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Summary

To be able to maintain a safe, regular and economic production and transportation
of natural gases, it is crucial to be able to accurately quantify the water vapour
concentration in the gas. Underestimation of the water vapour concentration will
increase the risk of undesirable corrosion and gas hydrate formation. The
importance of water vapour measurements in various industries has inspired the
development of many measuring techniques during the last 50 years. The high
adsorptivity of water and its abundance in the atmosphere are major reasons why
trace analysis of gaseous water is challenging. Traditional thermodynamic models
also have demonstrated their insufficiency when it comes to calculations involving
phase distribution of water and other polar components.

Despite some scientific papers on the subject of water vapour measurements in
gases, there is a limited amount of information dealing with the specific measuring
challenges for the natural gas industry. These challenges are high pressure
sampling, potential presence of liquids and particles, interferences from both the
hydrocarbon components and traces of production chemicals.

In this work various techniques for monitoring of water vapour in gases, relevant
for the natural gas industry, were compared. Through laboratory experiments
parameters such as accuracy, stability, speed of response and influence from polar
production chemicals have been compared for the techniques. To perform these
experiments a test rig for generation of water vapour and vaporous trace chemicals
in gas was established. The water vapour concentration was varied between 20 and
120 parts per million (umol/mol) during the experiments.

Additionally results from the test rig and chosen reference techniques have been
used for the generation of equilibrium data for water in methane and natural gas. A
thermodynamic model, the Cubic Plus Association Equation of state (CPA EoS),
optimised for accurate calculations on water and other polar compounds, was
validated with these data.

The experiments clearly showed that the various measuring techniques behave
differently with respect to the parameters studied. Some of the parameters seem to
be closely connected to sorption phenomena and equilibrium conditions for water.
This indicates that miniaturised sensors at elevated temperatures or non-
equilibrium techniques will be advantageous for general performance of the
hygrometers. During exposure to methanol or ethylene glycol, step changes,
upward drift and downward drift were observed for some of the tested techniques.
Exposure to higher parts per million concentration levels of methanol interfered
with some of the techniques. Low parts per million concentration levels of
methanol did not exhibit any significant effects. Ethylene glycol exhibited effects
on some of the techniques even at parts per billion concentration levels.



In general the results from this work demonstrate the need for careful evaluation of
the individual moisture monitoring application, before choosing a measuring
technique. This evaluation should be made with special attention to the presence of
polar chemicals. A well-considered strategy for quality control of the moisture
monitoring is of utmost importance to establish a moisture monitoring system with
high accuracy. This is regardless of the chosen measuring technique.
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1 Introduction

1.1 Background

Accurate determination of water vapour, often referred to as moisture, is crucial for
maintaining a stable and safe processing and transport of natural gas.
Underestimated moisture concentration in the natural gas can lead to condensation
of liquid water in process equipment or pipelines. Liquids can reduce the
volumetric capacity of the system, increase the pipeline pressure drop and interfere
with or damage process equipment (Gandhidasan, 2003). When combined with
hydrogen sulphide and carbon dioxide, condensed water will increase the corrosion
potential (Mychajliw, 2002). Accurate moisture monitoring is also important to
avoid the formation of gas hydrates (Jamieson and Sikkenga, 1986). Gas hydrates,
having a consistency similar to ice, are being formed from water and low molecular
weight compounds in natural gases (e.g. methane) at certain temperature and
pressure conditions (Sloan, 2003; Sloan and Koh, 2007). The hydrate will deposit
and build up on solid surfaces, and can plug valves and equipment, resulting in loss
of production or obstructed transportation of natural gas. In extreme cases the
hydrate can totally block the gas flow of a pipeline (Manning and Wood, 1993).
Such situations are highly undesirable as the loss of production is very expensive
and the removal of a hydrate plug could be a hazardous operation. To prevent
operational problems, restrictions are imposed on the gas quality, such as moisture
concentration limits, frequently expressed as a “water dew point”. To meet the
restrictions the natural gas has to be dehydrated by means of some kind of selective
and economically method.

Even though analysis of moisture in various gases has been performed for more
than 50 years, this is still regarded as one of the most challenging type of trace gas
analyses. One important reason for this is the high polarity of water making it
extremely adsorptive. Thus surfaces regarded as dry are usually coated with a thin
film of moisture (Carr-Brion, 1986; Knight and Weiss, 1962). The abundance of
water in the atmosphere also makes trace analysis challenging, with high potential
for background moisture interference.

Trace moisture measurements are important in many disciplines and
instrumentation or measuring techniques are often tailor made for these disciplines.
As a consequence moisture measurements excellently fitted for the semiconductor
industry do not necessarily fit the natural gas industry at all. In the literature there
already exist a few review articles and books on the subject of moisture
measurements in gases (Carr-Brion, 1986; Funke et al., 2003; McAndrew and
Boucheron, 1992; McAndrew, 1997; Wiederhold, 1997a), but these are not dealing
with the special challenges for the natural gas industry. These challenges are for
instance high pressure sampling (could be more than 200 bar), numerous potential



interferences from the hydrocarbon components, traces of production chemicals
(e.g. glycols and alcohols), mists or liquids and particles (Lurvey, 1977).

1.2 Use of chemicals in the natural gas industry

Chemical and physical changes, during processing and transportation of the
hydrocarbon fluids, generate a variety of production chemistry issues (Kelland,
2009). As the fluids undergo significant pressure changes, temperature changes and
considerable agitation, both predictable and unpredictable changes in states will
occur. This will have impacts on the efficiency of the overall operation. Some of
the major production chemistry issues are various fouling phenomena (e.g. scale
and gas hydrates), separation challenges (e.g. foaming) and corrosion related
issues. Even though several nonchemical techniques, such as heating and
insulation, can prevent or solve many problems, the use of chemicals is often
essential for an effective operation.

Methanol is a popular hydrate inhibitor in addition to being used for dehydration,
removal of hydrogen sulphide and carbon dioxide and for recovery of heavy
hydrocarbons (Esteban et al., 2000; Kohl and Nielsen, 1997). The higher vapour
pressure of methanol, compared to many other chemicals used in processing
hydrocarbons, can lead to significant concentrations of methanol in the natural gas.
In the case of continuous use of methanol the natural gas will always contain some
methanol, the concentration being dependent on the process conditions and the
concentration of methanol in the injected aqueous phase. More widespread is the
intermittent use of methanol, e.g. as a hydrate inhibitor during process start-up or
shutdown (Bahadori and Vuthaluru, 2010). In this case the concentration of
methanol will vary, from no detectable methanol at all to high concentrations
(several thousand parts per million).

Ethylene glycol is a preferred hydrate inhibitor in many multiphase systems, where
the inhibitor is regenerated and recirculated. Ethylene glycol is also occasionally
used for dehydration of natural gas. Despite having a relative low vapour pressure,
some of the ethylene glycol will be lost to the gas phase. The resulting
concentration in natural gas will be dependent on process conditions, but often
concentrations of gaseous ethylene glycol are less than 1 pmol/mol.

Moisture monitors, herein called hygrometers, used in these hydrocarbon systems
will be exposed to methanol and ethylene glycol. Like water, ethylene glycol and
methanol are relatively polar molecules and especially ethylene glycol adsorbs
easily to surfaces. These similarities make ethylene glycol and methanol suspect
when it comes to interference with moisture monitoring. A literature study did not
reveal any specific information describing the influence from these chemicals on
the measurement of moisture, neither theoretically nor experimentally.



1.3 Dehydration of natural gas

Unprocessed natural gas is saturated with water vapour, originating from the
reservoir. Several methods can be utilised to remove water from the natural gas
(Grosso et al., 1980; Hubbard, 1991):

e absorption by liquid desiccants (glycols, glycerol, calcium chloride)

e adsorption by solid desiccants (molecular sieves, alumina, silica gel)

e absorption and hydrate inhibition by injection of hydrate point depressants

(methanol, ethylene glycol)
e dehydration by expansion refrigeration

The history of natural gas dehydration is thoroughly cited e.g. by Hubbard and
Campbell (Hubbard, 1991). Table 1 shows an overview of existing dehydrating
technologies.

From these methods, the absorption with liquid desiccants is the far most popular
one. Ethylene glycol (MEG), diethylene glycol (DEG) and triethylene glycol
(TEG) are the commonly used liquid desiccants, due to exceptionally high
hygroscopicity, excellent heat stability, low level of decomposition, low vapour
pressures and ready availability at moderate cost. TEG is normally the preferred
choice, mainly for following reasons (Rihani and Prasad, 1999):

e lower vaporisation loss

e higher decomposition temperature

e casier to regenerate to higher concentration

Tetraethylene glycol (TREG) is only occasionally used, e.g. to prevent loss in the
vapour phase when the dehydration is performed at high temperatures (> 50 °C)
(Betts and Lay, 1996; Graham et al., 1994).

Adsorption by solid desiccants is used when high dew point depressions are
needed, such as in cryogenic natural gas liquids (NGL) plants, and liquefied natural
gas (LNG) plants. Today molecular sieves are almost exclusively the adsorbent of
choice, while alumina and silica gel are less popular.
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1.4 Interpretation of moisture measurements

The amount of moisture in a natural gas can either be expressed as concentration
(e.g. pmol/mol or mg/Sm® at some defined standard temperature and pressure) or
as dew or frost point temperature. The dew point is the highest temperature, at a
specified pressure and moisture concentration, where water can condense from the
gas. The frost point is the highest temperature, at a specified pressure and moisture
concentration, where ice can precipitate from the gas (Lokken et al., 2008). In the
temperature region between 0 °C and -20 °C it is difficult to predict whether the
moisture will condense as dew or precipitate as ice. It is necessary to distinguish
between the dew point and the frost point, as these could deviate with several
kelvin for the same moisture concentration. Several accurate formulas for
conversion between dew or frost point at atmospheric pressure and concentration
(via saturation vapour pressure) are reviewed in the literature (Murphy and Koop,
2005). The following formulas, published by Sonntag (Sonntag, 1990; Sonntag,
1994), are used in this work for conversions between frost point and saturation
vapour pressure:

For the given temperature range

173.15K < T, <273.16K (~100°C < T, <0.01°C)

Ine (T,)=-6024.5282T, ' +24.7219+1.0613868 x 10T,

(1)
~1.3198825%107° T, —0.49382577In T,

ei(Tx) is the saturation vapour pressure with respect to ice in hPa (hectopascal), Tk
is frost point temperature in K.

Saturation vapour pressure can be converted to frost point by formula (2), which is
derived from equation (1):

T, =12.1197y+525112x107" y* +1.92206x 107 )

44 2)
+3.84403x107" y" +273.15
In the conversion formula (2)
y=In(e,(T;)/6.11153) 3)



For conversions between saturation vapour pressure and concentration the
following formula can be used:

_e,(T)x10°

c 4

" 1013.26 )
cw1s concentration in pmol/mol. At elevated pressures the formulas of Sonntag are
not applicable because of increasing non ideal behaviour of gases.

Conversion between moisture concentration and dew point or frost point at
elevated pressure has traditionally been performed by use of the correlation charts
from McKetta and Wehe (McKetta and Wehe, 1958) or by the formulas of
Bukacek (Bukacek, 1955). The methods are based on empirical data produced
between the years of 1927 and 1955, the most important publications being
Dodson and Standing (Dodson and Standing, 1944), Skinner (Skinner, 1948) and
Hammerschmidt (Hammerschmidt, 1933). Bukacek and McKetta and Wehe
extended the older data with their own experimental work. These conversions
always relate the moisture concentration to condensed water (dew), despite the fact
that the thermodynamically most stable phases in the lower temperature regions are
gas hydrates or ice (dependent of the pressure and temperature). The methods have
gained widespread use when it comes to calculations of the moisture concentration
or the dew point of unprocessed natural gas, and they have been important for
design of dehydration processes. The chart of McKetta and Wehe, shown in figure
1, seems to be the most popular correlation and is for the time being used in gas
processing handbooks published by GPSA (GPSA, 2012) J.M. Campbell
(Campbell, 1994) and Kohl and Nielsen (Kohl and Nielsen, 1997).

Thermodynamic modelling is often a preferred alternative for calculating
equilibrium water content of natural gas. In contrast to charts and simple formulas
thermodynamic models usually have the possibilities of covering broad ranges of
compositions, pressures and temperatures. The equations of state (EoS)
traditionally used in the oil and natural gas industry, like the SRK- and PR-EoS,
have shown severe limitations for description of aqueous systems and polar
substances in general (Folas et al., 2007; Lakken et al., 2008). More than 10 years
ago, the European gas research group (GERG) proposed a modified PR-EoS,
tailor-made for the modelling of water in gas with a primary working range of 5
bar to100 bar and -5 °C to 15 °C (Althaus, 1999; Oellrich and Althaus, 2001). The
model has been published in the form of an ISO standard (ISO, 2004). The CPA-
EoS (Cubic Plus Association) is another thermodynamic model proven to
accurately calculate equilibrium concentration of water as well as other polar
substances in hydrocarbon systems (Folas et al., 2007). This comprehensive model
covers wider pressure and temperature ranges compared to the “GERG-Water-
EoS”, in addition to being able to model all phases (liquid, ice and hydrate), both
stable and metastable ones (e.g. super-cooled dew).



Hygrometers returning dew or frost points as their primary unit of measurement are
usually calibrated at ambient pressure using a high precision chilled mirror as the
reference. The calibration process will start at the lowest moisture concentration,
typically cooling the mirror to well below -40 °C, to make sure the temperature
reading relates to ice. When ice is formed on the mirror surface, the water phase
will remain as ice until the mirror temperature increases to 0 °C again. As a
consequence these hygrometers will return frost points for negative temperatures
and dew points for positive temperatures. Converting frost points or dew points to
concentration at atmospheric pressure is easy e.g. using Sonntag’s formulas ((1) —
(3)). Traditionally, hygrometers have been installed in the natural gas stream at line
pressure (typically between 50 and 150 bar), alternatively at an intermediate
pressure (e.g. specified pressure corresponding to the dew point transport
specification). Conversion methods, provided by the suppliers, typically convert
the raw signals (frost points) to dew points at some specified or measured pressure.
These methods usually relies on the original atmospheric frost point calibration
combined with the use of the formulas of Bukacek (Bukacek, 1955) for calculation
of dew points at defined pressures. Conversions utilising the chart of McKetta and
Wehe or the formulas of Bukacek, should only be performed on dew points (> 0
°C). The errors involved using these methods directly on frost points (< 0 °C) will
increase as the temperature decrease, and the use the GERG EoS for water or CPA
EoS is regarded as a more accurate approach.
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Figure 1: Water content of sweet natural gas (GPSA, 2012; McKetta and Wehe, 1958).



1.5 Objective of this work

In this work several devices more or less frequently used in the natural gas industry
for monitoring of moisture in gases were compared. The devices are referred to as
hygrometers, The comparison was performed through several laboratory
experiments. The overall scope of work has been to evaluate different instrument
types and moisture measuring techniques regarding suitability for use in the natural
gas industry, for applications involving moisture concentrations between 20 and
120 pmol/mol. Consequently, a suitable test rig for generation of moisture in gases
was established. In addition to comparing general parameters such as accuracy,
robustness, long term stability and speed of response there has been focus on how
methanol and glycols affect the performance of the hygrometers. For practical and
safety reasons, the long term (approximately one month) comparison
measurements were performed in the laboratory at ambient conditions using
nitrogen as the matrix gas. Another goal of this work has been to demonstrate the
use of the test rig and reference hygrometers to produce reliable data on
equilibrium moisture concentration in methane and natural gas at high pressures.

Many users in the natural gas industry already have a chosen instrument type for
their moisture monitoring. For various reasons they often would, if possible, prefer
to keep these in use instead of purchasing a new and perhaps more suitable
instrument type for their application. Hence it has been a goal for this work to find
ways to overcome instrument specific challenges, as well as the more general
challenges within the field of trace moisture analysis in high pressure natural gas.

From this work users of instruments for water vapour measurements in natural gas
should be able to:

e given a chosen instrument type, establish reasonable routines that ensure
trace moisture measurements in natural gas with adequate accuracy and
regularity

e given a well-defined application, choose between relevant instrument types
and establish reasonable routines that ensure trace moisture measurements
with optimised quality

For any situation trace moisture measurements are extremely sensitive to the
performance of the sampling system. It has not been a scope of this work to study
this topic in any detail. On the other side numerous discussions with users and
suppliers of trace moisture instruments as well as with suppliers of sampling
systems, have made it possible to give some general recommendations within the
field of sampling systems.



1.6 Structure of the thesis

This thesis is an integration of 4 published papers. The thesis elaborates some
relevant topics, which were only briefly discussed in the papers, and links the
individual papers together.

The thesis is organised as follows:

e Chapter 1: gives an introduction to the topic of moisture measurements in
natural gas, and presents the objective to this work.

e Chapter 2: gives information on the individual techniques and working
principles for moisture measurements, supplementing the brief
introductions provided in the papers.

e Chapter 3: reviews the experimental setup for the experiments briefly,
however the same information is provided with high degree of details in
the papers.

e Chapter 4: summarises the results from the experimental work, as
published in the 4 individual papers.

e Chapter 5: interprets the overall significance of the results to the natural
gas industry.

e Chapter 6: discusses some future aspects of moisture measurements.

e Chapter 7: provides final conclusions.
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2 Description of techniques for moisture analysis

2.1 Review of applied techniques

Throughout the years numerous methods or techniques for moisture measurements
in gases have been developed and established. Most of them are thoroughly
described in published literature (Blakemore et al., 1986; Bruttel and Regina, 2006;
Carr-Brion, 1986; Funke et al., 2003; ISO, 1993a; ISO, 1993b; Keidel, 1959;
Knight and Weiss, 1962; McAndrew and Boucheron, 1992; McAndrew, 1997;
Monroe, 1998; Wiederhold, 1997a; Wiederhold, 2000; Willsch et al., 2005). In this
work hygrometers based on capacitor sensor, quartz crystal microbalance (QCM),
electrolytic cell, fibre-optic sensor, reaction GC (CaC,-GC), chilled mirror and
Karl Fischer titration have been investigated. These methods were chosen mainly
based on their frequency of use in the natural gas industry and their availability for
tests in this work. The basic principles of the methods are briefly summarised in
Table 2, and more information is given in subsequent chapters.

Chilled mirror hygrometry and Karl Fischer titration are usually regarded as
absolute or fundamental methods, as they utilise a direct relationship between the
measured quantity and the amount of moisture. Hence they often are preferred as
reference methods.
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Table 2: Summary of methods for moisture measurements in gases.

Method

Typical
uncertainty

Working principle

Capacitor sensor

Quartz crystal
microbalance

(QCM)

Electrolytic cell

CaC,-GC

Fibre-optic sensor

Karl Fischer
titration

Chilled mirror

(1t03)°C

+10 %

+10 %

+10 %

+2°C

+10 %

+0.2 °C

Capacitance or impedance measured as a function
of water molecules adsorbed to the porous
dielectric (usually metal oxides like Al,O3 or SiO,)
of a capacitor. (Carr-Brion, 1986; Funke et al.,
2003; McAndrew and Boucheron, 1992;
McAndrew, 1997; Wiederhold, 1997a)

Measures the resonance frequency of an oscillating
quartz crystal (piezoelectric) coated with a
hygroscopic polymer. The frequency changes with
mass as water molecules adsorb on the quartz
crystal. (Blakemore et al., 1986; Carr-Brion, 1986;
Funke et al., 2003; McAndrew and Boucheron,
1992; McAndrew, 1997; Wiederhold, 1997a)
Measures current generated from electrolytic
decomposition of water adsorbed in strongly
hygroscopic P,Os. (Keidel, 1959)

Water and calcium carbide (CaC,) react to form
ethyne: 2H,O + CaC, — C,H, + Ca(OH)..
Quantification of ethyne by gas chromatographic
(GC) separation and detection e.g. with a thermal
conductivity or a flame ionisation detector. (Knight
and Weiss, 1962; Monroe, 1998)

Measures a shift in reflection spectrum dependent
on the amount of adsorbed water in a hygroscopic
Fabry-Perot filter. “Fibre-optic” in the sense that
light is emitted and reflected via fibre-optic cables.
(Rittersma, 2002; Willsch et al., 2005)

The Karl Fischer reaction:

ROH + SO, +R'N — (R'NH)SOsR

(RNH)SO;R +2R'N + I, + H,O — (R'NH)SO4R +
2(RNH)I

ROH = alcohol, R'N = basic nitrogen compound
For coulometric titration the amount of water is
calculated by measuring the current needed for the
electrochemical generation of iodine (I,) from
iodide (I"). (Bruttel and Regina, 2006; ISO, 1993a;
ISO, 1993b)

Measures the temperature at which water molecules
condense from the gas to form dew or frost on a
reflective surface (mirror). The dew or frost is
detected optically on the surface by an electro-optic
detector. (Wiederhold, 1997a; Wiederhold, 2000)
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2.2 Reference techniques

2.2.1  Chilled mirror hygrometers

Moisture measurements using the chilled mirror technique involve determining the
dew point or the frost point of a gas. As dew and frost points are thermodynamic
properties, the chilled mirror technique is considered an absolute or fundamental
method (Funke et al., 2003). This, in addition to the high accuracy (e.g. £ 0.1 °C)
and reliability, has made chilled mirror hygrometry a preferred choice for
secondary standard applications, e.g. by national measuring institutions such as the
National Institute of Standards and Technology (NIST) (McAndrew and
Boucheron, 1992). There is a direct correlation between the dew point or frost
point temperature and the water vapour partial pressure, which in turn defines the
concentration of water vapour (Dalton’s law).

Continuous condensation chilled mirror hygrometers

Most chilled mirror hygrometers today have an automatic reading of the dew or
frost point, and belong to the family of so called “continuous condensation chilled
mirror hygrometers”, as illustrated in Figure 2. The reading is based on an electro-
optic controller system. A collimated light source, such as a high intensity light
emitting diode (LED), illuminates the mirror, and a photodetector produce a
photocurrent proportional to the amount of reflected light. The photocurrent is
compared to a reference photocurrent from another set of LED and photodetector
(without a mirror) in a bridge circuit. An adjustable balance on this bridge circuit
controls the current to the thermoelectric mirror cooler (Peltier heat pump), and this
way the mirror temperature is controlled (McAndrew and Boucheron, 1992).
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Figure 2: Schematic of a continuous condensation chilled mirror hygrometer.

As water condenses or precipitates on the surface of the mirror during the chilling
process, more of the incident light is scattered, and thereby the amount of light
received by the photodetectors is reduced. The control unit then responds by
heating up the mirror until evaporation exceeds the condensation and the thickness
of the condensed layer decreases. The control unit will repeat cooling and heating
cycles of the mirror until the system reaches equilibrium, i.e. the condensation
equals the evaporation, so that a predefined thickness of the dew or frost on the
mirror is maintained. Under these equilibrium conditions, the surface temperature
is precisely at the dew or frost point of the gas passing by the mirror (Mehrhoff,
1985; Wiederhold, 1997a).

Provided the mirror surface is regulated at the true dew or frost point temperature,
the accuracy of the measurement is assumed to be limited by the quality of the
temperature sensor. The sensor of choice is usually a precision NIST-traceable
platinum resistant thermometer or equivalent thermistors that are embedded within
the mirror surface to accurately measure the surface temperature. The accuracy of
0.1 °C, which usually is the highest accuracy claimed by the manufacturers,
correspond to about + 0.3 pmol/mol at the 20 pmol/mol level of moisture
concentration. The lowest detectable level of dew or frost point is determined by
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the lowest mirror temperature that the cooling system can achieve and maintain for
sufficient amount of time.

Sources of error for chilled mirror hygrometers

The literature suggests accumulation of particulate or volatile contaminants on the
mirror surface, disturbing the optical detection of the dew or frost layer, as the
major source of error for chilled mirrors (Fenner and Zdankiewicz, 2001; Funke et
al., 2003; Wiederhold, 2000). The presence of soluble contaminants, such as salts,
on the mirror surface decreases the vapour pressure at the mirror surface for a
given temperature (Raoult effect). Hence, the sensor will be controlled at a
temperature above the dew or frost point temperature. Hygroscopic impurities may
reduce the vapour pressure of water, and lower the apparent dew or frost point.
Accumulation of contaminants is prevented by cycling the mirror temperature to
high temperatures with some adequate frequency (application dependent). The
challenge with contaminants is low for applications involving clean gases (e.g.
semiconductor gases and calibration gases).

2.2.2  Karl Fischer titration

The Karl Fischer titration is a widely used titrimetric method for water
determination in various substances, including gases. The German chemist Karl
Fischer developed the method in 1935, when he needed a method for moisture
determination in sulphur dioxide. The starting point was the well-known Bunsen
reaction (1), used for determination of sulphur dioxide in aqueous solutions:

2H,0 + I, + SO, - H,SO, + 2HI (1)

The idea was that water would be determined if sulphur dioxide was present in
excess, and the produced acid was neutralized by a base. The original Karl Fischer
reagent contained iodine, sulphur dioxide, anhydrous pyridine (base) and
anhydrous methanol (protic solvent), and the following equation (2) was proposed
by Karl Fischer:

2H,0 + I, + SO, % 2CsHsN + 2CsHsN — (CsHsN),H,S0, + 2CsHsNHI — (2)

The end point of the reaction was indicated by a change of the colour of the
reaction solution.

The Karl Fischer titration has been extensively reviewed since 1935, and different
reactions have been proposed (MacLeod, 1991). It was demonstrated that pyridine
does not take part in the reaction, but rather acts as a buffer (Cedergren, 1974;
Verhoef and Barendrecht, 1976). Today equation (3) and (4) are widely accepted as
the best representative for the Karl Fischer reaction (ISO, 1993a):

15



Step 1:

CH3;0H + S0, * RzN = [R3;NH|SO5CH; 3)
Step 2:
H,0 + I, + [R3NH]SO5CH3 + 2R3N — [R;NH]|SO,CH5 + 2[R3;NH]I (4)

In equation (3) and (4) methanol is used as a protic solvent and R3N represents a
base such as imidazole. Other examples of protic solvents which have been in use
are 2-metoxyethanol and ethylene glycol. The original base, pyridine, is not
preferred because of its bad odour. Use of the odourless imidazole led to a higher
speed and more stable endpoints compared to the use of pyridine (MacLeod, 1991).

