they included several measurements at different
parts of the process. The aim was to quantify mercury across the Plant C and to give an overview
of mercury’s distribution within the plant.

It was found that mercury is removed at MEG regeneration column, as the presence of common
hydrate inhibitors increase the Hg content in the aqueous phase relative to “pure” water. It was
also found that mercury is removed at the carbon dioxide removal unit due to amines. This was
expected because, as stated earlier, mercury can react with the H2S scavenged by the amine to
transform into HgS, which could then be found in the amine filters. Mercury was also removed
at the dehydration unit. This could be due to the presence of molecular sieves, because mercury
is absorbed onto metals. It could also be due to the fact that elemental mercury in gas will
dissolve in the liquid glycol dehydrators during treatment for contaminants. Mercury was also
found to be removed from the process at the effluent treatment in sludge as HgS.

Mercury was found to reach the environment either directly or via different disposal routes.

e Mercury exists at the CO» stream for re-injection, but this stream is occasionally vented
to the atmosphere

e Mercury can reach the atmosphere also when flaring the gas or after the combustion of
fuel gas

e The sludge removed from the water in the effluent treatment, and solids from the MEG
sedimentation tank contained mercury in non-volatile form
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5.4 Discussion

The simulations made at the previous sections using the SRK-Twu(All) and UMR-PRMC
models indicated that around 10% and 6,5% respectively, of the mercury entering the
Demethanizer follows the sales gas, while the remaining mercury concentrates at the LPG
products and specifically at the propane and ibutane products. The field data from Plant C
supported the results given by the models. They further indicated that mercury can be removed
during processing at the MEG regeneration column, but also at the CO2 removal unit and the
dehydration unit, as it was expected (2.3.3). On the other hand, the simulation of Plant B
indicated that almost all of the mercury entering the Demethanizer column ends up at the top
of the column and consequently to the sales gas. It should be noted, though, that the uncertainty
of the experimental data provided by Plant B is considered to be high. Another reason for
deviation between Plant B field data and the model could be the fact that the model used is a
pure thermodynamic model. As explained earlier, thermodynamic models are equilibrium
models and require corrections for non-equilibrium conditions. It is known that the rate of
condensation and dissolution of Hg® are slow in liquid at low temperatures and these conditions
exist at the top of the Demethanizer [2]. Thus, it is possible that a correction should be applied
for the model at these conditions to further improve the model. One such correction could be
the use of corrected/adjusted tray efficiencies for the trays being at low temperatures, such as
the top stage of the Demethanizer. It must also me noted that model used, does not take into
account reactions, depositions and absorption effects, which are all reasons for deviation
between the model and the field data. Finally, oil and gas installations form part of very dynamic
systems where production rates often vary and new wells may come on-line. For this reason, it
is likely that the mercury concentrations within gases and liquids arriving at the processing
facility will fluctuate, thus creating deviations between the real mercury’s concentration at the
streams of the plant and the results provided by steady state simulations, such as the ones made
using the Aspen HYSY'S and PRO/II software packages.

80



6. Conclusions

In this thesis, an evaluation of mercury distribution models was made by comparing different
models to solubility data of mercury in binary and multicomponent mixtures. These models
were then used to perform simulations for two natural gas processing plants, Plant A and Plant

B.

The analysis of mercury’s solubility in binary and multicomponent hydrocarbon mixtures
indicated:

The SRK-Twu(Hg) and the UMR-PRMC were found to be the most accurate models of the
eight models tested and are considered reliable for the prediction of mercury’s distribution
in a real process.

The SRK-Twu(Hg) under-predicts mercury’s solubility by 10% in the vapor phase, but it
can accurately predict the solubility of mercury in the liquid phase. This results in the model
tending to slightly favor the partitioning of mercury to the liquid phase. It must be noted
though, that this deviation could well be due to the experimental uncertainty of the solubility
data provided by Wiltec. Conclusively, the SRK-Twu(Hg) model is considered to be
reliable.

The PR PRO/II default model, was found to be the next best distribution model after the
SRK-Twu(Hg) and the UMR-PRMC maodels, since it provided the next best predictions for
the K values. The model under-predicts mercury’s solubility by 30% and 10% in the vapor
and liquid phase respectively. For that reasons it should be used with caution.