Volumetric titration and coulometric titration are two main methods for Karl
Fischer titrations (Figure 3). For both methods the end point is defined by excess
iodine detected by an indicator electrode, once all present water is consumed. For
volumetric titration an iodine-containing solution in a burette serves as the titrating
agent. The water content of the sample is calculated using the titration volume and
the mass of water titrated pr. mL of titrating agent (titer). For coulometric titration
the iodine (I,) is generated electrochemically by anodic oxidation of iodide (I')
present in the titration cell (MacLeod, 1991). The amount of water in the sample is
calculated from the number of moles of electrons used in the iodine generation. For
higher water contents (i.e. 1 to 100 mg) the volumetric titration method is preferred
(Althaus, 1999). For lower water contents (i.e. 10 ug to 10 mg) coulometric
titration is the method of choice. In modern Karl Fischer titrators the end point is
determined by the help of a pair of Pt-clectrodes, either as biamperometric
indication or as bivoltametric indication (Bruttel and Regina, 2006; MacLeod,
1991).
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Figure 3: Coulometric and volumetric Karl Fischer titration; iodine being provided
for the Karl Fischer reaction (equation (4)) from an iodine generating electrode or
iodine dosing piston burette, respectively. The indication electrode detects an excess of
iodine when all water is consumed, defining the endpoint of the reaction.

For acceptable accuracy of Karl Fischer titrations it is absolutely essential that no
significant amounts of iodine are consumed by side reactions. For natural gas
applications sulphur compounds are the most relevant compounds involved in such
side reactions. H,S will cause false high moisture concentration when determined
with Karl Fischer titrations. For H>S concentrations less than 20 % of the moisture
concentration the latter can be adjusted (ISO, 1993b). Karl Fischer titration is not
recommended for gases containing H>S corresponding to more than 20 % of the
moisture concentration. Correct subtraction of response from background moisture,
diffusing into the titration cell through various connections, is generally one of the
major challenges when using Karl Fischer for determination of trace amounts of
moisture in gas (Dong et al., 2005). Accurate measurement of the titrated gas
volume and accurate end point determination are other challenges. These are all
determining factors for the accuracy and precision obtainable for moisture
measurements using the Karl Fischer technique.
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2.3 Online hygrometers

2.3.1 General set up

Online hygrometers are connected directly to the gas stream of interest, and
monitor the moisture concentration or the dew/frost point continuously at some
given frequency, as illustrated in Figure 4. Traditionally the sensors of the
hygrometers have been installed in a bypass stream of the gas at pipeline pressure,
with some necessary sample conditioning upstream the sensor. Alternatively the
sample pressure is reduced to ambient pressure upstream the sensor. Both
alternatives are shown in Figure 4, though usually the sensor is located either at
high or at low pressure, dependent on the hygrometer of choice.

Heated and isolated cabinet

) Heated
High Pressure  ,ressure Low pressure
moisture reducer moisture

sensor

A4

To vent/flare

v

Heater

Process isolation

valves
- Heated line Natural gas
o pipeline
Sample
probe

Stream of high pressure natural gas

Figure 4: Illustration of an online moisture monitoring system. The moisture sensor is
located at high or low pressure gas, dependent of the hygrometer of choice. The
moisture sensor is connected to a processing unit, for data treatment and reporting
(not shown).

2.3.2  Capacitor based hygrometers
Hygrometers based on capacitive properties have enjoyed widespread use for

online moisture monitoring in process gases. Reasons for their popularity are
easiness of use, flexibility regarding temperature, flow, pressure and moisture level
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of the process gases, low price and rugged design. (Funke et al., 2003; Mermoud et
al., 1989)

A capacitor is basically a component in an electrical circuit that stores energy as an
accumulation of electrical charge. A parallel-plate capacitor consists of two parallel
conducting plates, each with area A, separated by a distance d (Figure 5). If they
are separated by vacuum, the capacitance C depends only on 4. and d (Young and
Freedman, 2004):

C=ed.ld )

C = capacitance

g0 = permittivity of vacuum = 8.85 x 102 F/m

A, = area of the parallel conducting plates

d = distance between the parallel conducting plates

When the space between the conductors is filled with an insulating layer of a
dielectric material, the capacitance increases by a factor K, called the dielectric
constant of the material, leading to the expression (Larson, 2003; Young and
Freedman, 2004):

C=eKAJd=¢eAJd (6)

K = dielectric constant of dielectric material
& = &K = permittivity of the dielectric

v Vacuum or
dielectric layer

Conductive plates

Figure 5: Schematic showing of a parallel-plate capacitor, with conducting plate area
A and distance d between the plates.

The dielectric layer in a capacitor based moisture sensor adsorbs water molecules
and achieves an equilibrium condition dependent on the partial pressure of the
water vapour in the sample gas (Mychajliw, 2002). As the dielectric constant of the
dielectric material is low (approx. 9.3 for aluminium oxide) and the dielectric
constant of water is high (80.4), even small amounts of moisture results in a
detectable change of capacitance of the capacitor (Funke et al., 2003). Resistive
components of the capacitor are also affected by water adsorption. Most
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commercial instrumentation therefore measure the impedance (resistive, capacitive
and inductive component in an AC circuit) of the sensor assembly (Funke et al.,
2003), as shown in Figure 6. Calibration of a capacitor based sensor is usually done
by comparing impedance related signals to a series of known dew points and frost
points in nitrogen or air, at ambient conditions.

C, = oxide layer capacitance

R, = pore side resistance

R, = pore base resistance

C, = pore base capacitance

Ro R( = aluminium oxide resistance

Figure 6: Electronic of an aluminium oxide capacitor.

The most commonly used capacitor based hygrometers for natural gas applications
are based on a metal oxide like aluminium oxide. The aluminium oxide sensors
consist of anodized aluminium strips, providing a porous oxide layer. A very thin
metal layer (e.g. gold) is deposited over this structure. The aluminium base and the
metal layer form the two electrodes of the resulting aluminium oxide capacitor, as
illustrated in Figure 7 (McAndrew and Boucheron, 1992; Mehrhoff, 1985;
Mermoud et al., 1989). Capacitor based hygrometers are regarded as low accuracy
hygrometers, mainly caused by their challenges with hysteresis effects (Funke et
al., 2003).

® e <&— Water molecules
[ J [ J [ ) [ J
PY Permeable gold film
o ® (] ® ° ® (outer electrode)
[ J [ J P .
[ J
[ J
® °
o

Dielectric layer of
porous aluminium oxide

Aluminium base
electrode

!

Figure 7: Schematic of an aluminium oxide capacitor.

2.3.3  Quartz crystal microbalance
Piezoelectric sensors are commonly referred to as oscillating (vibrating) quartz

crystal microbalances (QCM sensor) and have increasingly been used in the field
of analytical chemistry. The technology has been reviewed in several publications
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(Guilbault et al., 1988; O’Sullivan and Guilbault, 1999). When utilised for
moisture measurements, both faces of the quartz crystal are coated with a thin film
of a hygroscopic material in order to enhance the selective adsorption of water
molecules (Figure 8).

Quartz crystal disk ——+—>

Metal electrodes Z
(on both sides Hygroscopic layer
of the crystal) \/ v b '

Electrical contacts

—  —

Oscillator

Frequency counter

Figure 8: Schematic of a quartz crystal microbalance.

The principle of the QCM sensor can be expressed by the following equations:
(Funke et al., 2003; Rittersma, 2002)

Af = —CpAm (7)

where Afis the change of the crystal resonance frequency resulting from a change
in mass (Am) per unit surface area and the constant C,, is a property of the crystal
used:

_ 2f¢}

Cn = s ®)

Where fy is the fundamental resonance frequency, #; is the order of the harmonic,
A, 1is the piezoelectric active surface area, x is the shear modulus of quartz
(2.947x10" g/(cm s?)) and p is the density of quartz (2.648 g/cm®). For a 5 MHz
crystal operating in the fundamental mode (n = 1), mass sensitivity is
approximately 18 ng/(cm” Hz).

The QCM sensor is exposed to moisture containing (wet) and dry process gas in an
alternating manner, at some fixed continuous cycling intervals (e.g. 30 s). An
adsorbent bed, typically a molecular sieve, provides the dry process gas. Water
molecules in the wet process gas accumulate selectively on the surface of the QCM
sensor, increasing its mass. This mass of water decreases the crystal resonance
frequency of the sensor. The difference between wet and dry frequency is directly
proportional to moisture content in the process gas. This continuous cycling
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between wet and dried process gas also means that the sensor never achieves a
physical equilibrium with moisture in the process gas. As a consequence the QCM
sensor is regarded as a fast responding sensor. Commercially available QCM
devices, are usually equipped with an internal moisture generator based on a
permeation tube, as illustrated in Figure 9. This can be used for periodical checks
or adjustments of the instruments factory calibration (Funke et al., 2003).

Flow
Sample in reg:litlor Adsorbent
bed R = Capillary restrictor
® S = 3-way solenoid valve
D} _- PT = Pressure and temperature transmitter
To vent ® R
Q ,To vent 7/1 To vent
\TPT_I

QCM Mass flow _ Sample out
sensor meter " tovent

Figure 9: Schematic of a QCM device, measuring in wet sample gas mode.

For the QCM hygrometers to maintain a high level of accuracy, it is important that
the adsorbent bed is replaced before it is saturated with water and that the
permeation tube is replaced before the water inside the tube is consumed. These
replacements are typically needed annually. Dependent of the level of
contaminants in the process gas, the sensor also has to be replaced with some
frequency. (e.g. annually or biannually). Hence, good routines for quality control
and preventive maintenance will be necessary for QCM hygrometers.

2.3.4  Fibre-optic hygrometers

With the development of optical fibre technology, a considerable level of research
has been focused on fibre optic based techniques for moisture measurements. Small
size, immunity to electromagnetic interference, multiplexing and remote sensing
capabilities are properties that have made fibre optic hygrometers attractive (Wang
and Wolfbeis, 2012; Yeo et al., 2008).

Several sensing techniques are available such as direct spectroscopic, evanescent
wave, in-fibre grating and interferometric methods. For moisture in natural gas
applications, interferometric techniques have been utilised for some years. This
hygrometer consist of a sensor that is an optical filter according to the Fabry-Pérot
interference principle, and fibre-optic in the sense that signal transmission is done
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with the help of fibre-optic cables. Its sensor consists of a pile of thin dielectric
metal oxide layers, with alternately high and low refraction indexes, as illustrated
in Figure 10 (Willsch et al., 2005). The sensors are produced with micro pores
running through the complete layer package. The pores are less than 0.4 nm in
diameter, allowing permeation of water (effective diameter of 0.28 nm) in to the
sensor. Increased water vapour pressure in the sample gas will increase the
equilibrium level of adsorbed water molecules in the pore structure of the sensor.
The adsorbed water will change the refraction indexes of the individual layers,
leading to a reflection spectrum that is shifted towards larger wavelengths. The
moisture concentration in the gas is directly proportional to the shift in wavelength
of the reflected light. The measuring principle is independent of the intensity of the
reflected light, and the sensor can be installed up to 800 meters from the evaluation
device.

Sensor consisting of

. . Gas flow
metal oxide layers with
alternate (high or low)
refractive index i
Reflected light to detector <
<€— (polychromator) €—— —> Moisture at equilibrium
N between gas and
Emitted light from <&— microporous sensor
laser (LED) —> structure
<
Fibre-optic cable
(up to 800 m long)

Figure 10: Schematic representation of a microporous Fabry-Pérot interferometric
moisture sensor.

2.3.5  Electrolytic cell hygrometers

Electrolytic hygrometers represent one of the most widely established methods for
trace moisture determination, first described by Keidel in the 1950°s (Keidel, 1956;
Keidel, 1959). They are relatively inexpensive and convenient compared to many
other types of hygrometers and offer some of the lowest detection limits available.
At the same time electrolytic hygrometers are prone to give erroneous
measurements in the presence of alcohols, glycols and ammonia or amines
(Galloway, 1989; Laughlin, 1976; Lechner-Fish, 1997).

The typical electrolytic sensor consists of two precious metal electrodes (typically
platinum or rhodium) helically wound around a support mandrel or imbedded in a
hollow glass tube (Figure 11). The electrodes are coated with a thin layer of the
strongly hydroscopic phosphorus pentoxide (P»Os), serving as the electrolyte.
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Figure 11: Schematic of an electrolytic cell hygrometer, with two wounded electrodes
coated by phosphorus pentoxide (P205s).

During operation a controlled amount of gas is allowed to flow through or across
the electrodes, and all the moisture will absorb in the electrolyte. A voltage
potential is applied across the electrodes, electrolysing the water molecules that
have been absorbed in the P,Os according to:

Cathode reaction: 2H,0 +2¢ > 20H + H; )
Anode reaction: HO0 > 120, +2H + 2¢ (10)
Net reaction: 2H,0 = 2H, + O» (11)

Each electrolysed water molecule causes two electrons to be displaced from the
anode to the cathode. The steady state current created by these electrons can be
related to the moisture concentration in the incoming sample stream using
Faraday’s law and the sample flow rate (Coulometric operation) (Black, 1979;
McAndrew, 1997; Mychajliw, 2002). Hence the electrolytic hygrometers are
regarded as absolute in principle. In practice, instrument specific effects and
different modes of operation result in measurement errors that require calibrations
(Funke et al., 2003). The main source of errors are ohmic (nonelectrolytic) current
between the electrodes, catalytic recombination of hydrogen and oxygen and
moisture outgassing in the cell itself (McAndrew and Boucheron, 1992).

2.3.6  Reaction GC

Some gas chromatographic (GC) applications can benefit from a conversion of the
analyte to an alternative compound. Reaction GC is a term often used for such
applications. The conversion can be thermally based or facilitated by one or several
reactive substances. The motivation for using reaction GC could be primary
analytes which give low detector sensitivity, give difficult chromatographic
separation or are thermally too labile for avoiding decomposition during traditional
GC analysis.

Direct analysis of traces of moisture in gases by GC methods is challenging,
mainly caused by the high adsorptivity of water to surfaces and problems with
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keeping moisture from surrounding atmosphere out of the general purpose GCs.
Several authors have described the reaction GC method involving conversion of
water (H.0) to ethyne (C.H,) with calcium carbide (Ca(C,), according to the
following reaction (Goldup and Westaway, 1966; Knight and Weiss, 1962; Latif et
al., 1983; Lindblom et al., 1992; Monroe, 1998):

CaCs (s) + 2H>0 (g) > Ca (OH)» (s) + C>Hs (g) (12)

From this reaction (12) the gaseous ethyne can easily be detected by a sensitive
thermal conductivity detector (TCD) or an even more sensitive flame ionisation
detector (FID), after chromatographic separation on e.g. a porous polymer column.
The GC detector has to be calibrated with respect to etyne, by the help of
gravimetric gaseous reference standards. The application is typically set up, as
shown in figure 11, with the gas stream of interest passing through a small vertical
placed reactor filled with ground calcium carbide, placed in front of the injection
loop of a GC. Stainless steel pipes of dimensions down to 18 cm x 0,64 cm have
been used as reactor, filled approximately 3 g grounded calcium carbide (Monroe,
1998).

Gas
Chromatograph Flame
i By pass Gas containing with separation lonization
(isolation of reactor) column Detector

Reference gas
containing ethyne
or moisture

ethyne

or
Thermal
Conductivity
Detector

Reactor with
CaC,

Gas containing
moisture

Figure 12: Schematic of a reaction GC application, based on conversion of water to
ethyne with calcium carbide.

Published data indicate that the conversion of water to ethyne is stoichiometric
according to the reaction equation (12) (Knight and Weiss, 1962; Lindblom et al.,
1992). Monroe (1998) and Lindblom et al. (1992) pointed out that the formation of
ethyne is enhanced by low temperatures. This means that the molar moisture
concentration will correspond to twice the ethyne concentration returned from the
reaction GC application.

2.3.7  Other techniques
There exist several methods or technologies capable of monitoring moisture in

gases, which are not covered in this work. Most of them are not very relevant for
the natural gas industry for reasons such as: lack of sensitivity, lack of resistance to
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harsh process environment, problems with interferences from other natural gas
constituents or high level of required maintenance.

In addition to fibre-optic hygrometers (chapter 2.2.3), various other optical
techniques can be applied for moisture monitoring. Tuneable diode laser absorption
spectroscopy (TDLAS), cavity ringdown spectroscopy (CRDS), intracavity laser
spectroscopy (ILS) and Fourier transform infrared spectroscopy (FTIR) are
examples of such optical or spectroscopic methods. From these examples
especially the TDLAS has increasingly been used for moisture monitoring in
natural gases the last years. Hence, this technique will be briefly explained here,
even though TDLAS was not tested in this work.

Absorption spectroscopy using diode lasers has been used for determination of gas
temperatures and concentrations of various chemical compounds for at least 25
years (Lackner, 2007). During the last decade maturation and improvements of the
method have made it popular in numerous applications in industrial process plants.
As for most spectroscopic hygrometers, quantitative detection using TDLAS is
made possible by the light absorption, at selected wave numbers, as a function of
concentration of absorbing species (e.g. water). This can be described by Beer-
Lambert’s law (Funke et al., 2003):

1) = Iy(v)e o@INL (13)

where /(v) represents the intensity of the transmitted light, through the sample, at a
frequency v, Io(v) is the intensity of the incident light, o(v) is the absorption cross
section of the light absorbing molecule at frequency v, N is the number of
molecules per unit volume in the beam path and L is the path length of the light
travelling through the sample.

The relation of Beer-Lambert can be further refined to express proportionality
between the concentration and absorbed light:

Io(v) _ _
lnm = A(U) = S(U)LC (14)

where A(v) is the absorbance, &(v) is the molar absorption coefficient (molecule
specific), L is the path length and c is the concentration of the absorbing species.

The Beer-Lambert relations show that an increase of the optical path length (L) will
increase the absorbance and hence the sensitivity of the measurements. For
practical reasons the length of a measuring cell is usually limited to a few meters.
Various dual-pass or multi-pass cells have been proposed, such as the Herriot cell
and the White cell, to increase the path length at the same time as retaining a
compact size of the measuring cell. Figure 13 illustrates Beer-Lambert’s relation in
TDLAS for a dual-pass measuring cell.
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Figure 13: Illustration of Beer-Lambert’s law in TDLAS for a dual-pass measuring
cell of cell length D (path length L =2 x D).

Compared to the broadband IR sources for FTIR, the emitted light from diode
lasers has an extremely narrow line width, in the order of 10 cm™. This enables
the resolution of the relevant absorption signals even in the presence of
interferences at nearby wavelengths. The simplest approach to TDLAS is direct
absorption measurement where the absorption at the line centre is compared with
the absorption slightly to the side of the line. This technique is not very much used
as measuring a small difference in two large signals gives a rather low detection
sensitivity (Linnerud et al., 1998). The use of harmonic detection, the second
harmonic usually being the most favourable, with modulation techniques such as
wavelength modulation spectroscopy (WMS) significantly enhances the sensitivity
of TDLAS. Limitations on detection limits are background moisture levels of the
analytical system and interfering species in the gas matrix (Inman and McAndrew,
1994).
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3 Experimental set up

3.1 Moisture generator

Several methods for the generation of moisture in gases are described in the
literature, such as the two-pressure, two-flow or two-temperature generator (Funke
et al., 2003; Hasegava and Little, 1977; Sonntag, 1994; Wiederhold, 1997a). A lot
of effort can be made with the aim of producing a stream of gas with a very
accurate moisture concentration. Such equipment is often found at national
measurement institutes (NMI), such as NPL (National Physical Laboratory, United
Kingdom) and NIST (National Institute of Standards and Technology, USA), PTB
(Physikalisch-Technische Bundesanstalt, Germany) and NMIJ (National Metrology
Institute of Japan). Several publications are published, describing the moisture
generators at NIST (Meyer et al., 2010; Meyer et al., 2008; Scace et al., 1997), in
addition to a publication describing a gravimetrical reference hygrometer at NIST
(Meyer et al., 2010; Meyer et al., 2008; Scace et al., 1997). Recently EURAMET
(European association of national metrology institutes) reported a comparison of a
number of trace moisture generation facilities at several NMlIs (Brewer et al.,
2011).

In this work a much simpler moisture generator was established, with the option to
mix in a volatile or semivolatile chemical. The equipment is well suited for
comparison of hygrometers rather than calibrating them accurately. Having
applications for moisture in natural gas in mind, the main focus was to produce a
gas with sufficient long term, drift-free and controllable concentrations of both
moisture and a volatile chemical. A special version of the test rig was set up for
production of equilibrium data for moisture in methane at high pressures.

3.2 Test rig for comparison of hygrometers

A test rig for generation of moisture, alone or in combination with a volatile
chemical was established as shown in Figure 14 and Table 2. The test rig was able
to generate a stream of nitrogen gas with drift-free concentrations of moisture and
methanol or ethylene glycol. The generated gas stream was split up and distributed
to a set of hygrometers, denoted as H-1 to H-8 in the Figure 14 and Table 3.
Nitrogen gas (> 99.999 % purity) was fed to the test rig at about 4 bar through a
pressure regulator (V-1). The gas flow was split in three lines: one line for
generation of dry gas for dilution (T-2) and two lines for generation of gas
saturated with moisture and methanol or ethylene glycol respectively (T-3 and T-
4). Details about the test rig and its operation can be found in papers 1 to 3
(Lokken, 2012a; Lokken, 2012b; Leokken, 2013).
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Table 3: Equipment description, the codes refers to Figure 14.

Code Description Model Manufacturer
V-1 Single stage pressure SIS SMT S.A.S., France
regulator
V-2to V-4 Needle valves 3812F4Y Hoke, USA
V-5 Flow controller PC 8942 Brooks Instrument, USA
V-6 and V-7 Flow controller FMC-2000 FlowMatrix Inc., USA
V-8 to V19 Fine metering valve SS-2MG Swagelok, USA
E-1 and E-2 Molecular sieves Ametek, USA
E-3, E-4, E-9 Modified filter Model 122 Headline Filters, UK
and E-10 housings, saturators
E-5to E-7and  Modified filter Model 122 Headline Filters, UK
E-11 to E-13 housings, condensers
E-8 and E-14 Cooling bath FP-45 Julabo Labortechnik
GmbH, Germany
E-15 Gas manifold Z12M2 Vici AG International,
Switzerland
PT-1 Pressure transmitter PA-55X Keller AG, Switzerland
PT-2 Pressure transducer Model SA Honeywell, USA
H-1 Capacitor A
H-2 Capacitor B
H-3 QCM
H-4 CaC,-GC
H-4.1 Reactor with grinded  Particles with Merck KGaA, Germany
calcium carbide diameter from
0.3mm to Imm
H-4.2 Gas Chromatograph CP4900 Micro-GC  Varian Inc., USA
H-4.3 GC separation CP-PoraPlot Q, 10 Varian Inc., USA
column m long, 0.25 mm
i.d.
H-5 Fibre-optic
H-6 Karl Fischer Titrator Model 831 Metrohm AG,
Switzerland
H-6.1 Gas meter TG 1 Mod. 5-8 Ritter, Germany
H-7 Chilled mirror S4000 Integrale Michell Instruments Itd.,
UK
H-8 Electrolytic
C-1 1 m coil made of 1/8 Sandvik 3R60 AB Sandvik Materials
x 0.035 inch, SS Technology, Sweden
316L tubing
T-1to T-4 1/8 x 0.035 inch, SS Sandvik 3R60 AB Sandvik Materials
316L tubing Technology, Sweden
T-5 Treated 1/8 x 0.035 Siltek™ Restek Corporation,

inch SS 316L tubing

USA
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33 Hygrometers

Eight hygrometers, based on capacitor sensor (two different brands), quartz crystal
microbalance (QCM), electrolytic cell, CaC,-GC, fibre-optic sensor, Karl Fischer
titration and chilled mirror (continuously operated), have been investigated in the
experiments.

The hygrometers were equipped with control units for communication with the
probes or sensors and transfer of data to a computer for storage. Data points were
stored every 5 minutes. The CaC,-GC hygrometer consisted of a calcium carbide
reactor (H-4.1) for conversion of moisture to ethyne and a micro gas
chromatograph (H-4.2) for quantification of ethyne. The micro gas chromatograph
was equipped with a separation column (H-4.3) and a micro thermal conductivity
detector and was controlled by chromatography software (CP Maitre Elite) on the
computer. The processed data from CP Maitre Elite was collected approximately
every 10 minutes.

Two direct methods were utilised for reference measurements, not being of interest
with respect of continuous online process monitoring. These were a chilled mirror
hygrometer (H-7) and a Karl Fischer titrator (H-6). The volume of the titrated gas
was measured by a drum-type gas meter (H-6.1). The chilled mirror hygrometer
was set up to perform continuous measurements, with storage of data every 5
minutes. The Karl Fischer titrations (between 3 and 9 parallels) were performed
manually on weekdays during the experiments.

3.4 Operation of moisture generator

The mixing ratio of the three gas streams (T-2, T-3 and T-4) was controlled by
three manually operated flow controllers (V-5, V-6 and V-7). The two gas streams,
saturated with moisture and methanol or ethylene glycol respectively, were
controlled between 0 and 300 cm*/min (ambient conditions) with flow controllers
(V-6 and V-7), while the dry dilution gas was adjusted to about 6 dm’/min
(ambient conditions) with another flow controller (V-5). The temperature in the
cooling bath for line 2 (moisture) was set to 10 °C (+0.01 °C) and the pressure in
the condensers was controlled at approximately 4 bar and monitored with a
pressure transmitter (PT-1). The temperature in the cooling bath for line 3
(methanol or ethylene glycol) was initially set to -10 °C (+0.01 °C). By changing
the settings on the three flow controllers, and eventually changing the temperature
in the cooling baths, different concentrations of moisture and methanol or ethylene
glycol could be produced and changed quickly. The pressure upstream the metering
valves (V-8 to V-19) was about 2 bar, monitored by a pressure transducer (PT-2).
The QCM had internal mass flow controllers which needed a sample pressure
slightly elevated from atmospheric pressure. The other hygrometers were fed with
test gas at ambient pressure. The flow rates to the different hygrometers were
controlled in agreement with the recommendations made by the manufacturers.
Excess test gas was distributed to vent through 1/8 inch stainless steel tubing
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connected to the spare ports on the compact gas manifold (E-15). Fine metering
valves (V-15 to V19) were used to control the flow rates also on these gas streams.

The gas upstream V6 and V7 was expected to be saturated with respect to water
and methanol or ethylene glycol respectively. The gas temperature decrease due to
Joule Thomson cooling, when reducing the pressure from 4 to 2 bar, was
compensated with a temperature increase in the system from 10 °C (water) and -10
°C (methanol or ethylene glycol) towards 25 °C (room temperature) prior to
pressure reduction. This temperature increase, combined with dilution with dry
nitrogen, prevented condensation of water and methanol or ethylene glycol
associated with the pressure reduction step.

3.5 Test rig for production of equilibrium data at high pressures
for moisture in methane and natural gas

To be able to generate high pressure gas saturated with water vapour, the test rig
used for comparison of hygrometers was slightly modified. Only one of the
saturation lines was used, and the flow controller (V6/V7) was replaced by an
electrical heated high pressure regulator (HPR-2 series from GO regulators, USA).
Safety valves were installed to reduce risks involved with high pressure
experiments. Details about this rig can be found in paper 4 (Lekken et al., 2008).
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4 Summary of the included papers

4.1 Paper I

Comparison of hygrometers for monitoring of water vapour in natural gas

In this paper a collection of hygrometers, relevant for the natural gas industry, were
compared with respect to accuracy, long term stability and response time. The
hygrometers were based on capacitor sensor, quartz crystal microbalance (QCM),
electrolytic cell, fibre-optic sensor and reaction GC (CaC,-GC), respectively.
Monitoring of moisture concentrations between 20 pmol/mol and 120 pmol/mol
was carried out in the laboratory, using nitrogen as the matrix gas. The chosen
concentration range is typical for many natural gases after dehydration at gas
production platforms in the North Sea and the Norwegian Sea.

In Figure 15 the overall results from the experiments, performed over 39 days, are
shown. The moisture concentration levels, expressed as frost points in Figure 15,
were step changed four times during the experiments (on day 16, 23, 35 and 36).

The capacitor hygrometers and the electrolytic cell hygrometer showed a tendency
to drift, which reduced their accuracy. The QCM, fibre-optic and CaC,-GC
hygrometer showed good accuracy and long term stability. The QCM hygrometer
had the overall shortest response times, as illustrated in Figure 16 and Figure 17.
The fact that this hygrometer is based on a non-equilibrium sensor is believed to be
one explanation for the superiority of this hygrometer with regards to speed of
response. For the capacitor, the CaC2-GC and the fibre-optic hygrometers, porous
micro structures with given adsorption, desorption and diffusion kinetics are
involved. Hence it is expected that performance depends on parameters like
chemical composition, thickness and pore size distribution of the porous micro
structure. Also the operating temperature will presumably play an important role.
With this in mind one would expect to find different performances among
hygrometers, even if they are based on the same technology.

The results generally demonstrated the need for careful quality control of the

hygrometers, and monitoring systems which are thoroughly adapted to meet the
requirements of individual natural gas applications.
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Figure 15: Readings from the moisture monitors during 39 days of experiments,
moisture content expressed as frost point (°C). The chilled mirror was unable to cool
the mirror sufficiently to produce data at the lowest frost point regions. A new
capacitor sensor of brand B replaced a malfunctioning one on day 15.
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Figure 16: Response times for decreasing moisture concentrations for changes of 63 %
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Figure 17: Response times for increasing moisture concentrations for changes of 63 %
and 95 % of the step changes.

4.2 Paper 11

Water vapour monitoring in natural gas in the presence of methanol

In paper II the same collection of hygrometers, as for paper I, was compared for
monitoring of moisture with co-exposure of methanol. While monitoring moisture
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at the level of 45 umol/mol, the hygrometers were exposed to approximately 10,
170 and 750 pmol/mol gaseous methanol respectively. The experiments were
performed in the laboratory, using nitrogen as the matrix gas.

The overall results of 34 days of experiments are demonstrated in Figure 18 and
Figure 19. Figure 18 includes results from the hygrometers originally returning
frost point readings, while Figure 19 includes results from the hygrometers
originally returning concentration readings. Results from the reference techniques
are included in both figures, using the formulas published by Sonntag (Sonntag,
1990; Sonntag, 1994) for conversions between frost point and concentration. The
methanol concentration level, quantified by gas chromatography, was increased
from 10 to 170 umol/mol after 6 days and further increased to 750 pmol/mol on
day 13. From day 14 the methanol concentration decreased, reaching a level of less
than 10 pmol/mol after day 22. The decreasing methanol concentration from day
14 was caused by reduced level of methanol in the saturator (consumption) leading
to insufficient saturation of methanol in the saturator.

Stable readings from the chilled mirror hygrometer were not obtained during
exposure to methanol concentrations at 170 and 750 umol/mol. For this reason data
from the chilled mirror is left out from Figure 18 and Figure 19, during this
exposure to medium and high concentrations of methanol.

Exposure to approximately 10 pmol/mol methanol demonstrated no clear effect on
the tested hygrometers. At the higher levels of 170 pmol/mol and 750 pmol/mol
methanol, the readings from several hygrometers were affected. Taken into account
the specified uncertainty of the hygrometers, only the electrolytic cell and one of
the two tested capacitor sensors (Capacitor B) were significantly affected during
the test period. These two hygrometers demonstrated severe misreading as a result
of methanol exposure. The readings from the fibre-optic sensor drifted slowly
upwards during exposure to the higher methanol levels. The drift speed increased
with increasing methanol concentration. However, despite the drift, the readings
from the fibre-optic sensor stayed within its specified uncertainty (+ 2 °C) during
the test period. The QCM made a minor shift to higher readings when exposed to
750 umol/mol methanol. Similar shifts were noticed for the two different brands of
capacitor sensors tested. Both capacitor sensors also demonstrated a permanent
downward drift during the experiments, one of them increasing the drift speed
upon increased methanol concentration. The CaC2-GC did not show any clear
influence from methanol.

The results imply that methanol exposure should be taken into consideration when

choosing equipment for moisture monitoring and when determining a quality
control strategy for the monitoring.
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Figure 18: Frost point readings from Capacitor A, Capacitor B and Fibre-optic, at a
moisture concentration level of 45 pmol/mol during variable methanol exposure,
together with readings from the reference hygrometers (Karl Fischer and Chilled
mirror). The methanol concentration is plotted against the secondary y-axis. The
chilled mirror readings are plotted only at the lowest methanol exposures due to
interferences at the higher methanol concentrations.
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Figure 19: Moisture concentration readings from QCM, CaC2-GC and Electrolytic, at
a moisture concentration level of 45 pmol/mol during variable methanol exposure,
together with readings from the reference hygrometers (Karl Fischer and Chilled
mirror). The methanol concentration is plotted against the secondary y-axis. The
chilled mirror readings are plotted only at the lowest methanol exposures due to
interferences at the higher methanol concentrations.
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4.3 Paper 111
Water vapour measurements in natural gas in the presence of ethylene glycol

In paper III, an investigation of hygrometers for monitoring of moisture in natural
gas has been performed, with respect to response on ethylene glycol co-exposure.
The tested hygrometers are based on capacitor sensor, quartz crystal microbalance
(QCM), fibre-optic sensor and reaction GC (CaC,-GC). The electrolytic cell
hygrometer (available for paper 2 and 3), was not available during this
investigation, due to severe technical problems. The moisture concentration level in
the test gas was 50 umol/mol during the experiments, corresponding to a frost
point of approximately -48 °C (atmospheric pressure). The experiments were
performed in the laboratory, using nitrogen as matrix gas.

The overall results of 33 days of experiments are demonstrated in Figure 20. On
day 6, ethylene glycol at a level of 0.25 pmol/mol was introduced to the test gas.
On day 20 the ethylene glycol concentration was increased to 0.65 pmol/mol. The
ethylene glycol exposure was terminated from day 26. An analytical system based
on thermal desorption, gas chromatographic separation and mass spectrometric
detection (TD-GC/MS) was used for the quantification of ethylene glycol.

The QCM hygrometer responded with a downward drift of the frost point readings
in the presence of ethylene glycol. The drift increased when the ethylene glycol
concentration increased from 0.25 pmol/mol to 0.65 umol/mol, and the frost point
readings from the QCM hygrometer decreased close to 5 °C during a total of 20
days of ethylene glycol exposure. The QCM hygrometer seemed to recover slowly
from the ethylene glycol exposure, indicated by a decreasing upward drift as soon
as the ethylene glycol exposure terminated.

Both tested capacitor hygrometers responded significantly to ethylene glycol
exposure. The responses were not uniform, though, with one performing
considerably better than the other one.

The experiments also demonstrated the insufficiency of chilled mirror techniques
for interpreting water frost points or water dew points, with subsequent moisture
concentration calculation, in the presence of ethylene glycol. The chilled mirror
frost point readings increased with approximately 20 and 27 °C during exposure to
0.25 and 0.65 pmol/mol ethylene glycol, respectively (not shown in Figure 20).
This made the chilled mirror technique totally unsuitable for reference
measurements after the introduction of even sub ppm levels of ethylene glycol to
the test gas.

The fibre-optic sensor hygrometer and the CaC2-GC hygrometer showed minor
response for ethylene glycol.
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In general the results from this work demonstrate the need for careful evaluation of
individual moisture monitoring applications, before choosing a hygrometer. A
well-considered strategy for quality control of the moisture monitoring, regardless
of the chosen hygrometer, is of utmost importance to establish a moisture
monitoring system with high accuracy.
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Figure 20: Frost point readings of the tested hygrometers during co-exposure to
ethylene glycol, at a moisture concentration level of 50 pmol/mol (corresponding to a
frost point of approximately -48 °C).

4.4 Paper IV

Water content of high pressure natural gas: Data, prediction and experience from
field

This conference paper presents phase behaviour of natural gases with focus on
saturation points and phase behaviour for water and selected trace components,
such as glycols. Included is also a discussion on various methods for water dew
point control (dehydration and analysis) and a review of published methods
(graphical-, empirical- and thermodynamic models) for the calculation of
equilibrium water concentration or water dew point in natural gas. Phase behaviour
is related to the various dehydration processes used for dew point control of natural
gases and the paper describes why various water related saturation points have to
be considered in the design and operation of gas production and transport systems.
The thermodynamic model discussed in this work is based on the Cubic Plus
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Association Equation of State (CPA-EoS) combined with thermodynamic models
for the ice and gas hydrate phase.

Experiences from selected gas processing plants in operation related to the
formation of liquid water, an aqueous phase, natural gas hydrate or ice in process
equipment and pipelines are presented and discussed. The experiences from these
situations are compared to results from experimental and modelling work.

New experimental data for water concentration in methane and natural gas, in
stable equilibrium with liquid water, ice and natural gas hydrate are presented, for
the temperature range of -20 to 20 °C, and pressures of 50, 100 and 150 bar. The
data are summarised in Table 4 for the methane and Table 5 for a rich natural gas.
An evaluation of conventional methods for calculation of equilibrium water vapour
concentration and water dew point is presented and these methods are compared
with calculations performed with the CPA-EoS.

Table 4: Measured gas phase water concentration (umol/mol) for the binary system
water — methane, at various temperatures and pressures.

T/°C 50 bar 100 bar 150 bar

-20 31 19 19
-10 73 40 35
0 172 80 82
10 273 168 151
20 483 320 297

Table 5: Measured gas phase water concentration (umol/mol) for the water - natural
gas system, at various temperatures and pressures.

T/0C 100 bar 150 bar

-20 22 19
-10 41 37
0 86 72
10 178 150
20 341 291

The CPA-EoS is shown to give excellent result, both for the calculation of
equilibrium water content of natural gas, water dew point-, natural gas hydrate- and
ice precipitation temperature as well as the aqueous dew points. The model is
compared to the ISO 18453 (GERG-water-EoS) developed for water dew point
calculation of natural gas, with a primary working range of 5 bar to 100 bar and -5
°C to 15 °C. Within this working range CPA-EoS and ISO 18453 generally agree
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well, as illustrated in Figure 21. Outside the working range for ISO 18453,
calculated data from CPA-EoS are superior, as illustrated in Figure 22. An accurate
chart for graphical reading of water content of a sweet natural gas is presented. The
method and data presented in this paper can be used in design of water removal
processes.
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Figure 21: CPA-EoS and ISO 18453 (GERG-water-EoS) compared for calculation of
gas phase moisture concentration in natural gas at 100 bar.
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Figure 22: CPA-EoS and ISO 18453 (GERG-water-EoS) compared for gas phase
moisture concentration in natural gas at 150 bar.
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5 Application of results for natural gas industry

5.1 Nitrogen versus natural gas as gas matrix

A general rule of thumb when it comes to analytical chemistry is to use a test
matrix (gas or liquid) as similar as possible to the real samples. For various reasons
experimental work often has to be performed using simplifications. The parameters
studied in this work, and the working principles of the hygrometers included in the
experiments, were evaluated to be rather unaffected by the choice of matrix gases.
Moreover the main focus for this work has been comparisons of the hygrometers
rather than determining absolute values representing the test parameters. Hence
nitrogen was chosen as the matrix gas, as this increased the feasibility and safety of
performing controlled long term experiments in a multiuse laboratory. Even though
similar experiments should ideally have been performed using real natural gases,
the findings using nitrogen are regarded as highly relevant for natural gas
applications.

5.2 Sampling of natural gas for moisture monitoring

ISO 10715:2001, GPA 2166-05 and API MPMS 14.1 (API, 2006; GPA, 2005;
ISO, 2001) are industry standards which all describe how to do sampling of high
pressure natural gas in a proper manner. The standards focus on the protection of
the measuring devices as well as assuring a representative sample from the main
gas stream. Sampling of gas close to or at their dew point, with respect of
hydrocarbons or aqueous phase, should be avoided to prevent liquids from entering
the sampling system. It should be strived to follow the guidelines described in these
standards, as a first step in designing an adequate sampling system for moisture
measurements.

As water is very adsorptive, the response time of moisture measurements will
benefit greatly from the use of electropolished and heated surfaces in contact with
the gas sample. Vendor information available at the internet
(http://www.silcotek.com/silcod-technologies/coating-technical-literature) suggest
that silica treated surfaces, such as the tubing used upstream of the hygrometers in
these experiments (Siltek™, Restek Corporation, USA), will decrease the response
time even more compared to electropolished tubing. A shortest possible, low
volume sample pathway, especially for the high pressure sections of moisture
monitoring systems, is also a very important measure, to reduce both response time
and uncertainty in moisture measurements. In addition a geometry preventing
liquid accumulation and minimal use of components introducing dead ends and
highly adsorptive surfaces is beneficial. For moisture monitors performing their
measurements at reduced pressure, the pressure reduction step is critical. Due to the
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Joule Thomsen cooling of the gas, enough heat must be provided to maintain the
gas at temperatures well above the dew point temperatures. For large pressure
drops usually more than one heated pressure reduction step will be necessary.
Keeping the entire measuring and sampling system heated at a stable temperature
will provide more stable measurements, as even small temperature variations will
tend to disturb the equilibrium of water, which will be monitored by the
hygrometer.

At natural gas processing plants at least two types of sampling points are frequently
found. One is just downstream of the dehydration units, typically triethylene glycol
(TEG) contactors, and one is at the point of gas export. Moisture monitoring just
downstream TEG contactors is often problematic, due to the fact that this gas will
be saturated with TEG. Any pressure or temperature drop for this gas will lead to
the condensation of highly concentrated TEG (containing small amounts of water),
which will generate great challenges to the sampling system. In addition to the
equilibrium concentration of TEG in the gas, entrained liquid TEG also might be
present in this gas, depending on the operation conditions and design of the TEG
contactor. A comprehensive sampling system which can deal with liquid TEG is an
absolute necessity in this case, to avoid low accuracy or even malfunction of the
hygrometers. Ideally liquid TEG should be prevented from entering the sampling
system, which can be achieved by the use of a sampling probe with a membrane
filter. If a traditional sampling probe without a membrane is used, the temperature
and the pressure of the sample stream must be kept at process conditions, to
prevent the gas composition to be changed due to condensation or vaporisation of
TEG. A liquid filter (e.g. a membrane filter) has to be used before the sample is
introduced to the sensor of the hygrometer or the pressure reducer. Lack of such
filtering will lead to severe contamination of the sensor and the sample will lose its
representativeness. A gas scrubber and a compression stage is commonly utilised
upstream the point of gas export. The separation of liquids in addition to the
provided heat and pressure during compression will move the gas away from its
dew point line for TEG, and sampling of a one phase gas can be obtained. These
are the reasons why accurate moisture monitoring is achieved more easily for the
export gas.

When setting up a moisture monitoring application it is important that the sampling
is discussed and if possible agreed upon with the supplier of the hygrometer. Often
the supplier of the sampling system is not the same as the supplier of the
hygrometer. This focus on the sampling system, in addition to the hygrometer, will
generally result in an increased accuracy of the moisture monitoring. It will also
prevent the supplier of the hygrometer from blaming issues with the moisture
measurements on the sampling system.
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5.3 Quality control strategy for moisture measurements

Claimed uncertainties of hygrometers

Throughout this work it soon became very clear that a carefully prepared quality
control strategy is crucial for accurate moisture monitoring. All hygrometers have
their uncertainties defined by their suppliers, but care must be taken to keep the
hygrometers within these uncertainties. Also, dependent of the application, the
recommended frequency of maintenance and recalibration is generally too low, to
allow the hygrometers to stay within specification when it comes to accuracy.

Quality control with portable hygrometers

Today there is a widespread use of portable hygrometers for spot checks of online
hygrometers. For this strategy to work adequately, the portable hygrometers must
be under strict quality control. This is usually achieved by the means of a certified
moisture standard and a dried (with respect to water) gas representing the “zero
point”. The certified moisture standard is wusually chosen at a moisture
concentration close to some specified limited moisture concentration (e.g. transport
specification). In case of significant deviations between the moisture
concentrations read by the online hygrometer and the portable hygrometer, the
calibration of the online hygrometer has to be adjusted to fit the reading of the
portable hygrometer. The frequency of the spot checks with the portable
hygrometer is typically dictated by the performance of the online hygrometer and
the need for accuracy of the moisture measurements.

Automated calibration verification

Some of the commercially available hygrometers today have some way of
automatically checking the validity of their calibration. This is usually achieved by
utilising one or several certified calibration gases, or using a permeation tube
device, which can generate a certified concentration of moisture. Some
hygrometers can also be equipped with an adsorption unit to produce a gas
virtually free of water, to provide a “zero point” check of the hygrometer. At some
user set frequency, the calibration can be adjusted to fit, either one or both of, this
certified concentration of moisture and the “zero point”, respectively. During long
term use, calibration gases are consumed, the permeation tubes are depleted, and
driers become saturated. Hence, good routines are needed to assure change of these
components before they become exhausted and introduce errors to the moisture
monitoring. The quality of certified calibration gases, for highly adsorptive
components like moisture, is easily degraded by improper use. The precautions
described for the sampling of natural gas is more or less valid also for the
calibration gases (short sample pathway, electropolished tubing, temperature
control etc.). The investment costs of a hygrometer with automated calibration
verification will be higher compared to a hygrometer without such an option. On
the other hand a strategy with use of portable spot checking will introduce extra
man hours and the need of additional equipment in a local laboratory. Sufficiently
trained and dedicated operators will be needed, assuring that both the portable
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equipment is accurate at all times and that the spot checks are performed in a
proper manner.

Moisture monitoring at high versus low pressure

Moisture monitoring at high sample pressures has traditionally been a widespread
practice in the natural gas industry. To maintain the sample integrity,
measurements are performed at sample line pressure or at some intermediate
pressure as specified by a dew point or frost point sales or transport specification.
Hygrometers for high pressure measurements are typically calibrated at ambient
pressure to provide traceability to national or international standards. High pressure
measurements will break this traceability chain and increase the uncertainty of the
measurements. Quality control is often performed by use of portable hygrometers
operating at ambient pressure. This practice usually generates the need for
conversions of frost points (sub-zero temperatures) at one pressure to a
corresponding frost point at another pressure, eventually combined with conversion
of units (e.g. between °C and pmol/mol). The conversions can be subject to large
uncertainties and errors, as available conversion tools are generally unsuited for
calculations at elevated pressures involving frost points. At ambient pressure the
conversions between different units can be performed with reliable conversion
methods (e.g. formulas of Sonntag (Sonntag, 1990; Sonntag, 1994)), and the
measurements can be related to certified standards (e.g. reference gas standards or
permeation tubes). Hence, presumed that the sampling system is adequate,
moisture monitoring at ambient pressure will make quality control easier and
generally reduce the measurement uncertainty.

Focus on the application

A good quality control strategy for moisture monitoring should always be adapted
to the application. Hence, the users will have to evaluate their specific needs of
measuring range and accuracy, as well as potential contaminants, before choosing a
suitable hygrometer and preparing a quality control strategy for the moisture
monitoring. The sampling system must also be taken into account, as there is little
use for a highly accurate hygrometer if it is fed with a non-representative gas
sample.
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6 Future aspects of moisture monitoring

In this work the focus has been on moisture measurement and monitoring in natural
gases for applications involving moisture concentrations in low to medium parts
per million levels. Typical relevant applications are moisture monitoring of rich
natural gases, processed for pipeline transport to onshore process plants, and
moisture monitoring of dry sales gases, processed for pipeline export and
household usage. Such production sites are found both onshore and offshore.
Suppliers of hygrometers are still developing new hygrometers and try to improve
existing versions. Recently, users’ consciousness with respect to accuracy and
quality control of hygrometers has improved, which has influenced the suppliers of
hygrometers and sampling systems. Suppliers have increasingly focused on
automated quality control of hygrometers, which will be appreciated by many
users.

Some process plants will have to dehydrate the natural gas to generate moisture
concentrations at parts per billion levels. This is necessary for LNG production and
other processes involving very low temperatures. For this dehydration various
molecular sieves are usually utilised, and the downstream low temperature process
steps will be very sensitive to moisture. This introduces moisture monitoring
applications which reach even higher levels of complexity than applications dealt
with in this work.

Many of the measuring techniques used in this work are also able to detect
moisture at parts per billion moisture levels, but often the suppliers have special
versions of their hygrometers meant to be fitted for these low moisture levels. Such
applications are extremely sensitive to the sampling systems, and more than ever
prone to erroneous measurements and long response times caused by adsorption
along the sample pathway.

The high expenses of process upsets caused by moisture leading to ice or hydrate
formation in such cold processes, will motivate both users and suppliers to improve
the accuracy of these hygrometers. In addition there is a high potential for savings
when prolonging the cycles between regeneration of molecular sieve units, this
way extending the lifetime of these units. This can be achieved by using reliable
moisture monitors to determine when to perform regenerations, instead of using
fixed time intervals. Improvement of accessibility of reliable methods for verifying
the calibration of hygrometers, together with stringent quality control routines, will
be crucial for success in these extremely demanding applications.
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7 Summary conclusions

Moisture monitoring in natural gas is an important task in the natural gas industry.
There is a great variety of applications, with different demands for sensitivity,
regularity, accuracy and response time. Common for these applications is that they
all aim to maintain a safe, stable and economic production and transportation of
hydrocarbon products. Detailed knowledge about various measurement techniques
is needed, to be able to design appropriate measurement or monitoring systems,
adapted to the individual applications. The same knowledge is also needed to
diagnose, evaluate and improve the accuracy of existing monitoring systems.

If estimation of moisture concentration in the absence of moisture measurements is
needed, accurate thermodynamic models are required. Such thermodynamic
models have to be verified with experimental equilibrium data. Accurate moisture
measurements are necessary to facilitate the generation of such equilibrium data
from laboratory experiments.

A collection of hygrometers relevant for the natural gas industry is tested. The
tested hygrometers are based on capacitor sensor, quartz crystal microbalance
(QCM), electrolytic cell, fibre-optic sensor and reaction GC (CaC,-GC),
respectively. In the latter technique ethyne (converted from water) is quantified by
a gas chromatograph (GC). Karl Fischer titration and chilled mirror hygrometry are
utilised as reference measurements. Three series of long term (> 30 days)
laboratory experiments have been performed, comparing the hygrometers:

1) Monitoring of moisture in nitrogen at concentration between 20 and 120
parts per million (umol/mol), comparing the hygrometers with respect to
accuracy, long term stability and response time.

2) Monitoring of moisture in nitrogen at the concentration level of 45 parts
per million (umol/mol), in the presence of methanol at 10, 170 and 750
parts per million (wmol/mol) levels respectively.

3) Monitoring of moisture in nitrogen at the concentration level of 45 parts
per million (umol/mol), in the presence of ethylene glycol at 250 and 660
parts per billion (nmol/mol) levels respectively.

The results from this work demonstrate that various hygrometers perform very
differently with respect to accuracy, stability and response time. Moreover,
methanol and ethylene glycol exposure is shown to have the potential of interfering
with moisture monitoring.