The original SRK and PR models are not capable of accurately predicting mercury’s
solubility neither for the liquid nor for the vapor phase. The SRK PRO/II default model,
improves the results for the liquid phase, comparing to the SRK, but the results of the K
values are even worse than those of the SRK. The PRMC(Hg)-no kj; and SRK-Twu(Hg)-no
kij models can accurately describe the vapor phase but not the liquid phase of the systems
tested. All these models strongly favor the partitioning of mercury to the liquid phase and
are not considered to be reliable.

It was found that if one uses for their model only vapor phase correction, by using an
advanced expression for the alpha function such as Twu’s or Mathias-Copeman expression,
or only liquid phase correction, by using binary interaction parameters, they could possibly
get worse results for the K values. That could result to worse predictions of mercury’s
distribution. It is strongly recommended that both vapor phase and liquid phase corrections
should be applied at the same time.

For the simulations of Plant A and Plant B the Aspen HYSYS and PRO/II software packages
were used. The SRK-Twu(Hg) model can be implemented directly in PRO/II but not in Aspen
HYSYS. In Aspen HYSYS the SRK-Twu(All) model can be used instead, as it was found to
give almost identical results with the SRK-Twu(Hg) model.
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A new binary interaction parameter for the mercury-water system was calculated using the
solubility data provided by AIChE [33]. This binary interaction parameter was necessary for
the simulation of Plant B, since water was included in the simulation file.

The simulations performed using the SRK-Twu(All) and the UMR-PRMC models indicated
that 10% and 6,5% respectively, of the mercury entering the Demethanizer follows the sales
gas, while the remaining mercury concentrates at the propane and ibutane products. The field
data from Plant C supported the results given by these models. On the other hand, the
experimental data by Plant B indicated that almost all of the mercury entering the Demethanizer
column follows the sales gas. The most possible reason for this deviation is the uncertainty of
the experimental data provided by Plant B, which is considered to be high. Other reasons that
could cause this deviation could be the following:

e The binary interaction parameters used for the SRK-Twu(All) model are not temperature
depended. It is highly likely that the use of temperature depended binary interaction
parameters would improve the predictions of the model at low temperature conditions, such
as at the top of the Demethanizer.

e The SRK-Twu(All) and the UMR-PRMC models are pure thermodynamic/equilibrium
models and require corrections for non-equilibrium conditions. It is known that the rate of
condensation and dissolution of Hg? are slow in liquid at low temperatures [2].

e The SRK-Twu(All) and the UMR-PRMC models, do not take into account reactions,
depositions and absorption effects.

e |t is likely that the mercury concentrations within gases and liquids arriving at the
processing facility will fluctuate, since oil and gas installations form part of very dynamic
systems. Thus, the results provided by steady state simulations could deviate from the
reality.
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7. Future Work

The SRK-Twu(Hg) and UMR-PRMC models were found to be the most accurate models.
However, the simulation of Plant B indicated deviations between the model and the field data.
This indicates that there is room for the further improvement of the model and that additional
verification of the results of the model via field data should be made. Possible actions to
improve the model could be the following:

Acquisition of solubility data for mercury in hydrocarbons, especially in methane, for
low temperatures so that temperature depended binary interaction parameters can be
developed. The binary interaction parameters that are now in use are not fitted to
solubility data at low temperatures such as -60°C that occur at the top of the
Demethanizer.

It is known that the rate of condensation and dissolution of Hg? are slow in liquid at low
temperatures, such as at the top of the Demethanizer. Corrections could be applied for
non-equilibrium conditions, since the model, being a pure thermodynamic/equilibrium
model, considers only equilibrium conditions.

It was stated earlier that for natural gas processes the reactions and species
transformations of mercury are limited due to the low temperatures in a natural gas
processing facility. Mercury remains mainly in the elemental form in natural gas, but
reactions do take place and they should be considered in order to further improve the
model. Deposition and absorption of mercury at the pipe walls can also take place and
should also be considered.

The acquisition of solubility data for mercury in other components that are of interest to

the natural gas industry such as helium, could further improve the predictive ability of
the model.
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