The capacitor hygrometers showed a general tendency to drift, which reduced their
accuracy. The drift decreased with time, which implies that it would be better to
adjust the calibration of capacitor sensors after some period of time in operation,
compared to exchanging to new sensors. The response times of the capacitor
hygrometers were quite low for increasing moisture concentration, but high for
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decreasing moisture concentrations. One of the two tested capacitor sensors
(Capacitor B) demonstrated severe moisture misreading as a result of methanol
exposure at 170 and 750 parts per million. Minor shifts to higher moisture readings
when exposed to 750 pumol/mol methanol were observed for the two different
brands of capacitor sensors tested. Both capacitor sensors also demonstrated a
permanent downward drift during exposure to methanol, one of them increasing the
drift upon increased methanol concentration. To ethylene glycol exposure, both
tested capacitor hygrometers responded significantly. The responses were not
uniform, though, with one performing considerably better than the other one.

The QCM hygrometer showed good accuracy and long term stability. This
hygrometer also demonstrated the overall shortest response times. The fact that this
hygrometer is based on a non-equilibrium sensor is believed to be one explanation
for the superiority of this hygrometer with regard to speed of response. A minor
shift to higher moisture readings was observed when exposed to 750 parts per
million methanol. In the presence of traces of ethylene glycol a downward drift was
seen. The drift increased initially when the ethylene glycol concentration increased
from 250 to 660 parts per billion. The drift was estimated to 5 °C (frost point)
during a total of 20 days of ethylene glycol exposure. The QCM hygrometer
seemed to recover slowly from the ethylene glycol exposure, indicated by a
decreasing upward drift as soon as the ethylene glycol exposure ended.

The electrolytic cell hygrometer tested in this work showed a tendency to drift,
reducing its accuracy. Its response times were also generally high, both for
increasing and decreasing moisture concentrations. Serious misreading as a result
of methanol exposure was demonstrated for this hygrometer. Prior to the
experiments with ethylene glycol co-exposure the electrolytic cell hygrometer
broke down and was excluded from the last series of experiments.

The fibre-optic hygrometer generally proved good accuracy and long term stability.
At the same time this hygrometer was one of the slowest responding hygrometers,
with long response times for both increasing and decreasing moisture
concentrations. Though staying within its specified uncertainty, the readings from
the fibre-optic sensor drifted slowly upwards during exposure to the higher
methanol levels. The drift increased with increasing methanol concentration. The
fibre-optic sensor hygrometer showed no significant response for ethylene glycol.

The reaction GC hygrometer generally demonstrated good accuracy and long term
stability. This was overall the slowest responding hygrometer in the performed
experiments. Neither methanol nor ethylene glycol exposure provoked any
significant response on the moisture readings for the reaction GC hygrometer.

The reference techniques, revealed some limitations during the experiments. The
chilled mirror, which performed generally best with regards to accuracy, did not
have enough cooling power for the lowest moisture concentrations. There are
chilled mirror instruments on the marked being able to cool down to -100 °C, but
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such an instrument was not available for these experiments. As expected, the
chilled mirror technique was unable to return reliable frost points during co-
exposure to methanol and ethylene glycol. These polar compounds condense or
precipitate together with water on the mirror surface, at temperatures not
representative for the pure water dew or frost point. The Karl Fisher technique was
not affected by methanol or ethylene glycol. Hence, this technique could be used
for reference measurements during all of the performed experiments. On the other
hand, Karl Fischer titrations have more steps contributing with measurement
uncertainties, generally reducing the accuracy and the precision of this technique
compared to the chilled mirror technique.

The experiments indicate that properties of hygrometers are closely connected to
sorption phenomena and equilibrium conditions of water. The relatively small
molecular size and high adsorptivity of water, cause water to migrate into porous
micro structures and stick to surfaces. Hence, it is believed that increased working
temperature and miniaturisation of available surface areas for both sensors and
other components of the hygrometer, sampling system included, will improve the
general performance of hygrometers.

A modified version of the test rig was used to produce a hydrocarbon gas saturated
with water at high pressures. New data for the equilibrium water concentration in
methane and a natural gas were produced, for the temperature range of -20 to 20 °C
and for pressures up to 150 bar. The data were used to verify the Cubic Plus
Association Equation of State (CPA-EoS). When compared with conventional
methods (graphical-, empirical- and thermodynamic models) for determination of
equilibrium water vapour concentrations and water dew, frost or hydrate points, the
CPA-EoS demonstrated excellent results. The CPA-EoS model was also compared
to the ISO 18453 developed for water dew point calculation of natural gas. The
CPA-EoS demonstrated good agreement with ISO 18453, but was applicable to
wider ranges of pressure, temperature and gas composition. An accurate chart for
graphical reading of water content of a sweet natural gas was presented. The
methods and data presented in this paper can be helpful in the design of water
removal processes.

In general the results from this work demonstrate the need for careful evaluation of
individual moisture monitoring applications, before choosing a hygrometer. This
evaluation should be made with special attention to the presence of polar
chemicals. A well-considered strategy for quality control of the moisture
monitoring, regardless of the chosen hygrometer, is of utmost importance, to
establish a moisture monitoring system with high accuracy.
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1. Introduction
1.1. Background

Accurate determination of water vapour in natural gases, often
referred to as moisture, is crucial for maintaining a stable and safe
processing and transport of natural gas. These are important
reasons why natural gas producers have a defined moisture spec-
ification in their sales contracts. The moisture specification is often
expressed as a water dew point. Underestimating the moisture
concentration in the natural gas can lead to condensation of liquid
water in process equipment or pipelines. Condensed water will
increase the corrosion potential when combined with compounds
such as hydrogen sulphide and carbon dioxide (Mychajliw, 2002).
Another possible consequence of underestimation of moisture is
the formation of gas hydrates (Jamieson and Sikkenga, 1986). Gas
hydrates can plug pipelines or process units, resulting in loss of
production or obstructed transportation of natural gas.

Even though analysis of moisture in various gases has been
performed for more than 50 years, this is still regarded as one of the
most challenging trace gas analyses. One important reason for this
is the high polarity of water making it extremely adsorptive.
Consequently surfaces regarded as dry are usually coated with
a thin film of moisture (Carr-Brion, 1986; Knight and Weiss, 1962).
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The abundance of water in the atmosphere also makes trace anal-
ysis challenging, with high potential for background moisture
interference.

In this work several devices for monitoring of moisture in gases,
referred to as hygrometers, more or less frequently used in natural
gas business were compared. The focus was to investigate and
compare the performance of the hygrometers, mainly with respect
to accuracy, long term stability and response time. The range of
moisture concentration examined was (20—120) umol/mol, which
is a relevant range for many natural gas applications. For practical
and safety reasons, the measurements were performed in the
laboratory at ambient conditions using nitrogen as the matrix gas.

1.2. Measuring techniques

Throughout the years numerous methods for moisture
measurements in gases have been developed and established. Most
of them are thoroughly described in published literature
(Blakemore et al., 1986; Bruttel and Regina, 2006; Carr-Brion, 1986;
Funke et al.,, 2003; ISO, 1993a,b; Keidel, 1959; Knight and Weiss,
1962; McAndrew and Boucheron, 1992; McAndrew, 1997;
Monroe, 1998; Wiederhold, 1997, 2000; Willsch et al.,, 2005).
Hygrometers based on capacitor sensor, quartz crystal microbal-
ance (QCM), electrolytic cell, fibre-optic sensor, CaC,-GC, chilled
mirror and Karl Fischer titration have been investigated in this
work. The basic principles for these methods are briefly summar-
ised in Table 1. Karl Fischer titration and chilled mirror hygrometry
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Table 1
Summary of methods for moisture measurements in gases.

Method Typical uncertainty ~ Working principle

Capacitor sensor (1-3)°C

Capacitance or impedance measured as a function of water molecules adsorbed to the porous dielectric

(usually metal oxides like Al,O3 or SiO,) of a capacitor (Carr-Brion, 1986; Funke et al., 2003;
McAndrew and Boucheron, 1992; McAndrew, 1997; Wiederhold, 1997).

Quartz crystal microbalance (QCM)  +10%

Measures the resonance frequency of an oscillating quarts crystal (piezoelectric) coated with a

hygroscopic polymer. The frequency changes with mass as water molecules adsorb on the quartz
crystal (Blakemore et al.,, 1986; Carr-Brion, 1986; Funke et al., 2003; McAndrew and Boucheron, 1992;
McAndrew, 1997; Wiederhold, 1997).

Measures current generated from electrolytic decomposition of water adsorbed in strongly

Conversion of water molecules to ethyne with CaC,, followed by gas chromatographic (GC)

separation and detection with e.g. a thermal conductivity or a flame ionisation detector

Measures a shift in reflection spectrum dependent on the amount of adsorbed water in a

hygroscopic Fabry-Perot filter. “Fibre-optic” in the sense that light is emitted and reflected

Electrolytic cell +10%

hygroscopic P,0s (Keidel, 1959).
CaCy-GC +10%

(Knight and Weiss, 1962; Monroe, 1998).
Fibre-optic sensor +2°C

via fibre-optic cables (Willsch et al., 2005).
Karl Fischer titration +10% The Karl Fischer reaction:

ROH + SO, + R'N — (R'NH)SO3R

(R'NH)SO3R + 2R'N + I + H20 — (R'NH)SO4R + 2(R'NH)I

ROH = alcohol, R'N = basic nitrogen compound

For coulometric titration the amount of water is calculated by measuring the current needed

for the electrochemical generation of iodine (1) from iodide (I”) (Bruttel and Regina, 2006; ISO, 1993a,b).

Chilled mirror +0.1°C

Measures the temperature at which water molecules condense from the gas to form dew or frost

on a mirror surface (Wiederhold, 1997, 2000).

are usually regarded as direct or absolute methods as they utilise
a direct relationship between the measured quantity and the
amount of moisture. Hence they often are preferred as reference
methods.

1.3. Interpretation of moisture measurements

The amount of moisture in a natural gas can either be expressed
as concentration (e.g. pmol/mol or mg/Sm? at some defined stan-
dard temperature and pressure) or as dew or frost point in degrees
Celsius. The dew point is the highest temperature, at a specified
pressure, where water can condense from the gas. The frost point is
the highest temperature, at a specified pressure, where ice can
precipitate from the gas (Lokken et al., 2008). In the temperature
region between 0 °C and —20 °C it is difficult to predict whether the
moisture will condense as dew or precipitate as ice. It is necessary
to distinguish between the dew point and the frost point, as these
could deviate with several degrees for the same moisture concen-
tration. Accurate formulas for conversion between dew or frost
point at atmospheric pressure and concentration (via saturation
vapour pressure) are published by Sonntag (Sonntag, 1990, 1994).
The following formula converts frost point to saturation vapour
pressure:

For the given temperature range

173.15K < T¢ <273.16 K (—100°C < T¢ < 0.01 °C)

In e;(Tx) = —6024.5282T ' + 24.7219 + 1.0613868 x 10~2T
—1.3198825 x 10~>T2 — 0.49382577InT, 1)

e;(Tx) is the saturation vapour pressure with respect to ice in hPa
(hectopascal), T is frost point temperature in K.

Saturation vapour pressure can be converted to frost point by
formula (2), which is derived from equation (1):

Tk = 12.1197y +5.25112 x 10~ 'y% + 1.92206 x 102y3
+3.84403 x 10~4y* +273.15 (2)

In the conversion formula (2)

y = In(e;(Tg)/6.11153) (3)

For conversions between saturation vapour pressure and concen-
tration the following formula can be used:

_ e,‘(T]() X 106
o ="101326 ° )

cw is concentration in pmol/mol. At elevated pressures the formulas
of Sonntag are not applicable because of increasing non ideal
behaviour of the gas.

Conversion between moisture concentration and dew point at
elevated pressure has traditionally been performed by use of the
correlation charts from McKetta and Wehe (1958) or by the
formulas of Bukacek (1955). The methods are based on empirical
data produced between the years of 1927 and 1955. The conver-
sions always relate the moisture concentration to condensed water
(dew), despite the thermodynamic most stable phase in the lower
temperature regions being gas hydrates or ice (dependent of the
pressure and temperature). These methods have gained wide-
spread use when it comes to calculations of the moisture concen-
tration or the dew point of unprocessed natural gas, and they have
been important for design of dehydration processes.

The hygrometers returning dew or frost points as their primary
unit of measurement are usually calibrated at ambient pressure
using a high precision chilled mirror as the reference. The calibra-
tion process will start at the lowest moisture concentration, typi-
cally cooling the mirror to well below —40 °C, to make sure the
temperature reading relates to ice. When ice is formed on the
mirror surface, the condensed water phase will remain as ice until
the mirror temperature increases to 0 °C again. As a consequence
these hygrometers will return frost points for negative tempera-
tures and dew points for positive temperatures. Converting frost
points or dew points to concentration at atmospheric pressure is
easy using Sonntag’s formulas ((1)—(3)). Conversion utilising the
chart of McKetta and Wehe or the formulas of Bukacek, should only
be performed on dew points (>0 °C). The errors involved using
these methods directly on frost points (<0 °C) will increase as the
temperature decrease.

Thermodynamic modelling is often a preferred alternative for
calculating equilibrium water content of natural gas. In contrast to
charts and simple formulas thermodynamic models usually have
the possibilities of covering a broad range of compositions, pressure
and temperature ranges. The equations of state (EoS) traditionally
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used in the oil and natural gas industry, like the SRK- and PR-EoS,
have shown to have severe limitations for description of aqueous
systems and polar substances in general (Folas et al., 2007a,b;
Lokken et al., 2008). More than 10 years ago, the European gas
research group (GERG) proposed a modified PR-EoS, tailor-made
for the modelling of water in gas with a primary working range of 5
bar to 100 bar and —5°C to 15°C (Althaus, 1999; Oellrich and
Althaus, 2001). The model has been published in the form of an
ISO standard (ISO, 2004). The CPA-EoS (Cubic Plus Association) is
another thermodynamic model proven to accurately calculate
equilibrium concentration of water as well as other polar
substances in hydrocarbon systems (Folas et al., 2007a,b). This
comprehensive model covers higher pressure and temperature
ranges compared to the “GERG-Water-EoS”, in addition to being
able to model all phases (liquid, ice and hydrate) both stable and
metastable ones (e.g. supercooled dew).

1.4. Moisture generator

Several methods for the generation of moisture in gases are
described in the literature, such as the two-pressure, two-flow or
two-temperature generator (Funke et al, 2003; Sonntag, 1994;
Wiederhold, 1997). A lot of effort can be made in the aim of
producing a stream of gas with a very accurate moisture concen-
tration. Such equipment is often found at national measurement
institutes, like NPL (National Physical Laboratory, United Kingdom)
and NIST (National Institute of Standards and Technology, USA). In
this work a simpler moisture generator was constructed, well
suited for comparison of hygrometers rather than calibrating them
accurately. Having applications for moisture in natural gas in mind,
the main focus was to produce a gas with a sufficient long term,
drift-free and controllable concentration of moisture.
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2. Experimental set up
2.1. Test rig

A test rig for generation of moisture in gases was constructed as
shown in Fig. 1. Table 2 summarises the pieces of equipment used.
The test rig was able to generate a stream of nitrogen with drift-free
concentrations of moisture for more than 40 days.

The nitrogen gas (>99.999% purity) was fed to the test rig at
about 4 bar through a pressure regulator (V-1). The gas flow was
split in two lines: one line for generation of saturated gas (T-2) and
one for generation of dry gas for dilution (T-3). The gas was fed to
the two lines via needle valves (V-2 and V-3).

In the first line (T-2) the gas was bubbled through water at room
temperature (about 25 °C) for saturation inside two stainless steel
cylinders in series for saturation (E-1 and E-2). The saturators were
modified filter housings with a volume of 30 ml, each filled with
20 ml water (ion exchanged). A piece of 6 mm outer diameter
stainless steel tubing (316L stainless steel) was welded to the inlet
ports to guide the gas near the bottom of the cylinders. The satu-
rated gas was further directed through three cylinders in series
kept at a lower temperature (10°C). The temperature was
controlled with a cooling bath (E-6). These cylinders were empty
and worked as condensers; the test gas leaving the last cylinder
with a fixed concentration of water vapour according to the actual
temperature and pressure. To facilitate an efficient cooling of the
gas a submerged coil of approximately 1 meter long tubing (C-1)
connected the first and second condenser.

The saturated test gas was diluted with nitrogen from the
second line (T-3), dried through two molecular sieves in series (E-7
and E-8). The resulting total flow rate of approximately 6 Nl/min
was sufficient to feed all the hygrometers in the test. The molecular
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Fig. 1. Schematic representation of the moisture generator. Equipment description is found in Table 2.
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Table 2
Equipment description, the codes refers to Fig. 1.

27

Code Description Model Manufacturer
V-1 Single stage pressure regulator NIE] SMT S.A.S., France
V-2 and V-3 Needle valves 3812F4Y Hoke, USA
V-4 Flow controller PC 8942 Brooks Instrument, USA
V-5 Flow controller FMC-2000 FlowMatrix Inc., USA
V-6 to V17 Fine metering valve SS-2MG Swagelok, USA
E-1 and E-2 Modified filter housings, saturators Model 122 Headline Filters, UK
E-3 to E-5 Modified filter housings, condensers Model 122 Headline Filters, UK
E-6 Cooling bath FP-45 Julabo Labortechnik GmbH, Germany
E-7 and E-8 Molecular sieves Ametek, USA
E-9 Gas manifold Z12M2 Vici AG International, Switzerland
PT-1 Pressure transmitter PA-55X Keller AG, Switzerland
PT-2 Pressure transducer Model SA Honeywell, USA
H-1 Capacitor A
H-2 Capacitor B
H-3 QCM
H-4 CaCz-GC
H-4.1 Gas Chromatograph CP4900 Micro-GC Varian Inc., USA
H-4.2 GC separation column CP-PoraPlot Q, 10 m long, 0.25 mm i.d. Varian Inc., USA
H-5 Fibre-optic
H-6 Karl Fischer Model 831 Metrohm AG, Switzerland
H-6.1 Gas meter TG 1 Mod. 5-8 Ritter, Germany
H-7 Chilled mirror 54000 Integrale Michell Instruments Itd., UK
H-8 Electrolytic
C-1 1 m coil made of 1/8 x 0.035 inch, 316L stainless steel tubing Sandvik 3R60 AB Sandvik Materials Technology, Sweden
T-1to T-3 1/8 x 0.035 inch, 316L stainless steel tubing Sandvik 3R60 AB Sandvik Materials Technology, Sweden
T-4 Treated 1/8 x 0.035 inch 316L stainless steel tubing Siltek™ Restek Corporation, USA

sieves were specified to remove moisture to less than 50 nmol/mol.
All connecting tubing was made of stainless steel (T-1 to T-4). The
tubing between V-4 and V-5 and the hygrometers (H-1 to H-8) was
electro polished and surface deactivated (T-4), to minimise surface
adsorption. The test gas was split in 12 separate streams in
a compact gas manifold (E-9). The hygrometers (H-1 to H-8) were
connected to the gas manifold via equal lengths of tubing (1.2
meter) and fine metering valves (V-6 toV-17). Sufficient lengths of
1/8 inch stainless steel tubing were connected to the outlet ports of
the hygrometers to prevent back-diffusion of moisture. Further
downstream, the outlet streams were gathered in a gas manifold
and guided to ventilation in 1/4 inch Teflon tubing.

2.2. Hygrometers
Eight hygrometers have been investigated in the experiments:

- two capacitor sensors of different brands
- one QCM

- one CaCy-GC

- one fibre-optic sensor

- one electrolytic cell

- one Karl Fischer titrator

- one chilled mirror.

The hygrometers were equipped with control units for
communication with the probes/sensors and transfer of data to
a computer for storage. Data points were stored every 5 min. The
concentration of ethyne (CaC,-GC) was determined with a micro
gas chromatograph (H-4.1) equipped with a separation column (H-
4.2) and a micro thermal conductivity detector. The gas chro-
matograph was controlled by chromatography software (CP Maitre
Elite) on the computer, which also stored the processed data
collected approximately every 10 min.

Two direct methods were utilised for reference measurements,
not being of interest with respect of continuous online measure-
ments. These were a chilled mirror hygrometer (H-7) and a Karl
Fischer titrator (H-6). The volume of the titrated gas was measured

by a drum-type gas meter (H-6.1). The chilled mirror hygrometer
was set up to perform continuous measurements, with storage of
data every 5min. The Karl Fischer titrations were performed
manually during the experiments, but not continuously.

2.3. Operation of moisture generator

The mixing ratio of the two gas streams (moist and dry gas) was
controlled by two manually operated flow controllers. The satu-
rated gas was controlled between 30 and 300 Nml/min with a flow
controller (V-4), while the dry gas was adjusted to about 7 Nl/min
with another flow controller (V-5). The temperature in the cooling
bath was set to 10 °C (+-0.01 °C) and the pressure in the condensers
was controlled at approximately 4 bar and monitored with a pres-
sure transmitter (PT-1). By changing the settings on the two flow
controllers, different concentrations of moisture could be produced
and changed quickly between 1 and 200 pmol/mol. The pressure
upstream the metering valves was about 2 bar, monitored by
a pressure transducer (PT-2). The QCM had internal mass flow
controllers which needed a sample pressure slightly elevated from
atmospheric pressure. The other hygrometers were fed with test
gas at ambient pressure. The flow rates to the different hygrometers
were controlled in agreement with the recommendations made by
the manufacturers. Excess test gas was distributed to vent through
treated 1/8 inch stainless steel tubing (T-2) connected to the spare
ports on the compact gas manifold. Fine metering valves were used
to control the flow rates also on these gas streams.

2.4. Conversion between frost point and concentration

Some of the hygrometers returned dew or frost points typically
in degrees Celsius, while others returned concentration typically in
parts per million (molar or volume). To be able to compare data
from all the hygrometers conversions between the different units
were done. In this work the formulas of Sonntag (1990, 1994) were
used for these conversions (Egs. (1) and (2)).
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2.5. Calibration of instruments

The hygrometers were calibrated by the manufacturer before
they were made available for testing. No recalibration was done
before or during the experiments. No special treatment was done
prior to usage of the sensors. They were all stored in their original
cover which contained a small bag of silica gel.

The probe (sintered metal filter, capacitor sensor and electronics
unit) of the capacitor hygrometer from one of the manufacturers
was exchanged several times during the experiments. Two of the
exchanges were caused by readings which were apparently too low,
while the third exchange was caused by technical problems with
the probe.

The micro gas chromatograph (CaC,-GC) was calibrated with
respect to ethyne before the experiments. The calibration was
checked during and after the experiment. Three calibration gas
mixtures were used with ethyne concentrations in nitrogen at
11 pmol/mol (10% relative uncertainty), 53,4 pmol/mol (5% relative
uncertainty), and 204 pmol/mol (5% relative uncertainty) respec-
tively. The calibration gas mixtures, which were certified with
international traceability, were purchased from Yara (Yara Inter-
national ASA, Norway).

The chilled mirror hygrometer was recalibrated prior to the
experiments at Michell Instruments (UKAS accredited calibration
laboratory).

3. Results
3.1. Overall results

The moisture generator was set up to produce a stream of
nitrogen with moisture levels according to Table 3. The moisture
levels in the test gas were controlled by turning the manual flow
regulator (V-4) regulating the moist gas flow. This changed the
dilution of the moist gas at the same time obtaining minimal
change of the total gas flow to the hygrometers. The temperature of
the moist gas was not altered, and the pressure profiles of the gas
streams were altered only to a minor extent. This way the time for
generating new stable levels of moisture in the test gas was
minimised.

Data from the hygrometers was collected during a total of 39
days, as described in the experimental section. The data from the
experiments is presented in Fig. 2, where the readings from the
hygrometers are expressed in the unit of concentration (umol/mol).
Fig. 3 shows the same data expressed as frost points (°C).

Data from Capacitor B is excluded during the first 15 days of
experiments in Figs. 2 and 3 because of technical problems with the
probe. A new probe was installed on day 15. The chilled mirror
device was unable to cool the mirror much below —50 °C. This
explains why data from the chilled mirror is excluded from Figs. 2
and 3 for the low levels of moisture. From day 32 to 35 the gas
chromatograph analysing the ethyne concentration in the gas from
the calcium carbide column was out of operation. Hence data from
CaC,-GC is missing in Figs. 2 and 3 during this period of time.

Table 3
Generation of moisture levels during the experiments.

Day Moisture concentration Frost point level (°C)
level (pmol/mol)

1-16 50 —48

16—-23 20 —55

23-35 120 —40

35-36 20 -55

36—-39 50 —48

Figs. 2 and 3 show that QCM, CaCy-GC and Fibre-optic return
readings close to the readings from the reference methods (Chilled
mirror and Karl Fischer) at all levels of moisture. Electrolytic and
Capacitor A return considerable lower readings compared to the
readings from the reference methods at all moisture levels.
Capacitor B generally shows an evident downward drift during the
experiments, starting at higher readings compared to the reference
methods. During the experiments Capacitor B reads both higher
and lower compared to the reference methods, and even agrees
well with the reference methods around day 28 and from day 36 to
39. The tendency to drift downward can also be observed for
Capacitor A, though to a considerably lower extent. The first 6 days
of experiments and at the highest level of moisture, between day 24
and 35, a downward drift is observed for Electrolytic. Also a drift
upwards is observed for Electrolytic, between 12 and 24 hours after
the step change in moisture level from (20—120) pmol/mol.
Another general observation from Figs. 2 and 3 is that the difference
between the readings from the capacitor hygrometers and the
reference methods changes when the moisture level is changed.

3.2. Response time

During the experiments the moisture concentration was
changed four times (on day 16, 23, 35 and 36). The changes were
done as step changes, in the sense that the moisture levels were
expected to change faster than the response times of the hygrom-
eters. Data collected during these step changes was examined to
compare the response times for the hygrometers as represented in
Fig. 4. To provide better readability of this figure all the readings,
except for the reference techniques (Karl Fischer and Chilled
mirror), are corrected to give the same starting point. The correc-
tion involves an absolute offset of the raw data, keeping the internal
calibration of each moisture monitor unchanged. As the chilled
mirror device was unable to cool the mirror much below —50 °C,
data from the chilled mirror is excluded in Fig. 4A and C. In Fig. 4C
data from CaC,-GC is missing the first few hours of the experiment
because of the micro gas chromatograph being out of operation.
Karl Fischer titrations were not performed during the experiment
referred to in Fig. 4D.

It can be observed in Fig. 4 that QCM shows the overall most
rapid response to the step changes and readings from this
hygrometer correspond well to the total step changes as defined by
the reference methods. CaCp-GC and Fibre-optic show a relative
slower response to the step changes compared to the other
hygrometers, but readings still correspond well to the total step
changes as defined by the reference methods. Capacitor A, Capac-
itor B and Electrolytic respond generally slower to the step changes
compared to QCM but quicker compared to CaC,-GC and Fibre-
optic. Capacitor A and Electrolytic read a smaller step change
than the total step change as defined by the reference methods.
Electrolytic shows the most severe deviation. Capacitor B corre-
sponds well to the total step change as defined by the reference
methods for the two first step changes (Fig. 4A and C) but deviates
more from the reference methods for the two last step changes
(Fig. 4C and D). The curve shapes for all the hygrometers are similar,
except for CaC,-GC in Fig. 4D.

The time constant (unit of time) indicates the time required for
a system to change from one state to another, contained in the
relation (Weik, 1996): Ay = Ape~'/%, where A; is the value of the
state at time t, A is the value of the state at time t =0, e is the base
of the natural logarithm, a is the time constant and t is the time that
has elapsed from the start of the change. This is a concept often
referred to when describing the response time of sensors
responding asymptotically to a step change in the variable being
measured. When t=a, the measured value corresponds to
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Fig. 2. Readings from the moisture monitors during 39 days of experiments, moisture content expressed as concentration (pmol/mol). Chilled mirror data is missing for low levels
and CaC,-GC data is missing for day 32 to 35 (explained in the text section 3.1). A new capacitor sensor of brand B replaced a malfunctioning one on day 15.

approximately 63% of the total change (1 —1/e). After the elapse of
three times the time constant, corresponding to a 95% change
(1 —1/é%), the system can be considered to have changed its state.
By calculating both 63% and 95% response times for the step
changes, it is easier to compare the speed of response for the
hygrometers in more detail, as expressed in Figs. 5 and 6, Tables 4
and 5. The unit (pmol/mol or °C) used for the calculation

corresponds to the unit used in the original calibration of each
hygrometer. The total change was calculated as the difference
between measured moisture concentration or frost point just
before the step change and 12 h after the step change. To obtain
better resolution than the sampling frequency of 5 min (10 min for
CaC,-GC), the response times are obtained from values linearly
interpolated between the actual data points. Response times for the
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Fig. 3. Readings from the moisture monitors during 39 days of experiments, moisture content expressed as frost point (°C). Chilled mirror data is missing for low levels and CaC,-GC
data is missing for day 32 to 35 (explained in the text section 3.1). A new capacitor sensor of brand B replaced a malfunctioning one on day 15.

decrease in moisture concentration level from (50—20) pmol/mol
and from (120—20) pmol/mol are represented in Fig. 5. Fig. 6
represents the response times for the corresponding increases in
moisture concentration. The response times are reproduced in
Tables 4 and 5.

QCM responds generally fastest of all the tested hygrometers,
with the shortest response times both on increasing and decreasing

moisture levels. This is true both for 63% and 95% response times,
all being equal to or less than 6 min. For increasing moisture levels
QCM and the capacitor hygrometers responded generally faster
than CaC,, Fibre-optic and Electrolytic. For decreasing moisture
levels, when it comes to 63% response times, QCM, the capacitor
hygrometers and Electrolytic responded faster (between 1 and
14 min) than CaC, and Fibre-optic (between 92 and 114 min).
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Fig. 4. Hygrometer readings after step changes of moisture levels. A: From (50 to 20) umol/mol, B: (20 to 120) pmol/mol, C: (120 to 20) pmol/mol, D: (20 to 50) umol/mol. Note
varying scale. Different curves (not reference methods) are offset (see text section 3.2) to start at a common starting water concentration.

For the corresponding 95% response times only QCM maintained
the shorter response times (6 min) while the capacitor hygrometers
and Electrolytic performed at the same level as CaC,-GC and
Fibre-optic (between 163 and 455 min). Capacitor A, Capacitor B
and Fibre-Optic responded faster to an increasing moisture level
compared to a decreasing moisture level. This phenomenon is
most pronounced for the 95% response times for the capacitor
hygrometers.

3.3. Initial drifting of capacitor based sensors

Two additional probes with capacitor sensors of brand B were
available during the testing period. This made it possible to collect
start up data for a total of 4 individual capacitor sensors. Fig. 7
shows readings from Capacitor A and one of the capacitor sensors
of brand B, the sensors being installed simultaneously on the test
rig. According to the typical uncertainty of +2°C for capacitor
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Fig. 5. Response times for decreasing moisture concentrations for changes of 63% and 95% of the step changes.
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Fig. 6. Response times for increasing moisture concentrations for changes of 63% and 95% of the step changes.

hygrometers, these tolerance limits are marked on the figure. The
sensors were calibrated by the manufacturer, and were used for the
first time since the time of calibration. Linear trend lines were fitted
to the data collected between hour 66 and 164 to demonstrate the
initial drifting of these capacitor based hygrometers. The slopes of
the linear trend lines were taken as the drift factor. Similar data for
the two other sensors of brand B is added in Table 6, these being
tested at different levels of moisture. The drift factor varied
between —0.36 °C per day to —0.63 °C per day for the four capacitor
sensors tested.

4. Discussion of results
4.1. Long term stability

The downward drift of capacitor sensors is described in several
publications (Cremonesi, 1986; Hasegava, 1980; Mehrhoff, 1985;
Mermoud et al., 1989). Some authors suggest that the drift is
associated to a gradually changing pore structure of the capacitor
dielectric (Carr-Brion, 1986; McAndrew and Boucheron, 1992;
Nahar, 2000; Wiederhold, 1997). A gradual formation of stable
chemisorbed hydroxyl ions on the metal oxide surfaces in the
dielectric is also proposed as a cause of drift (Fenner and
Zdankiewicz, 2001; Traversa, 1995). Drift factors for Capacitor A
were calculated before the first step change of moisture level and
after each step change during the experiments, as shown in Fig. 8.
The drift factors were calculated as the slopes of linear trend lines
fitted to data for a 12 hours period after each step change. A drift
factor of —0.36 °C/day was calculated for Capacitor A, after the
initial installation of this hygrometer (Chapter 3.3, Fig. 7 and
Table 6). A drift factor of —0.04 °C/day during the first 16 days of the
experiments, as shown in Fig. 8, implies that the tendency to drift
decreases with time for this capacitor. A similar decreasing drift can

Table 4

be observed by a visual inspection of the readings from Capacitor B
in Figs. 2 and 3. This agrees well with the findings of Mehrhoff
(1985) for capacitors based on aluminium oxide. Fig. 8 also shows
that the drift factor for Capacitor A increases when the moisture
level is decreased and vice versa.

The observed drift for the electrolytic hygrometer, in contrast to
the capacitor hygrometers, was discontinuous and appeared both
upwards and downwards. This irregular behaviour is not easily
explained by the shortcomings for electrolytic hygrometers
described in the literature (Funke et al, 2003) (contamination,
wash out of phosphorus pentoxide and shorting).

4.2. Accuracy

The hygrometers compared in this study all have their defined
measurement uncertainty, often stated as accuracies by the
manufacturers. The uncertainties differ for the various hygrometers
and ranges from +10% (concentration) to +2 °C (frost point). In the
tested concentration range of (20—120) pmol/mol an uncertainty of
+2 °C corresponds to +20% up to +30% in concentration (depen-
dent on concentration level). Hence the compared hygrometers
could be expected to perform differently regarding accuracy. The
stated uncertainty of the chilled mirror is 0.1 °C. The uncertainty of
the Karl Fischer technique is estimated to be no better than +10%,
mainly caused by variable leak rates of moisture from surroundings
into the titration vessel and uncertainty in the determination of
titrated gas volumes by the gas meter. The conversion between
concentration and frost point will also contribute to some uncer-
tainty but this is low compared to the uncertainties for the
hygrometers. Taking the different uncertainties into account QCM,
CaC,-GC and Fibre-optic show good agreement in their readings
and correspond well with the readings from the reference methods,
while Capacitor A and Electrolytic clearly do not (Figs. 2 and 3).

Response times for decreasing moisture concentrations represented as response times for a change of 63% and 95% of the step changes.

63% response times (min)

95% response times (min)

Hygrometer 50 — 20 pmol/mol 120 — 20 pmol/mol 50 — 20 pmol/mol 120 — 20 pmol/mol
Capacitor A 4 3 271 223
Capacitor B 7 5 440 435
QCM 1 1 6 6
CaCr-GC 97 317 455
Fibre-optic 114 92 335 431
Electrolytic 14 14 267 163
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Table 5

Response times for increasing moisture concentrations represented as response times for a change of 63% and 95% of the step changes.

63% response times (min)

95% response times (min)

Hygrometer 20 — 50 pmol/mol 20 — 120 pmol/mol 20 — 50 pmol/mol 20 — 120 pmol/mol
Capacitor A 3 3 14 30
Capacitor B 4 2 8 5
QCM 4 2 6 4
CaC2-GC 225 59 312 187
Fibre-optic 76 53 215 178
Electrolytic 32 34 162 179

Capacitor A was exposed to nitrogen with moisture concentrations
between 25 pmol/mol and 80 pmol/mol for 35 days prior to the
experiments referred to in Figs. 2 and 3. During this time the
readings from Capacitor A drifted downwards, explaining the
rather large discrepancy when compared to the readings of the
reference methods. When the electrolytic hygrometer was first
installed, prior to the experiments, it read at the expected moisture
level for the first few hours. During the first two days, for reasons
unknown, the readings declined and stabilised at a level around
45% of the concentration read by the reference methods. A
contaminated electrolytic cell will prevent the moisture from
complete absorption in the phosphorus pentoxide and can possibly
explain the low readings observed (Feldman, 1990), but this was
not further investigated. Taking the +2 °C uncertainty as a basis, the
readings from Capacitor B agree with the readings from the refer-
ence methods, except for the first three days after installation.
One strategy for improving the accuracy of hygrometers would
be to periodically perform offset adjustments, based on some sort
of reliable reference measurements. This is demonstrated in Fig. 8,
where the original readings of Capacitor A are corrected by adding
8.5 °C (represented in the figure as “Capacitor A +8.5 °C”) to match
the readings of the reference methods on day 1. An adjustment like
this involves only one reference concentration and it is assumed
that the shape of the original calibration curve is still valid. Taking
an uncertainty band of +2 °C for the adjusted readings, these are
with a few exceptions in agreement with the readings from the
reference methods during the 39 days of experiments (taking also
the uncertainties of the reference methods into account). To reduce
the level of uncertainty for the capacitor hygrometers, frequent

reference measurements and offset adjustments have to be per-
formed. Mermoud et al. (1989) reported the need for weekly offset
adjustments to keep the uncertainty of two tested aluminium oxide
capacitor sensors within +10% (concentration), moisture concen-
trations ranging from 0.2 to 20 pmol/mol. The same frequency
would keep the readings from “Capacitor A +8.5°C” well within
+10% as long as the moisture level is kept unchanged. As soon as
the moisture level decreases, the readings from the capacitor
hygrometers change their divergence to the readings from the
reference methods and the uncertainty band has to be expanded.
As can be observed in Fig. 8, the divergence is dependent on the size
and direction of the step change. This history dependent response,
often referred to as hysteresis (Hasegava, 1980), of the two capac-
itor hygrometers in this test will restrict their achievable accuracy.

4.3. Response time

All the tested hygrometers, except the QCM, rely on equilibrium
conditions for moisture to obtain stable readings. The QCM bases
the measurements on fixed time periods (30 seconds) for migration
of moisture to and from the sensor. This is believed to be the main
reason why the QCM respond faster on step changes in moisture
concentration compared to the other hygrometers (Blakemore
et al., 1986). For the capacitor, the CaC,-GC and the fibre-optic
hygrometers, porous structures with given adsorption, desorption
and diffusion kinetics are involved. Hence it is expected that the
speed of response depends on parameters like chemical composi-
tion, thickness and pore size distribution of the porous structure.
Also the operational temperature will presumably play an
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Fig. 7. Demonstration of initial drift of capacitor sensors from two different brands. Linear trend lines were fitted to the data between hour 66 and 164.
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Table 6
Calculated drift of capacitor sensors from 66 h to 164 h after start of experiment.

Frost point level Drift factor

(moisture concentration level)

Capacitor A —49 °C (44 pmol/mol) —0.36 °C/day
Capacitor B, probe 1 —35 °C (222 pmol/mol) —0.42 °C/day
Capacitor B, probe 2 —49 °C (44 pmol/mol) —0.36 °C/day
Capacitor B, probe 3 —56 °C (18 pmol/mol) —0.63 °C/day

important role. With this in mind one would expect to find
different performances among hygrometers, even if they are based
on the same technology.

Several of the hygrometers demonstrated longer response times
for decreasing moisture levels compared to increasing ones, as
observed in Figs. 5 and 6. This can be addressed to activation
energies for desorption being generally higher than activation
energies for adsorption (Qu et al., 1999; Wang et al., 2011). Water
molecules will either be chemisorbed (first molecule layer) or
physisorbed (outer multiple molecule layers) to metal oxide
surfaces (Fenner and Zdankiewicz, 2001; Traversa, 1995; Wang
et al.,, 2011). Capillary condensation of water is also possible if the
pores are small enough (Traversa, 1995). Different adsorption
mechanisms involve different desorption activation energies. The
higher desorption activation energy of chemisorbed water mole-
cules will contribute increasingly to the combined activating
energy during a desorption process, as the ratio between chem-
isorbed and physisorbed water will increase (Wang et al., 2011).
Consequently sensors with long 95% response times for decreasing
moisture levels could still have short 63% response times (e.g.
capacitor hygrometers, Fig. 5). Although not observed in this work,
electrolytic hygrometers are also described to have slower response
on decreasing moisture levels, explained by relatively slow rates of
diffusion within the electrolytic film (phosphorus pentoxide)
(Keidel, 1959).

During operation of the CaC,-GC hygrometer, particulate
calcium hydroxide will be produced, accumulating in the front end
of the reactor. The produced calcium hydroxide appears as fines,
the particles being considerably smaller than the calcium carbide.
Moisture will adsorb to calcium hydroxide as well as to calcium

carbide and the concentration of both substances changes during
operation. Only water adsorbed to calcium carbide will undergo
reaction to ethyne (Lindblom et al., 1992). Adding the reaction
kinetics to the combined adsorption kinetics the result is a rather
complex equilibrium regime which affects the speed of response
for this hygrometer. As can be observed in Figs. 5 and 6, Tables 4 and
5 the CaCy-GC hygrometer did not follow the general trend of
shorter response times for increasing moisture levels, as illustrated
by the relatively long response time for the last step change
((20—120) pmol/mol). This is probably due to the continuously
increasing zone of calcium hydroxide in the front end of the reactor,
decreasing the speed of response as a function of operation time.
The divergent curve shape observed for CaC,-GC after the last step
change (Fig. 4D) is believed to come from the same reason.

4.4. Moisture monitoring of high pressure natural gas

Moisture monitoring at high sample pressures has traditionally
been a widespread practice in the natural gas industry. To maintain
the sample integrity measurements are performed at sample line
pressure or at some intermediate pressure as given by a dew point
or frost point sales or transport specification. Hygrometers for high
pressure measurements are typically calibrated at ambient pres-
sure to provide traceability to national or international standards.
High pressure measurements will break this traceability chain and
increase the uncertainty of the measurements. Quality control is
often performed by use of portable hygrometers operating at
ambient pressure. This practice usually generates the need for
conversions of frost points (sub-zero temperatures) at one pressure
to a corresponding frost point at another pressure, eventually
combined with conversion of units (e.g. between °C and pmol/mol).
The conversions can be subjected to large uncertainties and errors,
as available conversion tools are generally unsuited for calculations
at elevated pressures involving frost points. At ambient pressure
the conversions between different units can be performed with
reliable conversion methods (e.g. formulas of Sonntag (1990, 1994),
and the measurements can be related to certified standards (e.g.
reference gas standards or permeation tubes). Hence, presumed
that the sampling system is adequate, moisture monitoring at
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Fig. 8. Original readings of Capacitor A and offset adjusted version (+8.5 °C) of the original readings. For determination of drift factors linear trend lines and their equations are

shown for the original Capacitor A readings.
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ambient pressure will make the quality control easier and generally
improve the measurement uncertainty.

Many natural gas applications involve traces of polar
compounds in the gas sample, other than water. Alcohols, glycols,
alcohol amines are examples of such compounds which are
frequently used in the processing of natural gas. Even if several of
these trace compounds have low volatility, they will exert some
minimum vapour pressure, dependent on pressure and tempera-
ture. The presence of a polar trace compound will complicate the
traditional water dew point or frost point concept. Condensed
phases (dew or ice) will not necessarily be pure water anymore, but
rather mixtures of water and the trace compound (Lgkken et al.,
2008). Hence this condensed phase will exhibit different charac-
teristics regarding gas hydrate formation and corrosion compared
to pure condensed water. A thermodynamic model being able to
deal with hydrocarbons, water and other polar substances (e.g.
CPA-EoS (Folas et al., 2007a,b)) is necessary to model such complex
systems.

The choice of hygrometer has to be determined by require-
ments of the application with regards to accuracy and speed of
response. E.g. process regulation based on moisture monitoring
will typically require faster response times than monitoring for
corrosion control. Low margins to gas hydrate formation condi-
tions require more accuracy and shorter response time than if the
margins are higher. A strategy for quality control can be crucial for
successful measurements, as demonstrated by the performances of
the hygrometers tested in this work. In contrast to laboratory
conditions a real natural gas application will have to cope with
several additional challenges as high pressure sample, traces of
various chemicals, semivolatile hydrocarbons and even liquid
droplets and particles. This adds complexity to the applications
and an adequate sampling system becomes vital to success. The
interval between reference measurements is dependent of both
the chosen hygrometer and the needed accuracy, spanning from
a few days to several weeks. Automated systems for calibration
checks and adjustments are more frequently included in
hygrometers designed for process online measurements. These
hygrometers are typically more expensive, but they will not have
the same need for external quality control which will have to
involve more man hours and additional equipment (e.g. portable
hygrometer and calibration gas).

5. Conclusions

The results from this work demonstrated that various hygrom-
eters perform very differently with respect to accuracy, stability
and response time. The capacitor hygrometers and the electrolytic
cell hygrometer tested in this work showed a tendency to drift,
which reduced their accuracy. The QCM, fibre-optic and CaCy-GC
hygrometer showed good accuracy and long term stability. The
QCM hygrometer had the overall shortest response times. The type
of hygrometer and the strategy for quality control has to be chosen
carefully to fit the requirements of a specific natural gas application.
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Nomenclature

Abbreviations

CaC,-GC hygrometer based on a calcium carbide reactor and gas
chromatographic analysis

CPA-EoS Cubic-Plus-Association equation of state

EoS equation of state

GERG European Gas Research Group

ISO International Organization for Standardization
NIST National Institute of Standards and Technology

NPL National Physical Laboratory
PR-EoS Peng—Robinson equation of state
SRK-EoS Soave-Redlich-Kwong equation of state

UKAS  United Kingdom Accreditation Service
QCM quartz crystal microbalance

List of symbols

a time constant

Ao value of a state at time t=0

A¢ value of a state at time t

Cw concentration (umol/mol)

ei(T) saturation pressure (hectopascal)

e natural logarithm

t time elapsed from start of a change
Tc temperature (°C)

Tk temperature (K)
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Hygrometers for monitoring of water vapour (moisture) in natural gases have been investigated with
respect to influence from methanol co-exposure, during a total of 34 days of experiments. The tested
hygrometers are based on capacitor sensor, quartz crystal microbalance (QCM), electrolytic cell, fibre-
optic sensor and conversion of water to ethyne with calcium carbide (CaC,-GC), respectively. In the
latter technique ethyne was quantified by a gas chromatograph (GC). While monitoring moisture at the
level of 45 pumol/mol, the hygrometers were exposed to approximately (10, 170 and 750) umol/mol
gaseous methanol. The experiments were performed in the laboratory, using nitrogen as the matrix gas.
Exposure to approximately 10 pmol/mol methanol demonstrated no clear effect on the tested hygrom-
eters. At the higher levels of 170 pumol/mol and 750 pmol/mol methanol, the readings from several
hygrometers were affected. Taken into account the specified uncertainty of the hygrometers, only the
electrolytic cell and one of the two tested capacitor sensors (Capacitor B) were significantly affected
during the test period. They demonstrated severe misreading as a result of methanol exposure. The
readings from the fibre-optic sensor drifted slowly upwards during exposure to the higher methanol
levels. The drift speed increased with increasing methanol concentration. However, despite the drift, the
readings from the fibre-optic sensor stayed within its specified uncertainty (42 °C) during the test
period. The QCM made a minor shift to higher readings when exposed to 750 pmol/mol methanol.
Similar shifts were noticed for the two different brands of capacitor sensors tested. Both capacitor
sensors also demonstrated a permanent downward drift during the experiments, one of them increasing
the drift speed upon increased methanol concentration. The CaC,-GC did not show any clear influence
from methanol. The results imply that methanol exposure should be taken into consideration when
choosing equipment for moisture monitoring and when determining a quality control strategy for the
monitoring.
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1. Introduction a popular hydrate inhibitor in addition to being used for dehydra-
tion, removal of hydrogen sulphide and carbon dioxide and for
recovery of heavy hydrocarbons (Esteban et al., 2000; Kohl and

Nielsen, 1997). The higher vapour pressure of methanol,

1.1. Background

Accurate determination of water vapour, often referred to as
moisture, in natural gases is crucial for maintaining a stable and
safe processing and transport of natural gas. Underestimated
moisture concentration in the natural gas can lead to condensation
of liquid water in process equipment or pipelines. When combined
with compounds such as hydrogen sulphide and carbon dioxide
condensed water will increase the corrosion potential (Mychajliw,
2002). Accurate moisture monitoring is also important to avoid
the formation of gas hydrates (Jamieson and Sikkenga, 1986). Gas
hydrates can plug pipelines or process units, resulting in loss of
production or obstructed transportation of natural gas. Methanol is

E-mail address: tvl@statoil.com.

1875-5100/$ — see front matter © 2012 Published by Elsevier B.V.
doi:10.1016/j.jngse.2012.03.005

compared to many other chemicals used in the processing of
natural gas, can lead to significant concentrations of methanol in
the natural gas. In the case of continuous use of methanol the
natural gas will always contain some methanol, the concentration
being dependent of the process conditions and the concentration of
methanol in the injected aqueous phase. More widespread is the
intermittent use of methanol, e.g. as a hydrate inhibitor during
process start-up or shutdown (Bahadori and Vuthaluru, 2010).
In this case the concentration of methanol will vary, from no
detectable methanol at all to high concentrations (several thousand
umol/mol).

The aim of this work is to investigate how devices for moni-
toring of moisture in gases, referred to as hygrometers, are influ-
enced by the presence of gaseous methanol.
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1.2. Measuring techniques

Throughout the years numerous methods for moisture
measurements in gases have been developed and established.
Most of them are thoroughly described in published literature
(Blakemore et al., 1986; Bruttel and Regina, 2006; Carr-Brion,
1986; Funke et al., 2003; ISO, 1993a,b; Keidel, 1959; Knight and
Weiss, 1962; McAndrew and Boucheron, 1992; McAndrew, 1997;
Monroe, 1998; Wiederhold, 1997a, 2000; Willsch et al., 2005).
Hygrometers based on capacitor sensor, quartz crystal microbal-
ance (QCM), electrolytic cell, fibre-optic sensor, CaC,-GC, chilled
mirror and Karl Fischer titration have been investigated in this
work. The basic principles for these methods are briefly sum-
marised in Table 1. Karl Fischer titration and chilled mirror
hygrometry are usually regarded as direct or absolute methods as
they utilise a direct relationship between the measured quantity
and the amount of moisture. Hence they often are preferred as
reference methods.

1.3. Interpretation of moisture measurements

The amount of moisture in a natural gas can either be expressed
as concentration (e.g. pmol/mol or mg/Sm® at some defined stan-
dard temperature and pressure) or as dew or frost point in degrees
Celsius. The dew point is the highest temperature, at a specified
pressure, where water can condense from the gas. The frost point is
the highest temperature, at a specified pressure, where ice can
precipitate from the gas (Lokken et al., 2008). In the temperature
region between 0 °C and —20 °C it is difficult to predict whether the
moisture will condense as dew or precipitate as ice. It is necessary
to distinguish between the dew point and the frost point, as these
could deviate with several degrees for the same moisture concen-
tration. Well recognised and accurate formulas for conversion
between dew or frost point at atmospheric pressure and concen-
tration (via saturation vapour pressure) are published by Sonntag

Table 1
Summary of methods for moisture measurements in gases.

(1990, 1994). The following formula converts frost point to satu-
ration vapour pressure:
For the given temperature range

173.15K < Ty < 273.16 K(— 100 °C < T < 0.01 °C)

Inej(Tx) = —6024.5282T ! + 24.7219 + 1.0613868 x 10~2T
—1.3198825 x 10T — 0.49382577In T, (1)

ei(Tk) is the saturation vapour pressure with respect to ice in hPa
(hectopascal), Tk is frost point temperature in K.

Saturation vapour pressure can be converted to frost point by
formula (2), which is derived from Eq. (1):
Tx = 12.1197y +5.25112 x 10~ 'y? 4+ 1.92206 x 10~2y3

+3.84403 x 10~4y* +273.15 (2)

In the conversion formula (2)

y = In(e;(Tg)/6.11153) (3)

For conversions between saturation vapour pressure and concen-
tration the following formula can be used:

_ ei(TK) X 106
W' 101326
cw is concentration in pmol/mol. At elevated pressures the formulas

of Sonntag are not applicable because of increasing non ideal
behaviour of the gas.

(4)

1.4. Moisture generator

Several methods for the generation of moisture in gases are
described in the literature, such as the two-pressure, two-flow or
two-temperature generator (Funke et al, 2003; Hasegava and
Little, 1977; Sonntag, 1994; Wiederhold, 1997a). Much effort is

Capacitance or impedance measured as a function of water molecules adsorbed to the porous dielectric

(usually metal oxides like Al,O3 or SiO>) of a capacitor. (Carr-Brion, 1986; Funke et al., 2003; McAndrew
and Boucheron, 1992; McAndrew, 1997; Wiederhold, 1997a)

Measures the resonance frequency of an oscillating quartz crystal (piezoelectric) coated with a hygroscopic
polymer. The frequency changes with mass as water molecules adsorb on the quartz crystal. (Blakemore

et al., 1986; Carr-Brion, 1986; Funke et al., 2003; McAndrew and Boucheron, 1992; McAndrew, 1997;

Measures current generated from electrolytic decomposition of water adsorbed in strongly

Water and calcium carbide (CaCy) reacts to form ethyne: 2H,0 + CaC, — CzH; + Ca(OH),. Quantification

of ethyne by gas chromatographic (GC) separation and detection e.g. with a thermal conductivity or a flame
ionisation detector. (Knight and Weiss, 1962; Monroe, 1998)

Measures a shift in reflection spectrum dependent on the amount of adsorbed water in a hygroscopic

Fabry-Perot filter. “Fibre-optic” in the sense that light is emitted and reflected via fibre-optic cables.

(R'NH)SO3R + 2R'N + I + Hp0 — (R'NH)SO4R + 2(R'NH)I

For coulometric titration the amount of water is calculated by measuring the current needed for the
electrochemical generation of iodine (I;) from iodide (I"). (Bruttel and Regina, 2006; ISO, 1993a; ISO, 1993b)

Method Typical uncertainty Working principle
Capacitor sensor (1-3)°C
Quartz crystal +10%
microbalance (QCM)
Wiederhold, 1997a)
Electrolytic cell +10%
hygroscopic P,0s. (Keidel, 1959)
CaC,-GC +10%
Fibre-optic sensor +2°C
(Rittersma, 2002; Willsch et al., 2005)
Karl Fischer titration +10% The Karl Fischer reaction:
ROH + SO; + R'N — (R'NH)SOsR
ROH = alcohol, R'N = basic nitrogen compound
Chilled mirror +0.2°C

Measures the temperature at which water molecules condense from the gas to form dew or frost on

a reflective surface (mirror). The dew or frost is detected on the surface optically by an electro-optic
detector. (Wiederhold, 1997a, 2000)
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required to produce a stream of gas with a very accurate moisture
concentration. Equipment for this purpose is typically found at
national measurement institutes, like NPL (National Physical
Laboratory, United Kingdom) and NIST (National Institute of Stan-
dards and Technology, USA). For this work a much simpler moisture
generator was constructed, with the option to introduce an addi-
tional volatile chemical. The equipment is well suited for compar-
ison of hygrometers rather than calibrating them accurately. Having
applications for moisture in natural gas in mind, the main focus was
to produce a gas with sufficient long term, drift-free and control-
lable concentrations of both moisture and a volatile chemical.

2. Experimental set up
2.1. Testrig

A test rig for generation of mixtures of moisture and methanol in
gases was established as shown in Fig. 1. Table 2 summarises pieces
of equipment used in the test rig. It was able to generate a stream of
nitrogen gas with drift-free concentrations of moisture and meth-
anol. The nitrogen gas (>99.999% purity) was fed to the test rig at
about 4 bar through a pressure regulator (V-1). The gas flow was
split in three lines: one line for generation of dry gas for dilution
(T-2) and two lines for generation of gas saturated with moisture
and methanol respectively (T-3 and T-4). The gas was fed to the
three lines via needle valves (V-2 to V-4).

In the first line (T-2) two molecular sieve traps in series (E-1
and E-2) dried the nitrogen gas. The traps were specified to
remove moisture to less than 50 nmol/mol. In the second line (T-3)
nitrogen gas was bubbled for saturation through water at room
temperature (about 25°C) inside two stainless steel cylinders
(saturators) in series (E-3 and E-4). The saturators were modified

V-4

T-4 E-9 E-11 E-12

filter housings with a volume of 30 ml, each filled with 20 ml
water (ion exchanged). A piece of 6 mm outer diameter stainless
steel tubing (316L stainless steel) was welded to the inlet ports to
introduce the gas into the liquid near the bottom of the cylinders.
The saturated gas was further directed through three cylinders in
series (E-5 to E-7) kept at a lower temperature (10 °C). This
temperature was controlled with a cooling bath (E-8). These
empty cylinders acted as condensers; the test gas leaving the last
cylinder was at a constant moisture concentration, determined by
the actual temperature and pressure in the condensers. To facili-
tate an efficient cooling of the gas, a submerged coil of tubing (C-
1), approximately 1 meter long, connected the first and second
condenser. The third line (T-4) was identical to the second line (T-
3), with separate saturators (E-9 and E-10), condensers (E-11 to E-
13), coil (C-2) and cooling bath (E-14). The saturators in this line
were filled with methanol instead of water. The flow rates of the
three gas streams (T-2, T-3 and T-4) were controlled by separate
manual flow controllers (V-5, V-6 and V-7) and combined in an
union cross to produce the final test gas stream (T-5), containing
both moisture and methanol. The total flow rate of the test gas
was approximately 6 Nl/min and was sufficient to feed all
hygrometers. The test gas stream was directed to a compact gas
manifold (E-15) for further distribution to the hygrometers (H-1 to
H-8) and ventilation lines. The hygrometers were connected to the
gas manifold via equal lengths (1.2 meter) of tubing and fine
metering valves (V-8 toV-14). Sufficient lengths of 1/8 inch
stainless steel tubing were connected to the outlet ports of the
hygrometers to prevent back-diffusion of moisture from the
atmosphere. Further downstream, the outlet streams were gath-
ered in a gas manifold and guided to ventilation in 1/4 inch Teflon
tubing. All connecting tubing (T-1 to T-4) was made of stainless
steel. The tubing (T-5) between V-5, V-6 and V-7 and the

> H-1
V-8
> H-2
V-7 v

P H-3
V-10

E-13 Bad H-4
V-1
P H-5
V-12
> H-6 Vent
V-13 —
P H-7
V-14
P H-8
V-15
=
V-16
=
v-17
=
V-18
=
V-19

Fig. 1. Schematic representation of the test rig. Equipment description is found in Table 2.
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Table 2
Equipment description, the codes refers to Fig. 1.
Code Description Model Manufacturer
V-1 Single stage pressure regulator SI15 SMT S.A.S., France
V-2 toV-4 Needle valves 3812F4Y Hoke, USA
V-5 Flow controller PC 8942 Brooks Instrument, USA
V-6 and V-7 Flow controller FMC-2000 FlowMatrix Inc., USA
V-8 to V19 Fine metering valve SS-2MG Swagelok, USA
E-1 and E-2 Molecular sieves Ametek, USA
E-3, E-4, E-9 and E-10 Modified filter housings, saturators Model 122 Headline Filters, UK
E-5 to E-7 and E-11 to E-13 Modified filter housings, condensers Model 122 Headline Filters, UK
E-8 and E-14 Cooling bath FP-45 Julabo Labortechnik GmbH, Germany
E-15 Gas manifold Z12M2 Vici AG International, Switzerland
PT-1 Pressure transmitter PA-55X Keller AG, Switzerland
PT-2 Pressure transducer Model SA Honeywell, USA
H-1 Capacitor A
H-2 Capacitor B
H-3 QCM
H-4 CaCy-GC
H-4.1 Reactor with grinded calcium carbide Particles with diameter Merck KGaA, Germany
from 0.3 mm to 1 mm
H-4.2 Gas Chromatograph CP4900 Micro-GC Varian Inc., USA
H-4.3 GC separation column CP-PoraPlot Q, 10 m long, 0.25 mm i.d. Varian Inc., USA
H-5 Fibre-optic
H-6 Karl Fischer Model 831 Metrohm AG, Switzerland
H-6.1 Gas meter TG 1 Mod. 5-8 Ritter, Germany
H-7 Chilled mirror 54000 Integrale Michell Instruments Itd., UK
H-8 Electrolytic
C-1 1 m coil made of 1/8 x 0.035 inch, Sandvik 3R60 AB Sandvik Materials Technology, Sweden
316L stainless steel tubing
T-1to T-4 1/8 x 0.035 inch, 316L stainless steel tubing Sandvik 3R60 AB Sandvik Materials Technology, Sweden

T-5 Treated 1/8 x 0.035 inch 316L
stainless steel tubing

Siltek™

Restek Corporation, USA

hygrometers (H-1 to H-8) was electro polished and surface deac-
tivated, to minimise surface adsorption.

2.2. Hygrometers

Hygrometers based on capacitor sensor (two different brands),
quartz crystal microbalance (QCM), CaC,-GC, fibre-optic sensor,
electrolytic cell, Karl Fischer titration and chilled mirror (continu-
ously operated) have been investigated in the experiments.

The hygrometers were equipped with control units for
communication with the probes or sensors and transfer of data to
a computer for storage. Data points were stored every 5 min. The
CaC,-GC hygrometer consisted of a calcium carbide reactor (H-4.1)
for conversion of moisture to ethyne and a micro gas chromato-
graph (H-4.2) for quantification of the ethyne. The micro gas
chromatograph was equipped with a separation column (H-4.3)
and a micro thermal conductivity detector and was controlled by
chromatography software (CP Maitre Elite) on the computer. The
processed data from CP Maitre Elite was collected approximately
every 10 min.

Two direct methods were used for reference measurements,
being of minor interest with respect to continuous online process
monitoring. These were a chilled mirror hygrometer (H-7) and
a Karl Fischer titrator (H-6). The volume of the titrated gas was
measured by a drum-type gas meter (H-6.1). The chilled mirror
hygrometer was set to perform continuous measurements, with
storage of data every 5 min. The Karl Fischer titrations were per-
formed manually on weekdays (between 3 and 9 parallels each day)
during the experiments.

2.3. Operation of test rig

The mixing ratio of the three gas streams (T-2, T-3 and T-4) was
controlled by three manually operated flow controllers (V-5, V-6

and V-7). The two gas streams saturated with moisture and
methanol respectively were controlled between 10 and 300 Nml/
min with flow controllers (V-6 and V-7), while the dry dilution gas
was adjusted to a final combined flow of about 6 Nl/min with
another flow controller (V-5). The temperature in the cooling bath
for line 2 (moisture) was set to 10 °C (+0.01 °C) and the pressure in
the condensers was controlled at approximately 4 bar and moni-
tored with a pressure transmitter (PT-1). The temperature in the
cooling bath for line 3 (methanol) was initially set to —10°C
(40.01 °C). By adjusting the three flow controllers, or changing the
temperature in the cooling baths, different concentrations of
moisture and methanol could be produced and changed quickly.
The pressure upstream the metering valves (V-8 to V-19) was about
2 bar, monitored by a pressure transducer (PT-2). The QCM had
internal mass flow controllers which needed a sample pressure
slightly elevated from atmospheric pressure. The other hygrome-
ters were fed with test gas at ambient pressure. The flow rates to
the different hygrometers were controlled in agreement with the
recommendations made by the manufacturers. Excess test gas was
distributed to vent through 1/8 inch stainless steel tubing con-
nected to the spare ports on the compact gas manifold (E-15). Fine
metering valves (V-15 to V19) were used to control the flow rates
also on these gas streams.

2.4. Conversion between frost point and concentration

Some of the hygrometers returned dew or frost points (capacitor
sensors, fibre-optic sensor and chilled mirror), typically in degrees
Celsius, while others returned concentration (QCM, CaCy-GC,
electrolytic cell and Karl Fischer titration) in parts per million
(molar or volume). To be able to compare data from all the
hygrometers conversions between the different units were neces-
sary. In this work the formulas of Sonntag (1990, 1994) were used
for these conversions (Egs. (1)—(4)).
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2.5. Quantification of methanol

The concentration of methanol was monitored using the same
gas chromatographic equipment as for ethyne (chapter 2.2). The
gas chromatographic method provided sufficient separation
between ethyne and methanol on the separation column (H-4.2),
for quantification of both species simultaneously. Thus, methanol
was injected to the gas chromatograph via the calcium carbide
reactor as long as the CaC,-GC hygrometer was monitoring mois-
ture. Methanol was injected directly to the gas chromatograph only
when the calcium carbide reactor was bypassed.

2.6. Calibration of instruments

The chilled mirror hygrometer was recalibrated prior to the
experiments at Michell Instruments (UKAS accredited calibration
laboratory). The other hygrometers were calibrated by the manu-
facturers before they were made available for testing. No special
treatment was done prior to usage of the sensors. No recalibration
was performed before or during the experiments.

The micro gas chromatograph (CaC,-GC) was calibrated with
respect to ethyne and methanol before the experiments. Three
calibration gas mixtures were used with ethyne concentrations in
nitrogen of 11 umol/mol (10% relative uncertainty), 53.4 pmol/mol
(5% relative uncertainty), and 204 pmol/mol (5% relative uncer-
tainty) respectively. Two calibration gas mixtures were used with
methanol concentrations in nitrogen at 10.7 pmol/mol and
101 pmol/mol (10% relative uncertainty). The calibration gas
mixtures, which were certified with international traceability, were
purchased from Yara (Yara International ASA, Norway).

3. Results

3.1. Moisture and methanol concentrations during the experiments
The test rig was initially set to produce a stream of nitrogen

with a moisture concentration level of 45 pumol/mol and

a methanol (gaseous) concentration of approximately 10 pmol/
mol (low level). After 6 days the flow rate of the gas stream

supplying the test gas with methanol was increased, to produce
a methanol concentration level at 170 pmol/mol (medium level).
The methanol concentration was held at this level for 7 days. On
day 13 the temperature in the cooling bath for the methanol
condensation (chapter 2.1) was increased from —10°C to 15 °C.
This produced a methanol concentration level of 750 pmol/mol
(high level). On day 14 the methanol concentration started to
decrease. From day 23 the methanol concentration was too low
to be quantified.

3.2. General explanation of result presentation

Figs. 2 and 3 show the moisture readings from the tested
hygrometers during the methanol exposure (methanol concentra-
tion on secondary y-axis). The hygrometers originally returning
frost point readings, being the capacitor sensors, fibre-optic sensor
and the chilled mirror, are grouped together in Fig. 2. The Karl
Fischer readings are originally expressed as concentration (jmol/
mol), but converted to frost point in Fig. 2 by use of the formulas of
Sonntag (Eqs. (2)—(4), chapter 1.3). The QCM, CaC,-GC and the
electrolytic cell returned readings as concentration (umol/mol) and
these are grouped together with Karl Fischer and chilled mirror
readings in Fig. 3. The chilled mirror readings are originally
expressed as frost points but are converted to concentration in
umol/mol in Fig. 3 by use of the formulas of Sonntag (Eq. (1),
chapter 1.3). Data from the chilled mirror is left out during exposure
to the medium and high concentration level of methanol in Figs. 2
and 3. At these methanol concentrations stable frost point readings
from the chilled mirror were difficult to obtain. When the methanol
concentration was increased on day 6 and day 13 the calcium
carbide reactor was bypassed for some hours, to get direct injection
of the test gas to the gas chromatograph. The same operation was
performed on day 21. During these periods of direct injections,
readings from CaC,-GC are missing, as can be registered in Fig. 3. On
day 5 a short power break disturbed the experiments, which can be
seen in Figs. 2 and 3.

The readings from all hygrometers follow a diurnal rhythm
which is synchronous with the ambient temperature variation
during the day and night.
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Fig. 2. Frost point readings from Capacitor A, Capacitor B and Fibre-optic, at a moisture concentration level of 45 pmol/mol during variable methanol exposure, together with
readings from the reference hygrometers (Karl Fischer and Chilled mirror). The methanol concentration is plotted against the secondary y-axis. The chilled mirror readings are
plotted only at the lowest methanol exposures due to interferences at the higher methanol concentrations.
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Fig. 3. Moisture concentration readings from QCM, CaC2-GC and Electrolytic, at a moisture concentration level of 45 pmol/mol during variable methanol exposure, together with
readings from the reference hygrometers (Karl Fischer and Chilled mirror). The methanol concentration is plotted against the secondary y-axis. The chilled mirror readings are
plotted only at the lowest methanol exposures due to interferences at the higher methanol concentrations.

3.3. Low level of methanol

At the 10 umol/mol concentration level of methanol the refer-
ence hygrometers (Karl Fischer and Chilled mirror) read
between —48 °C and —49.5 °C, corresponding to between 39 umol/
mol and 49 umol/mol. The readings had no observable drift. The
average of the Chilled mirror readings were 6 jumol/mol lower than
the Karl Fischer readings during these first 6 days of experiments.
The readings from Fibre-optic and CaC,-GC corresponded well with
the chilled mirror. The readings from QCM corresponded well with
the Karl Fischer readings. The readings from Electrolytic were at
a higher level (between 56 pmol/mol and 60 pmol/mol) compared
to the reference hygrometers. At the starting point of the experi-
ments the two capacitor sensors returned frost points more than
10 °C (Capacitor A) and 3 °C (Capacitor B) lower than the frost point
readings of the chilled mirror. Unlike the other hygrometers, the
Capacitor A and Capacitor B demonstrated a downward drift of
their readings, increasing the deviation from the reference
hygrometers.

3.4. Medium level of methanol

When the methanol concentration increased to 170 pmol/mol
on day 6, the moisture readings from QCM and CaC,-GC shifted to
a slightly lower level, stabilizing at this new level. The size of the
shift was approximately 2 pmol/mol. No such change was recog-
nised for the Karl Fischer readings. The readings from Fibre-optic
started to drift upwards, while the readings from Electrolytic star-
ted to drift downwards. The readings from Capacitor A showed
a minor shift upwards after the elevation of the methanol
concentration, but the downward drift seemed to remain
unchanged. In the case of Capacitor B, no shift was observed but
a marked increase in the drift speed was noticed.

3.5. High level of methanol

On day 13 the methanol concentration was increased to a level
of 750 umol/mol. The readings from QCM, Electrolytic, Capacitor A
and Capacitor B made upwards shifts when the methanol
concentration increased. The magnitudes of the shifts were

approximately 5 pmol/mol for QCM, 35 pmol/mol for Electrolytic,
2 °C for Capacitor A and 1 °C for Capacitor B. The readings from
CaC,-GC were low during the first hours of operation after ending
the bypass period for the calcium carbide rector. Later the CaC,-GC
readings stabilized at its former level. The readings from Fibre-optic
did not make a distinct shift, but the upward drift observed at
medium methanol level increased slightly in speed. The reference
measurements (Karl Fischer) were not noticeably affected by the
increased methanol concentration.

3.6. Decreasing methanol concentration from 750 umol/mol to zero

The methanol concentration began to decrease after day 14,
reaching a level of less than 10 pmol/mol after day 22. From day 25
the methanol concentration was generally too low to be measured,
the lowest limit of detection (3 times the noise level) being approx-
imately 4 pmol/mol. The Karl Fischer readings remained stable also
during this phase of the experiments. The QCM readings decreased
during the decreasing methanol concentration and returned to the
level read between day 6 and 13 (medium level of methanol). After
day 18 the QCM readings drifted slightly upwards for some days, but
still corresponded well with the Karl Fischer readings.

The CaC,-GC readings were stable between day 14 and day 20,
during which the methanol concentration decreased by approxi-
mately 700 pmol/mol. Between day 20 and 26 the CaC,-GC read-
ings decreased almost 5 pmol/mol and then increased again,
towards its former level. The readings from Electrolytic continued
to decrease during the methanol decline and reached a minimum
around day 24 before increasing during the last week of the
experiments. The direction of the drift for Fibre-optic changed from
upwards to downwards when the methanol concentration started
to decrease. This downward drift was permanent during the
remainder of the experiments. The readings from the Capacitor B
continued to drift downwards while the methanol concentration
was decreasing. The drift speed was similar to the one observed
during exposure to methanol at the 170 umol/mol concentration
level. During this phase of the experiments Capacitor A drifted in
a similar way as Capacitor B. After day 20 the readings from
Capacitor A returned to a lower drift speed while the readings from
Capacitor B drifted upwards from day 20.
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4. Discussion
4.1. Reference hygrometers

The Karl Fischer technique is not expected to be interfered by
methanol (Bruttel and Regina, 2006; ISO, 1993a; Lurvey, 1977).
Correct subtraction of response from background moisture,
diffusing into the titration cell through various connections, is one
of the major challenges when using Karl Fischer for determination
of trace amounts of moisture in gas (Dong et al., 2005). Accurate
measurement of the titrated gas volume is another challenge.
These are determining factors for the accuracy and precision
obtainable for moisture measurements using the Karl Fischer
technique. For the Karl Fischer equipment used in this work the
uncertainty is estimated to be no better than +10% (with respect
to concentration).

The chilled mirror technique is based on the condensation of
dew or precipitation of ice on a metallic mirror surface when the
mirror is chilled down to the dew point temperature or the frost
point temperature of the gas. The accuracy of the chilled mirror
used in this work is stated to be +0.1°C. As with many stated
accuracies also this is expected to increase during long term use of
the hygrometer (Wiederhold, 1997a,b). Hence, a more realistic
achievable uncertainty for a chilled mirror, when used in an
application like in this work, will be between +0.2 °C and +0.5 °C.
The dew or frost point temperatures are generally expected to
change with the presence of methanol in the gas (Cremonesi, 1986;
I1SO, 1981), as the condensed or precipitated layer on the mirror
surface will be a mixture of methanol and water rather than water
only. For a moisture concentration of 45 pmol/mol thermodynamic
simulation with the CPA model (Folas et al., 2005a,b) indicates that
a methanol concentration of 10 pmol/mol or 170 pmol/mol will
change the frost point less than 0.1 °C. At the methanol concen-
tration of 750 umol/mol, a frost point increase of approximately
3.5°C is indicated. This means that the moisture readings from
a chilled mirror are expected to be practically unaffected in the
presence of both 10 umol/mol and 170 umol/mol methanol, from
a thermodynamic point of view. The reason why the chilled mirror
was unable to return stable readings at the methanol level of
170 umol/mol or higher was not investigated. The literature
suggests accumulation of particulate or volatile contaminants on
the mirror surface, disturbing the optical detection of the dew or
frost layer, as the major source of error for chilled mirrors (Fenner
and Zdankiewicz, 2001; Funke et al., 2003; Wiederhold, 2000). For
the low methanol concentrations, the frost point measurements
appeared to be unaffected by the methanol, in the sense that the
instrument was able to establish stable measurements at the
expected moisture level. The chilled mirror readings were on
average 6 umol/mol lower than the Karl Fischer readings during
exposure to 10 umol/mol methanol. Taken into account an uncer-
tainty band of at least +10% for the Karl Fischer technique and
+0.2 °C for the chilled mirror, the readings from these two tech-
niques are hardly significantly different.

4.2. Changing the methanol concentration

The first increase of the methanol concentration (day 6) was
achieved by increasing the flow of the methanol saturated nitrogen.
This resulted in a corresponding slight decrease in moisture
concentration due to dilution. Based on flow calculations and
saturation pressures of water and methanol (calculated using the
CPA model), the decrease in moisture concentration was estimated
to be approximately 1.6 pmol/mol. Hence the observed shift in the
readings from QCM and CaC,-GC (Fig. 3) is believed to be a response
due to the decreased moisture concentration rather than being

a response due to the increased methanol concentration. Though
not very distinct, the decrease in moisture concentration can be
observed for the Karl Fischer readings also (Fig. 3). The Karl Fischer
measurements have relative poor precision (within 3% relative
standard deviation) compared to the other hygrometers, which
makes it rather difficult to pick up small changes of moisture
concentration. A t-test performed for the moisture readings from
Karl Fischer collected before and after day 6 demonstrated
a significant decrease of 2.3 pmol/mol for the readings collected
after day 6. The second increase of the methanol concentration was
achieved by increasing the condensation temperature for the
methanol line in the test rig, from —10°C to 15°C. Hence, the
moisture level is not expected to decrease due to dilution for this
increase of methanol concentration. The decreasing methanol
concentration between day 14 and 23 was a result of the significant
methanol consumption during saturation, decreasing the liquid
level in the saturators beneath a critical level for effective satura-
tion. Finally, no methanol was left in the saturators, and as
a consequence no methanol was measurable in the test gas during
the last 9 days of the experiments.

4.3. Capacitor sensors

The capacitor sensors are well known for their tendency to drift
downwards (Hasegava, 1980; Lekken, 2012; Mehrhoff, 1985;
Mermoud et al., 1989). The capacitor sensors tested in this work
had already drifted for some time, during operation in previous
tests (Lokken, 2012). This explains their low readings compared to
the reference measurements. The drift rates observed for Capacitor
A and Capacitor B during the first 6 days of the experiments (Fig. 3)
are consistent with observations in the previous tests, which were
performed without methanol exposure. The general problem with
drifting capacitor sensors demands for careful quality control and
frequent calibrations to improve the accuracy of these hygrometers.
The results in this work indicate that methanol exposure increases
the measurement uncertainty for capacitor sensors, through
increased drift speed or shifts in the moisture readings, or both. The
dielectric constants of methanol and water are 33 and 80 respec-
tively (Mohsen-Nia et al., 2010). This means that methanol can be
expected to contribute to the response (capacitance or impedance)
of a capacitor sensor, though to a lesser extent than water. The
kinetic diameters of methanol and water are 0.26 nm and 0.40 nm
respectively (ten Elshof et al., 2003). Hence the accessibility for
methanol to the dielectrics of the capacitor sensor is dependent of
pore sizes of the various structures of the sensor. Different manu-
facturers design their capacitor sensors differently with regards to
pore sizes, which will determine their response to methanol.

4.4. Electrolytic cell

The electrolytic cell demonstrated the most severe response to
methanol exposure, compared to the other hygrometers in this
test. Methanol is expected to interfere with the moisture
measurement, as methanol will readily combine with phospho-
rous pentoxide (P20s5) and produce water (Wiederhold, 1997a).
The results from this work suggest that the influence from
methanol is concentration dependent, decreasing moisture
readings at medium concentration, but increasing moisture
readings at higher concentration.

4.5. Fibre-optic sensor
As with the capacitor sensors, also the pore sizes of the fibre-

optic sensor will determine the potential for methanol to inter-
fere with its moisture detection. The manufacturer claims that the
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pore diameters of the sensor are lower than 0.40 nm, which seems
to be insufficient to totally prevent the methanol from adsorption
to the sensor structure. The moisture readings during methanol
exposure at the two highest methanol concentrations did not
stabilize during the time of exposure. Even if the total upwards drift
was restricted to 1.4 °C, a prolonged period with methanol expo-
sure would probably soon have made the readings from the fibre-
optic sensor exceed its uncertainty band of +2 °C. No drift was
noticeably at the low level of 10 pmol/mol methanol, which indi-
cates that the fibre-optic sensor can handle low levels of methanol.
This hygrometer needs a lot of time to recover after methanol
exposure, as demonstrated by the slow downward drift during the
last 16 days of the experiments (Fig. 2), with little or no methanol in
the test gas.

4.6. QCM and CaC>-GC

In this work the CaC,-GC and the QCM demonstrated no or only
minor response to methanol. Even if the upwards shift of the QCM
was marked when exposed to 750 pmol/mol methanol (Fig. 3), the
size of the shift was within the uncertainty band of the hygrometer
(£10%). The instability of the QCM readings during the decreasing
methanol concentration was within the same acceptable range. If,
and eventually to which extent, even higher concentrations of
methanol will increase the shifts is not clarified, and should be
tested in the future. The QCM relies on a selective adsorption of
moisture on a hygroscopic layer attached to the quartz crystal.
Hence any significant co-adsorption of other polar compounds on
this hygroscopic layer will contribute to the response of the QCM.
The readings from the CaC,-GC had a local minimum on day 22.
Detailed inspection of the data implies that this originates from
a small pressure spike in the system, temporarily interrupting the
equilibrium situation in the calcium carbide reactor.

4.7. Quality control of hygrometers

The general importance of adequate quality control of
hygrometers is pointed out by several authors (Lekken, 2012;
Mermoud et al,, 1989). In applications with potential for meth-
anol exposure, e.g. certain natural gas applications, the choice of
hygrometer and the strategy for quality control should be given
special attention.

5. Conclusions

The results from this work clearly demonstrate that for some
hygrometers methanol exposure has the potential of interfering
with moisture monitoring. During monitoring of moisture at the
level of 45 pumol/mol, exposure to approximately 10 pmol/mol
methanol had no significant effect for the tested hygrometers. At
the higher levels of 170 pumol/mol and 750 umol/mol methanol, the
moisture readings from several hygrometers were affected. Taken
into account the uncertainty specifications of the hygrometers, only
the electrolytic cell and one of the two tested capacitor sensors
(Capacitor B) were significantly affected. They, however, demon-
strated severe misreading as a result of methanol exposure. The
readings from the fibre-optic sensor drifted slowly upwards during
exposure to the higher methanol levels. The drift speed increased
with increasing methanol concentration. Despite this drifting, the
readings from the fibre-optic sensor stayed within its specified
uncertainty (+2 °C) during the test period. The QCM made a minor
shift to higher moisture readings when exposed to 750 pmol/mol
methanol. Similar shifts were noticed for the two different brands
of capacitor sensors tested. Both capacitor sensors also demon-
strated a permanent downward drift during the experiments, one

of them increasing the drift speed upon increased methanol
concentration. The CaC,-GC did not show any clear influence from
methanol. The results imply that methanol exposure should be
taken into consideration when choosing equipment for moisture
monitoring and when determining a quality control strategy for the
monitoring.
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Abbreviations

CaC,-GC hygrometer based on a calcium carbide reactor and gas
chromatographic analysis

CPA Cubic-Plus-Association, an equation of state

NIST National Institute of Standards and Technology

NPL National Physical Laboratory

UKAS  United Kingdom Accreditation Service

QCM quartz crystal microbalance
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Cw concentration (pmol/mol)
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An investigation of hygrometers for monitoring of water vapour (moisture) in natural gas has been
performed, with respect to response on ethylene glycol co-exposure. The tested hygrometers are based
on: 1. capacitor sensor, 2. quartz crystal microbalance (QCM), 3. fibre-optic sensor and 4. conversion of
water to ethyne, quantified by a gas chromatograph (CaC,-GC). The moisture concentration level in the
test gas was 50 pmol/mol during the experiments, corresponding to a frost point of approximately —48 °C
(atmospheric pressure). The experiments were performed in the laboratory, using nitrogen as matrix gas.
The QCM hygrometer responded with a downward drift of the frost point readings in the presence of
traces of ethylene glycol (0.25 pmol/mol and 0.66 pmol/mol, respectively). The drift increased initially
when the ethylene glycol concentration increased, and the frost point readings from the QCM hygrometer
decreased close to 5 °C during a total of 20 days of ethylene glycol exposure. The QCM hygrometer
seemed to recover slowly from the ethylene glycol exposure, indicated by a decreasing upward drift as
soon as the ethylene glycol exposure ended. Both tested capacitor hygrometers responded significantly to
ethylene glycol exposure. The responses were not uniform, though, with one performing considerably
better than the other one. The experiments also demonstrated the insufficiency of chilled mirror tech-
niques for interpreting water frost points or water dew points, with subsequent moisture concentration
calculation, in the presence of ethylene glycol, even at trace amounts. This made the chilled mirror
technique totally unsuitable for reference measurements after the introduction of ethylene glycol to the
test gas. The fibre-optic sensor hygrometer and the CaC,-GC hygrometer showed minor response for
ethylene glycol. In general the results from this work demonstrate the need for careful evaluation of
individual moisture monitoring applications, before choosing a hygrometer. A well-considered strategy
for quality control of the moisture monitoring, regardless of the chosen hygrometer, is of utmost
importance to establish a moisture monitoring system with high accuracy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Background

or obstructed transportation of natural gas. Ethylene glycol is
a preferred hydrate inhibitor in many multiphase systems, where
the inhibitor is regenerated and recirculated. Ethylene glycol is also
occasionally used for dehydration of natural gas. Despite having

Water vapour, often referred to as moisture, has to be monitored
with high accuracy to maintain safe and regular processing and
transport of natural gas. Condensation of water may occur if the
water vapour concentration is underestimated. When combined
with hydrogen sulphide and carbon dioxide condensed water will
increase the corrosion potential (Mychajliw, 2002). The formation
of gas hydrates is another possible consequence of inaccurate water
vapour monitoring (Jamieson and Sikkenga, 1986). Gas hydrates
can plug pipelines or process units, resulting in loss of production

* Tel.: +47 95273028.
E-mail address: tvl@statoil.com.

1875-5100/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jngse.2013.01.002

a relative low vapour pressure, some of the ethylene glycol will be
lost to the gas phase. The resulting concentration in natural gas will
be dependent on process conditions, but often gaseous ethylene
glycol at concentrations less than 1 pmol/mol are obtained. Mois-
ture monitors, herein called hygrometers, used in these systems
will be exposed to this ethylene glycol. Like water, ethylene glycol is
a relatively polar molecule and adsorbs easily to surfaces. These
similarities make ethylene glycol suspicious when it comes to
interference with moisture monitoring. A literature study did not
reveal any specific information, either theoretical or experimental,
describing the influence from ethylene glycol on the measurement
of moisture.
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In this work several different hygrometers were investigated
with respect to response to ethylene glycol, for concentration levels
at 0.25 pmol/mol and 0.66 pmol/mol respectively, when monitor-
ing moisture at a concentration level of 50 pmol/mol.

1.2. Measuring techniques

Throughout the years numerous methods for moisture mea-
surements in gases have been developed and established. Most of
them are thoroughly described in published literature (Blakemore
et al., 1986; Bruttel and Regina, 2006; Carr-Brion, 1986; Funke
et al., 2003; ISO, 1993a, 1993b; Keidel, 1959; Knight and Weiss,
1962; McAndrew and Boucheron, 1992; McAndrew, 1997;
Monroe, 1998; Rittersma, 2002; Wiederhold, 1997, 2000; Willsch
et al.,, 2005). Hygrometers based on capacitor sensor, quartz crys-
tal microbalance (QCM), fibre-optic sensor, CaC,-GC, chilled mirror
and Karl Fischer titration have been investigated in this work. The
basic principles for these methods are briefly summarised in
Table 1. Karl Fischer titration and chilled mirror hygrometry are
usually regarded as direct or absolute methods as they utilise
a direct relationship between the measured quantity and the
amount of moisture. Hence they often are preferred as reference
methods.

1.3. Interpretation of moisture measurements

The amount of moisture in a natural gas can either be expressed
as concentration (e.g. pmol/mol or mg/Sm?> at some defined stan-
dard temperature and pressure) or as dew or frost point in degrees
Celsius. The dew point is the highest temperature, at a specified
pressure, where water can condense from the gas. The frost point is
the highest temperature, at a specified pressure, where ice can
precipitate from the gas (Lokken et al., 2008). In the temperature
region between 0 °C and —20 °Cit is difficult to predict whether the
moisture will condense as dew or precipitate as ice. It is necessary
to distinguish between the dew point and the frost point, as these
could deviate with several degrees for the same moisture concen-
tration. Well recognised and accurate formulae for conversion
between dew or frost point at atmospheric pressure and concen-
tration (via saturation vapour pressure) are published by Sonntag
(Sonntag, 1990, 1994). The following formula converts frost point to
saturation vapour pressure:

Table 1
Summary of methods for moisture measurements in gases.

For the given temperature range

173.15 K < Tg < 273.16 K (- 100°C < T¢ < 0.01 °C)

Ine;(Tg) = —6024.5282T; ! +24.7219 + 1.0613868 x 10Ty
—1.3198825 x 10~>TZ — 0.49382577In Ty,
(1)

ej(Tk) is the saturation vapour pressure with respect to ice in hPa
(hectopascal), T is frost point temperature in K.

Saturation vapour pressure can be converted to frost point by
formula (2), which is derived from Equation (1):

Tk = 12.1197y +5.25112 x 10~ 'y% + 1.92206 x 1072y3
+3.84403 x 10~4y* +273.15 (2)

In the conversion formula (2)
y = In(e;(Tx)/6.11153) 3)

For conversions between saturation vapour pressure and con-
centration the following formula can be used:

_ e,-(TK) X 106

W = "1013.26 @

cw is concentration in jmol/mol. At elevated pressures the formulae
of Sonntag are not applicable because of increasing non-ideal
behaviour of the gas.

1.4. Moisture generator

Several methods for the generation of moisture in gases are
described in the literature, such as the two-pressure, two-flow or
two-temperature generator (Funke et al, 2003; Hasegava and
Little, 1977; Sonntag, 1994; Wiederhold, 1997). A lot of effort can
be made in the aim of producing a stream of gas with a very ac-
curate moisture concentration. Such equipment is often found at
national measurement institutes, like NPL (National Physical Lab-
oratory, United Kingdom) and NIST (National Institute of Standards
and Technology, USA). In this work a much simpler moisture gen-
erator was established, with the option to mix in a volatile

Capacitance or impedance measured as a function of water molecules adsorbed to the porous dielectric

(usually metal oxides like Al,O3 or SiO>) of a capacitor (Carr-Brion, 1986; Funke et al., 2003; McAndrew
and Boucheron, 1992; McAndrew, 1997; Wiederhold, 1997).

Measures the resonance frequency of an oscillating quartz crystal (piezoelectric) coated with a hygroscopic
polymer. The frequency changes with mass as water molecules adsorb on the quartz crystal

(Blakemore et al., 1986; Carr-Brion, 1986; Funke et al., 2003; McAndrew and Boucheron, 1992;

Water and calcium carbide (CaCy) reacts to form ethyne: 2H,0 + CaCy — C;H2 + Ca(OH),. Quantification

of ethyne by gas chromatographic (GC) separation and detection e.g. with a thermal conductivity or a flame
ionisation detector (Knight and Weiss, 1962; Monroe, 1998).

Measures a shift in reflection spectrum dependent on the amount of adsorbed water in a hygroscopic

Fabry—Perot filter. “Fibre-optic” in the sense that light is emitted and reflected via fibre-optic cables

(R'NH)SO3R + 2R'N + I, + H,0 — (R'NH)SO,R + 2(R'NH)I

For coulometric titration the amount of water is calculated by measuring the current needed for the
electrochemical generation of iodine (I,) from iodide (I") (Bruttel and Regina, 2006; ISO, 1993a, 1993b).

Method Typical uncertainty Working principle
Capacitor sensor (1-3)°C
Quartz crystal +10%
microbalance (QCM)
McAndrew, 1997; Wiederhold, 1997).
CaCy-GC +10%
Fibre-optic sensor +2°C
(Rittersma, 2002; Willsch et al., 2005).
Karl Fischer titration +10% The Karl Fischer reaction:
ROH + SO + R'N — (R'NH)SOsR
ROH = alcohol, R'N = basic nitrogen compound
Chilled mirror +0.2°C

Measures the temperature at which water molecules condense from the gas to form dew or frost on

a reflective surface (mirror). The dew or frost is detected on the surface optically by an electro-optic
detector (Wiederhold, 1997, 2000).
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chemical. The equipment is well suited for comparison of hy-
grometers rather than calibrating them accurately. Having appli-
cations for moisture in natural gas in mind, the main focus was to
produce a gas with sufficient long term, drift-free and controllable
concentrations of both moisture and a volatile chemical.

2. Experimental set up
2.1. Test rig

A test rig for generation of mixtures of moisture and ethylene
glycol in gases was established as shown in Fig. 1. Table 2 summa-
rises the pieces of equipment used. The test rig was able to generate
a stream of nitrogen gas with drift-free concentrations of moisture
and ethylene glycol. The nitrogen gas (>99.999% purity) was fed to
the test rig at about 4 bar through a pressure regulator (V-1). The
gas flow was split in three lines: one line for generation of dry gas
for dilution (T-2) and two lines for generation of gas saturated with
moisture and ethylene glycol respectively (T-3 and T-4). The gas was
fed to the three lines via needle valves (V-2 to V-4).

In the first line (T-2) nitrogen gas was dried through two mo-
lecular sieve traps in series (E-1 and E-2). The molecular sieves
were specified to remove moisture to less than 50 nmol/mol. In the
second line (T-3) nitrogen gas was bubbled through ion exchanged
water at room temperature (about 25 °C) for saturation inside two
stainless steel cylinders (saturators) in series (E-3 and E-4). The
saturators were modified filter housings with a volume of 30 mL,
each filled with 20 mL water. A piece of 6 mm outer diameter
stainless steel tubing (316 L stainless steel) was welded to the inlet
ports to guide the gas near the bottom of the cylinders. The

saturated gas was further directed through three cylinders in series
(E-5 to E-7) kept at a lower temperature (10 °C). The temperature
was controlled with a cooling bath (E-8). These cylinders were
empty and acted as condensers; the test gas leaving the last cyl-
inder with a fixed concentration of water vapour according to the
actual temperature and pressure. To facilitate an efficient cooling of
the gas a submerged coil of approximately 1 m long tubing (C-1)
connected the first and second condenser. The third line (T-4) was
identical to the second line (T-3), with separate saturators (E-9 and
E-10), condensers (E-11 to E-13), coil (C-2) and cooling bath (E-14).
The saturators in this line were filled with ethylene glycol
(purity > 99.5%) instead of water. The flow rate of the three gas
streams (T-2, T-3 and T-4) were controlled by manual flow con-
trollers (V-5, V-6 and V-7) and mixed across a union cross to pro-
duce the final test gas stream (T-5) containing both moisture and
ethylene glycol. The total flow rate of the test gas was approx-
imately 6 dm?/min (ambient conditions) and was sufficient to feed
all hygrometers. The test gas stream was directed to a compact gas
manifold (E-15) for further distribution to the hygrometers (H-1 to
H-7) and ventilation lines. The hygrometers were connected to the
gas manifold via equal lengths (1.2 m) of tubing and fine metering
valves (V-8 toV-14). Sufficient lengths of 1/8 inch stainless steel
tubing were connected to the outlet ports of the hygrometers to
prevent back-diffusion of moisture from the atmosphere. Further
downstream, the outlet streams were gathered in a gas manifold
and guided to ventilation in 1/4 inch Teflon tubing. All connecting
tubing (T-1 to T-4) was made of stainless steel. The tubing (T-5)
between V-5, V-5 and V-6 and the hygrometers (H-1 to H-8) was
electro polished and surface deactivated, to minimise surface
adsorption.

> H-1
V-8
P H-2
V-4 V-7
V-9
P H-3
T4 V-10
c-2 )
E-9 E-10 E-11 E-12 E-13 >< H-4
V-1
E-14 S H-5
E-15 V-12
> H-6 Vent
4 V-13 14
T-5
V-3 V-6 X H-7
V-14
i
T-3 5
e V-15
4
E-8 V-16
i
V-17
o |
V-5
&\
Adsorbent
o\ QO
E-1 B2 V-19 Gas meter

Fig. 1. Schematic representation of the test rig. Equipment description is found in Table 2. Adsorbent tube and gas meter description is found in Table 3.
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Table 2
Equipment description, the codes refer to Fig. 1.
Code Description Model Manufacturer
V-1 Single stage pressure regulator SI15 SMT S.A.S., France
V-2 to V-4 Needle valves 3812F4Y Hoke, USA
V-5 Flow controller PC 8942 Brooks Instrument, USA
V-6 and V-7 Flow controller FMC-2000 FlowMatrix Inc., USA
V-8 to V19 Fine metering valve SS-2MG Swagelok, USA
E-1 and E-2 Molecular sieves Ametek, USA
E-3, E-4, E-9 and E-10 Modified filter housings, saturators Model 122 Headline Filters, UK
E-5 to E-7 and E-11 to E-13 Modified filter housings, condensers Model 122 Headline Filters, UK
E-8 and E-14 Cooling bath FP-45 Julabo Labortechnik GmbH, Germany
E-15 Gas manifold Z12M2 Vici AG International, Switzerland
PT-1 Pressure transmitter PA-55X Keller AG, Switzerland
PT-2 Pressure transducer Model SA Honeywell, USA
H-1 Capacitor A
H-2 Capacitor B
H-3 QCM
H-4 CaCy-GC
H-4.1 Reactor with grinded calcium carbide Particles with diameter Merck KGaA, Germany
from 0.3 mm to 1 mm
H-4.2 Gas Chromatograph CP4900 Micro-GC Varian Inc., USA
H-4.3 GC separation column CP-PoraPlot Q, 10 m Varian Inc., USA
long, 0.25 mm i.d.
H-5 Fibre-optic
H-6 Karl Fischer Model 831 Metrohm AG, Switzerland
H-6.1 Gas meter TG 1 Mod. 5—-8 Ritter, Germany
H-7 Chilled mirror S4000 Integrale Michell Instruments Itd., UK
C-1 1 m coil made of 1/8 x 0.035 inch, 316 Sandvik 3R60 AB Sandvik Materials Technology, Sweden
L stainless steel tubing
T-1to T-4 1/8 x 0.035 inch, 316 L stainless Sandvik 3R60 AB Sandvik Materials Technology, Sweden
steel tubing
T-5 Treated 1/8 x 0.035 inch 316 Siltek™ Restek Corporation, USA

L stainless steel tubing

2.2. Hygrometers

Seven hygrometers, based on capacitor sensor (two different
brands), quartz crystal microbalance (QCM), CaC,-GC, fibre-optic
sensor, Karl Fischer titration and chilled mirror (continuously
operated), have been investigated in the experiments.

The hygrometers were equipped with control units for com-
munication with the probes or sensors and transfer of data to
a computer for storage. Data points were stored every 5 min. The
CaC,-GC hygrometer consisted of a calcium carbide reactor (H-4.1)
for conversion of moisture to ethyne and a micro gas chromato-
graph (H-4.2) for quantification of ethyne. The micro gas chroma-
tograph was equipped with a separation column (H-4.3) and a micro
thermal conductivity detector and was controlled by chromatog-
raphy software (CP Maitre Elite) on the computer. The processed
data from CP Maitre Elite was collected approximately every 10 min.

Two direct methods were utilised for reference measurements,
not being of interest with respect of continuous online process
monitoring. These were a chilled mirror hygrometer (H-7) and
a Karl Fischer titrator (H-6). The volume of the titrated gas was
measured by a drum-type gas meter (H-6.1). The chilled mirror
hygrometer was set up to perform continuous measurements, with
storage of data every 5 min. The Karl Fischer titrations (between 3
and 9 parallels) were performed manually on weekdays during the
experiments.

2.3. Operation of moisture generator

The mixing ratio of the three gas streams (T-2, T-3 and T-4) was
controlled by three manually operated flow controllers (V-5, V-6 and
V-7). The two gas streams, saturated with moisture and ethylene
glycol respectively, were controlled between 0 and 300 cm?/min
(ambient conditions) with flow controllers (V-6 and V-7), while the
dry dilution gas was adjusted to about 6 dm?/min (ambient

conditions) with another flow controller (V-5). The temperature in
the cooling bath for line 2 (moisture) was set to 10 °C (+0.01 °C) and
the pressure in the condensers was controlled at approximately
4 bar and monitored with a pressure transmitter (PT-1). The tem-
perature in the cooling bath for line 3 (ethylene glycol) was initially
set to —10 °C (+0.01 °C). By changing the settings on the three flow
controllers, and eventually changing the temperature in the cooling
baths different concentrations of moisture and ethylene could be
produced and changed quickly. The pressure upstream the metering
valves (V-8 to V-19) was about 2 bar, monitored by a pressure
transducer (PT-2). The QCM had internal mass flow controllers
which needed a sample pressure slightly elevated from atmospheric
pressure. The other hygrometers were fed with test gas at ambient
pressure. The flow rates to the different hygrometers were con-
trolled in agreement with the recommendations made by the
manufacturers. Excess test gas was distributed to vent through 1/8
inch stainless steel tubing connected to the spare ports on the
compact gas manifold (E-15). Fine metering valves (V-15 to V19)
were used to control the flow rates also on these gas streams.

The gas upstream V6 and V7 was expected to be saturated with
respect to water and ethylene glycol respectively. The gas temper-
ature decrease due to Joule Thomson cooling, when reducing the
pressure from 4 to 2 bar, was compensated with a temperature
increase in the system from 10 °C (water) and-10 °C (ethylene
glycol) to approximately 25 °C (room temperature) prior to pres-
sure reduction. This temperature increase, combined with dilution
with dry nitrogen, prevented condensation of water and ethylene
glycol associated with the pressure reduction step.

2.4. Conversion between frost point and concentration

Some of the hygrometers returned dew or frost points (capacitor
sensors, fibre-optic sensor and chilled mirror), typically in degrees
Celsius, while others returned concentration (QCM, CaC,-GC and
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Karl Fischer titration) in parts per million (molar or volume). To be
able to compare data from all the hygrometers conversions be-
tween the different units were necessary. In this work the formulae
of Sonntag (Sonntag, 1990, 1994) were used for these conversions
(Equations (1)—(4)).

2.5. Quantification of ethylene glycol

An analytical system based on thermal desorption, gas chroma-
tographic separation and mass spectrometric detection (TD-GC/MS)
was used for the quantification of ethylene glycol in nitrogen. Fig. 2
illustrates the analytical system, while details about the equipment
are listed in Table 3. The ethylene glycol was collected, from a gas
volume of 1500 mL from the test rig, on adsorbent tubes (Fig.1). The
gas volume was measured with a gas meter. The adsorbent tubes
were then placed in a thermal desorber (TD) which transferred the
analyte to an electrically cooled cold trap (first stage thermal
desorption). The small inner diameter (2 mm) of the cold trap
(packed with adsorbent) and its ability to be heated rapidly, pro-
vided an efficient transfer of analyte from the cold trap to a gas
chromatograph (GC). The GC was equipped with a capillary column
for separation of analytes and a mass spectrometer (MS) for qual-
itative and quantitative detection.

Solutions with known amounts (by weight) of ethylene glycol in
methanol were prepared in volumetric flasks for calibration of the
TD-GC/MS system. Known volumes of these standard solutions
were injected directly on adsorption tubes with a syringe suited for
injection of volumes between 0.1 and 5 pL. The adsorption tubes
were purged with helium (purity 99.9999%) for 1 min (100 mL/
min) after application of standard solution, to sweep off most of the
methanol from the tubes. This way adsorption tubes, which
worked as a series of calibration standards, were prepared con-
taining 0.5, 1, 5 and 10 pg ethylene glycol respectively. A new cal-
ibration curve was constructed from an analysed series of
standards just before the analysis of every new series of unknown
samples from the test rig.

Control of the TD-GC/MS system, included data acquisition and
data treatment, were performed with TurboMatrix TD software and
TurboMass GC/MS software (Perkin Elmer, USA). Applied method
parameters for the thermal desorber, gas chromatograph and mass
spectrometer during TD-GC/MS analysis are summarised in
Tables 4—6, respectively. Quantification of ethylene glycol was
based on selected ion monitoring, using the molecular mass to
charge ratio (m/z): 31.

2.6. Calibration of hygrometers
The chilled mirror hygrometer was recalibrated prior to the

experiments at Michell Instruments (UKAS accredited calibration
laboratory). The other hygrometers were calibrated by the

Thermal Desorption unit

Table 3

Equipment used for quantification of ethylene glycol.
Description Model/Type Manufacturer
Gas meter TG 1 Mod. 5—-8 Ritter, Germany

TurboMatrix ATD
Prepacked Tenax TA,
product no. 25055
Prepacked Tenax TA,
product no. M0413535
AutoSystem XL Perkin Elmer, USA
CP-Wax 52 CB, Agilent Technologies,
30 m x 0.25 mm x 0.5 pm, USA

product no. CP8746
TurboMass
TurboMass 4.0

Thermal desorber
Adsorbent tubes

Perkin Elmer, USA
Supelco Analytical,

Cold trap Perkin Elmer, USA
Gas chromatograph
Capillary column

Perkin Elmer, USA
Perkin Elmer, USA

Mass spectrometer
Chromatography
software

manufacturers before they were made available for testing. No
special treatment was done prior to usage of the sensors. No
recalibration was done before or during the experiments.

The micro gas chromatograph (CaC,-GC) was calibrated with
respect to ethyne prior to the experiments. Three calibration gas
mixtures were used with ethyne concentrations in nitrogen at
11 pmol/mol (10% relative uncertainty), 53,4 pmol/mol (5% relative
uncertainty), and 204 pmol/mol (5% relative uncertainty) respec-
tively. The calibration gas mixtures, which were certified with
international traceability, were purchased from Yara (Yara Inter-
national ASA, Norway).

3. Results

3.1. Moisture and ethylene glycol concentrations during the
experiments

The test rig (Fig. 1) was initially set up to produce a stream of
nitrogen gas with a moisture concentration level of 50 pmol/mol,
corresponding to a frost point level of —48 °C (atmospheric pres-
sure). On day 6, a small gas stream of nitrogen saturated with
ethylene glycol was introduced to the original gas stream, pro-
ducing a test gas with approximately 0.25 pmol/mol ethylene gly-
col. This introduction caused a minor decrease of the moisture
concentration. The concentration of ethylene glycol (0.25 pmol/
mol) and moisture were held constant for 14 days. On day 20, the
condenser temperature for the ethylene glycol line was increased
from 5 °C to 15 °C. This increased the ethylene glycol concentration
to approximately 0.66 pmol/mol, while leaving the moisture con-
centration virtually unchanged. The latter composition of the test
gas was maintained for 6 days, before the supply stream of gas
saturated with ethylene glycol was closed. Measurements were
made on the test gas which showed that the ethylene glycol con-
centration was less than the 25 nmol/mol from day 27. The ethylene

Inlet split Gas Chromatograph | Mass
with separation Spectrometer
Heated adsorbent tube column

Helium H——m—>

carrier ‘ —

gas

Cold trap
Outlet split

Fig. 2. Simplified illustration of a TD-GC/MS system.
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Table 4

Thermal desorption method settings.
Parameter Condition
Adsorbent tube desorption temperature 230°C
Adsorbent tube desorption flow 110 mL/min
Adsorbent tube desorption time 2.5 min

Cold trap adsorption temperature 10°C

Cold trap desorption temperature 230 °C

Cold trap heating temperature rate 5°C[s

Cold trap desorption time 2.5 min
Heated valve temperature 190 °C
Transfer line temperature 230°C
Inlet split ratio 10:1

Outlet split ratio 50:1

Total split ratio 500:1

Tube purge flow 110 mL/min
Tube purge temperature 50 °C

glycol analyses are summarised in Table 7. A test period of 33 days
in total was divided into four experiments, as shown in Fig. 3,
representing: the initial experiment with no ethylene glycol
(Experiment 1), the experiment with 0.25 umol/mol ethylene gly-
col (Experiment 2), the experiment with 0.66 pmol/mol ethylene
glycol (Experiment 3) and the experiment with <25 nmol/mol
ethylene glycol (Experiment 4), respectively.

3.2. General presentation of results

The frost point readings for all the hygrometers during the ex-
periments are presented in Fig. 3. Chilled mirror, Fibre-optic and
the capacitor sensor hygrometers returned frost points (°C) as their
original unit of measurement. The other hygrometers originally
returned moisture concentration (pmol/mol) as their original unit
of measurement. The readings from these were converted to frost
points with the help of the formulae of Sonntag (Sonntag, 1990,
1994). The readings from some of the hygrometers followed a dis-
tinct diurnal rhythm which was synchronous with the temperature
variation during the day and night.

Data from the chilled mirror hygrometer are left out from day 6
of the experiments, as the readings from this hygrometer did not
represent the water frost point after the introduction of ethylene
glycol to the test gas. On day 15 (a Friday afternoon) a power break
halted the collection of data from all hygrometers. As the test rig
was left unattained during weekends, the collection of data was not
restarted before day 18. On day 24 the gas chromatograph went out
of operation, explaining the missing data for CaC,-GC between day
24 and 26.

To enhance the interpretation of the test data, presented in
Fig. 3, statistical treatment of the test data was performed. For the
last three experiments, data were left out from the statistical cal-
culations for the first 6 h after the change of conditions, to give
some time for the system to equilibrate. In Table 8 the calculated
means and standard deviations for the hygrometer frost point
readings during the four experiments are presented. The number of
measurements (n) for each mean is tabulated in Table 9. Two-tailed
t-tests were performed to evaluate if the means changed

Table 5

Gas chromatograph method settings.
Parameter Condition
Initial oven temperature 45 °C for 1 min
Oven temperature rate 20 °C/min

Final oven temperature 230 °C for 6.75 min
Carrier gas Helium (purity 99.9999%)
Carrier gas head pressure 7 psi

Table 6

Mass spectrometer method settings.
Parameter Condition
Ionisation mode EI positive
MS Electron Energy 70 eV
Emission Current 50 pA
Ion source temperature 175°C

Scan and selected
ion monitoring
m/z: 30—-250
m/z: 31 and 62

Acquisition method

Scan range
Selected ion monitoring

significantly when the ethylene glycol concentration changed
(Miller and Miller, 1988). Two-tailed f-tests were performed to
assess if the t-tests should be based on equal or unequal variances.
A significance level («) of 0.01 was used. The results from the sig-
nificance tests are summarised in Table 10.

3.3. Experiment 1

During the first 6 days of the experiments (Experiment 1), the
means for the reference hygrometers were —47.8 °C (Chilled mir-
ror) and —47.7 °C (Karl Fischer). A two-tailed t-test (unequal vari-
ances, « = 0.01) implied that the two means were not significantly
different. Closest to the reference hygrometers were the means for
QCM and Fibre-optic, which differed less than 0.5 °C from reference
hygrometers. The mean for CaC,-GC was almost 1 °C lower than for
the reference hygrometers. The means for the two capacitor hy-
grometers were approximately 14 °C (Capacitor A) and 9 °C
(Capacitor B) lower compared to the reference hygrometers. None
of the hygrometers demonstrated any tendency to drift during the
first 6 days of the experiments.

3.4. Experiment 2

When ethylene glycol was introduced to the test gas, on day 6,
Karl Fischer, Fibre-optic and CaC,-GC made significant shifts to
lower frost points. The sizes of the shifts were approximately 0.5 °C
for all three hygrometers. Capacitor A made a shift to approximately
2 °C higher frost points, while a minor, but significant, shift to
0.01 °C lower frost points was found for Capacitor B. The frost point
readings for QCM initially shifted to approximately 0.5 °C lower
frost points and then started to drift downwards. The drift
decreased with time. During the 14 days of ethylene glycol expo-
sure (0.25 pmol/mol) the frost point readings from QCM decreased
with approximately 3.5 °C.

3.5. Experiment 3

The elevation of the ethylene glycol concentration to
0.66 umol/mol, on day 20, did not significantly change the frost
point readings for Karl Fischer. Fibre-optic and CaC-GC made
minor, but significant, changes to approximately 0.1 °C lower frost
point means. Capacitor A made another shift to approximately
1.5 °C higher frost points, while Capacitor B also responded with

Table 7
Measurements of ethylene glycol (EG), concentration calculations are based on a gas
volume of 1500 mL at ambient conditions.

Day 6—20 (n = 16)

0.94 pg
0.25 pmol/mol
0.024 pmol/mol

Day 21-26 (n = 11)
25ug

0.66 pmol/mol
0.047 pmol/mol

Average EG mass
Average EG concentration
Standard deviation
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Fig. 3. Frost point readings of the tested hygrometers during co-exposure to ethylene glycol, at a moisture concentration level of 50 pmol/mol (corresponding to a frost point of

approximately —48 °C).

a shift to less than 0.5 °C higher frost points. QCM initially
responded with an increased downward drift when the ethylene
glycol concentration was elevated. This drift decreased with time,
in a similar manner to the drift observed for Experiment 2. The
frost point readings from QCM drifted approximately 1.5 °C
downwards during Experiment 3.

3.6. Experiment 4

When the ethylene glycol source was closed on day 26, the
concentration fell to less than 0.025 pmol/mol within one day. A
small change (0.05 °C) towards higher frost point readings were
found for Fibre-optic, while no significant changes were found for
Karl Fischer and CaC,-GC. The frost point readings for QCM had
a small upward shift and subsequently started to drift upwards.
This upward drift continued throughout the rest of the experiment,
though the drift did gradually decrease. Capacitor A initially made
a shift downwards equivalent to about 2 °C, and then started to drift
slowly downwards. Capacitor B also started to drift downwards
similarly to Capacitor A, but did not make any distinct shift. At the
end of the Experiment 4 the drift for both capacitor hygrometers
was hardly noticeable.

4. Discussion
There was no significant difference between the averages of the
readings from the two reference hygrometers (Karl Fischer and

Chilled mirror) during the first 6 days of the experiments (two-tailed
t-test, P = 0.01). Taken into account the expected uncertainties for

Table 8

the hygrometers (Table 1) only the two capacitor hygrometers
deviate significantly from the reference hygrometers.

Capacitor based hygrometers are generally well known for their
tendency to drift (Hasegava, 1980; Lakken, 2012a; Mehrhoff, 1985;
Mermoud et al., 1989). During earlier testing (Lekken, 2012a), the
two capacitor sensor hygrometers tested in the current work were
allowed to drift to a level of frost points far below the expected frost
point of the test gas. During prolonged time in operation, their drift
slowed down, a characteristic which has been described in other
publications (Lgkken, 2012a; Mehrhoff, 1985). This characteristic is
believed to explain why Capacitor A and Capacitor B showed no
observable drift during the first 6 days of the experiments.

The first introduction of ethylene glycol to the test gas diluted
the original moisture level. The expected frost point decrease was
approximately 0.5 °C, based on flow calculations and vapour
pressures of water and ethylene glycol. The vapour pressures were
calculated using the “equation of state” based CPA model (Folas
et al, 2007; Lekken et al., 2008). The expected frost point
decrease corresponded well with the observed frost point shifts for
Karl Fischer, Fibre-optic and CaC,-GC on day 6. Even not easily
observed from Fig. 3, the same frost point shift was also present for
QCM. When the gas stream feeding the test gas with ethylene glycol
was shut off on day 26, a frost point increase was expected, similar
to the decrease at the first introduction of ethylene glycol. A small
increase of the frost point mean was noticed only for Fibre-optic
(0.05 °C increased frost point mean) and QCM (approximately
0.2 °C initially increased frost point readings). The hygroscopic
ethylene glycol, which adsorbed to surfaces inside the test rig,
including sensing parts of the hygrometers, is believed to slow

Calculated means from frost point readings with standard deviations (s) for the four experiments. Find number of measurements (n) in Table 9.

Hygrometer Experiment 1 Experiment 2 Experiment 3 Experiment 4

Mean (°C) s(°C) Mean (°C) s(°C) Mean (°C) s(°C) Mean (°C) s(°C)
Karl Fischer —47.70 0.152 —48.33 0.210 —48.24 0.217 —48.14 0.119
Chilled mirror —47.79 0.051
Capacitor A —62.04 0.144 —59.98 0.133 —58.59 0.101 -61.77 0.290
Capacitor B —57.20 0.065 —57.21 0.084 —56.85 0.085 —57.40 0.256
QCM —47.49 0.020 —50.39 0.923 -52.75 0.387 -51.99 0.270
CaC,-GC —48.58 0.568 —49.04 0.182 —49.17 0.181 —49.23 0.946
Fibre-optic —47.93 0.100 —48.47 0.117 —48.56 0.118 —48.51 0.157
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Table 9
Number of measurements (n) for the four experiments.

Hygrometer Experiment 1 Experiment 2 Experiment 3 Experiment 4
Karl Fischer 19 33 16 18

Chilled mirror 1825

Cap A 1825 3118 1657 1736

Cap B 1825 3118 1657 1736

QCM 1825 3118 1657 1736

CaC2 847 1449 513 805

Fibre Optic 1825 3118 1657 1736

down the equilibrium processes for moisture. This probably
resulted in longer response times for the test rig when it came to
changes in frost point levels, as well as effects on the response
times of the individual hygrometers.

The Karl Fischer technique is not expected to be affected by
ethylene glycol exposure, based on information from the literature
(Bruttel and Regina, 2006; Lurvey, 1977). Therefore the technique is
preferred as a reference in these experiments.

As for other hygroscopic chemicals, the chilled mirror technique
is expected to be sensitive to ethylene glycol. When both ethylene
glycol and moisture are present in a gas, the temperatures at which
condensation or precipitation occurs do not relate to the water
concentration alone. The temperatures for phase changes will now
relate to the concentration of both moisture and ethylene glycol.
Hence the term “water dew point” or “water frost point” will not
be meaningful with such gases (Jamieson and Sikkenga, 1986). In
this work, while the moisture concentration was constant at
50 umol/mol, the chilled mirror hygrometer returned readings
at approximately —28 °C and —21 °C for 0.25 pumol/mol and
0.66 pmol/mol ethylene glycol, respectively (not shown in Fig. 3).
Calculations with the CPA model showed that these temperature
readings corresponded well with the condensation of an ethylene
glycol rich liquid phase on the mirror surface.

Itis interesting to note that two capacitor hygrometers, which are
based on the same technology, respond quite differently on ethylene
glycol exposure. The relatively small response from ethylene glycol
on Capacitor B is well within its claimed uncertainty of +2 °C. The
situation for Capacitor A is more severe, with a total shift of
approximately 3.5 °C. The dielectric constants of ethylene glycol and
water are 41.4 and 80.1 respectively (Lide, 1996), which means that
ethylene glycol is susceptible to contribute to the sensor signal if
considerable amounts of ethylene glycol are adsorbed to the porous
dielectrics of the sensor. The kinetic molecular sizes of ethylene
glycol and water are 41 nm and 26 nm respectively (Sekulic¢ et al.,
2004; ten Elshof et al., 2003). Hence the pore sizes of the sensor
structures can be decisive when it comes to amounts of adsorbed
water molecules versus ethylene glycol molecules. The total of 3.5 °C
upward shift corresponds to approximately 25 pmol/mol increase in
moisture concentration. This rather severe response is therefore

Table 10

Results from two-tailed t-tests, « = 0.01 (data from Tables 8 and 9). Adopted null
hypotheses are that calculated means from frost point readings are not different,
when comparing adjacent experiments (Experiment 1 and 2, Experiment 2 and 3,
Experiment 3 and 4). “Not different” in table means not significant different calcu-
lated means (retained null hypothesis). “Different” in table means significant dif-
ferent calculated means (rejected null hypothesis).

Hygrometer Experiment 1 and 2 Experiment 2 and 3 Experiment 3 and 4

Karl Fischer  Different Not different Not different
Cap A Different Different Different
Cap B Different Different Different
QCM Different Different Different
CaC2 Different Different Not different
Fibre Optic  Different Different Different

somewhat surprising, and not easily explained by the relatively low
ethylene glycol concentration, which is about 100 times lower than
the moisture concentration.

QCM demonstrated a distinct concentration dependent
response on ethylene glycol. The QCM hygrometer is essentially
a mass sensitive detector (Mecea, 2006). Hence, the downward drift
of the QCM observed in this work, implies that the total mass of
substance adsorbed to the hygroscopic surface of the sensor de-
creases during ethylene glycol exposure. As ethylene glycol is
a relatively polar molecule, it was expected that this compound
could adsorb to the hygroscopic layer of the sensor and eventually
lead to increased frost point readings. This behaviour has been
observed for a QCM hygrometer, at a similar frost point level, with
methanol exposure at 750 pmol/mol concentration level (Lokken,
2012b). However, it seems as if the ethylene glycol gradually pre-
vents moisture from adsorbing to the sensor, leading to a net mass
decrease of the sensor. Further investigations are needed to fully
understand the mechanism behind this behaviour.

The natural gas business utilises many chemicals, for various
reasons, during transport and processing of natural gas. The con-
centration of the chemicals in the natural gas will typically vary
from nmol/mol levels to mmol/mol levels, dependent on e.g. vol-
atility of the chemical, process conditions and pattern of use. Many
of these chemicals can have the potential to interfere with moisture
measurements through various mechanisms. In this work ethylene
glycol was investigated and found to interfere even at concentra-
tions less than 1 pmol/mol, while in an earlier work (Lokken,
2012b) methanol was found to interfere at higher pmol/mol con-
centrations. Examples of other frequently used chemicals in the
natural gas business, not included in these investigations, are tri-
ethylene glycol (TEG — state of the art dehydration chemical) and
various amine based chemicals (for removal of CO; and HjS). It is
difficult to predict, based on the results obtained for ethylene glycol
and methanol, if and how TEG and amines eventually will interfere
with moisture measurements. It is apparent, though, that it is
necessary to have some strategy for quality control, which will
make it possible to reveal significant effects from chemicals on the
moisture measurements.

5. Conclusions

Aninvestigation of several hygrometers, with respect to response
on ethylene glycol exposure, has been performed. The moisture
concentration level of the test gas was 50 pumol/mol during the ex-
periments, corresponding to a frost point of approximately —48 °C.

The QCM hygrometer responded with a downward drift of the
frost point readings, in the presence of traces of ethylene glycol
(0.25 pmol/mol and 0.66 pmol/mol, respectively). The drift
increased initially when the ethylene glycol concentration
increased, and the frost point readings from the QCM hygrometer
decreased close to 5 °C during a total of 20 days of ethylene glycol
exposure. The QCM hygrometer seemed to recover slowly from the
ethylene glycol exposure, indicated by a decreasing upward drift as
soon as the ethylene glycol exposure ended.

Both tested capacitor hygrometers responded significantly to
ethylene glycol exposure. The responses were not uniform, though,
with one performing considerably better than the other one.

The experiments also demonstrated the insufficiency of chilled
mirror techniques for interpreting water frost points or water dew
points, with subsequent moisture concentration calculation, in the
presence of ethylene glycol, even at trace amounts. This made the
chilled mirror technique totally unsuitable for reference measure-
ments after the introduction of ethylene glycol to the test gas.

The fibre-optic sensor hygrometer and the CaC,-GC hygrometer
showed minor response for ethylene glycol.
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In general the results from this work demonstrate the need for
careful evaluation of individual moisture monitoring applications,
before choosing a hygrometer. This evaluation should be made with
special attention to the presence of polar chemicals. A well-
considered strategy for quality control of the moisture monitor-
ing, regardless of the chosen hygrometer, is of utmost importance,
to establish a moisture monitoring system with high accuracy.
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Nomenclature

Abbreviations

CaC,-GC  hygrometer based on a calcium carbide reactor and gas
chromatographic analysis

CPA Cubic-Plus-Association, an equation of state

TD-GC/MS thermal desorption combined with gas
chromatographic separation and mass spectrometric

detection

m/z molecular mass to charge ratio of an ion, a term used in
mass spectrometry

NIST National Institute of Standards and Technology

NPL National Physical Laboratory

UKAS United Kingdom Accreditation Service

QCM quartz crystal microbalance

List of symbols

« significance level

Cw concentration (pmol/mol)

ei(Tx) saturation pressure (hectopascal)
n number of measurements

Tc temperature (°C)

Tk temperature (K)
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1 ABSTRACT

Knowledge related to precipitation and transport of water, ice, hydrate or an aqueous phase in
pipelines and process equipment are of great importance to the natural gas industry. Such
phase behaviour can e.g. lead to blockages or corrosion of equipment, and need to be kept
under control from well to the end consumer. This work covers four of the most important topics
related to water dew point control in natural gas.

e Methods for water dew point control (dehydration and analysis) and general phase
behaviour of natural gas with water and other trace components (e.g. glycols)

e Operational challenges related to water and trace components in natural gas seen from
a gas producers point of view

¢ New experimental data for water content in natural gas in stable equilibrium with liquid
water, ice and natural gas hydrate

e Evaluation of existing methods and presentation of an accurate thermodynamic model
for calculation of equilibrium water vapour concentration and dew point of natural gas

The equilibrium water content in methane and a natural gas has been measured in the
temperature range -20 to 20°C and pressures up to 150 bar. The experimental data is
presented as the water content in equilibrium with the most stable phase (water, ice or hydrate)
at the experimental temperature and pressure.

A review of published methods (graphical-, empirical- and thermodynamic models) for the
calculation of equilibrium water content in natural gas is presented. The model suggested and
used in this work is based on the Cubic Plus Association Equation of State (CPA-EoS) combined
with thermodynamic models for the ice and gas hydrate phase. This model is shown to give
excellent result, both for the calculation of equilibrium water content of natural gas, water dew
point-, natural gas hydrate- and ice precipitation temperature as well as the aqueous dew
points. The model is compared to the ISO 18453 developed for water dew point calculation of
natural gas, and shown to be superior when it comes to extrapolation of pressure, temperature
and gas composition. An accurate chart for graphical reading of water content of a sweet
natural gas is presented. The method and data presented in this paper can be used in design of
water removal processes.

This paper present phase behaviour of natural gas with focus on saturation points and phase
behaviour for water and selected trace components. The phase behaviour will be related to the
various water removal processes used for dew point control of natural gas. The paper describes
why various water related saturation points have to be considered in design and operation of
gas production and transport systems. Experience related to the precipitation of water, hydrate,
ice or an aqueous phase in process equipment and pipelines are presented. This work presents
and discusses experiences from selected gas processing plants in operation where precipitation
of water, ice- or hydrate has created operational disturbances. The experience from these
situations is compared to the results from the experimental and modelling work.
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2 INTRODUCTION

Natural gas always contains water in varying amounts dependent on upstream conditions. This
water is naturally present in the gas, originating from the reservoir. Alternative sources can be
water saturation in various gas processing operations (e.g. acid gas removal). Water in natural
gas can create problems during transportation and processing, of which the most severe is the
formation of gas hydrates or ice which may block pipelines, process equipment and instruments.
Corrosion of materials in contact with natural gas and condensed water is also a common
problem in the oil and gas industry.

Natural gas reservoir temperature and pressure conditions are typically in the range 100 to
1000 bar and from 50 to 200°C. Pipeline operating conditions are usually at pressures up to 250
bar and in the temperature range —20 to 50°C. Temperatures during LNG processing can
typically be as low as -180°C. Accurate measurements and calculations of the maximum water
vapour concentration in natural gas at all these conditions are of great importance to the
natural gas industry.

Accurate experimental data and methods for calculating the water vapour concentration in
natural gas in equilibrium with condensed water, an aqueous phase, ice or hydrate are
necessary in various situations. Such knowledge is the basis for the requirements of a drying
process, or as a tool for trouble shooting in real process plants. This paper will present new data
and modelling of the equilibrium concentration of water vapour in high pressure natural gas,
and relate it to experience from disturbances observed in some of our gas processing plants.
The water vapour concentration and dew point specifications of pipeline gas and LNG will be
evaluated and the need for accuracy of equipment for online water content analysis will be
discussed.

2.1 Dehydration of natural gas

Three of the most common methods for dehydration of natural gas are physical absorption
using glycols, adsorption on solids (e.g. molecular sieve/silica gel) and condensation by a
combination of cooling and chemical injection (ethylene glycol/methanol). Triethylene glycol
(TEG) dehydration is the most frequent method used to meet pipeline sales specifications.
Adsorption processes are used to obtain very low water vapour concentration (0.1 ppm or less)
required in low temperature processing such as deep NGL extraction and LNG plants. Some
relatively new processes for dehydration involve applying isentropic cooling and separation
using high centrifugal forces in supersonic gas flow [1]. To estimate the limits of such
techniques it is important to have models that can calculate water vapour concentration in
equilibrium with hydrate, ice and water in natural gas at operational temperature and pressure.

A distinct difference between the chemical based (e.g. glycol absorption) and the non-chemical
based (e.g. adsorption) dehydration techniques is that the chemical based techniques will
saturate the gas with chemicals at operational conditions. Both techniques can in principle
remove almost all the water from the gas, but the phase behaviour of the natural gas leaving
the processes will be different. Even though chemicals used for absorption in general will have
low vapour pressure and relatively small amounts will condense per cubic meter gas, the effect
of condensation has to be considered in design of pipelines and process equipment. In the
following list, we have given some definitions of water related dew points that will be used
throughout this paper.

Definitions:

Water dew point temperature — The highest temperature, at a specified pressure, where water
spontaneously can condense from the natural gas

© Copyright © 2008 IGRC2008
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Aqueous dew point temperature - The highest temperature, at a specified pressure, where a
solution of water and trace chemicals (e.g. monoethylene- and triethylene glycol) can
spontaneously condense from the natural gas

Frost point temperature - The highest temperature, at a specified pressure, where ice can
spontaneously precipitate from natural gas

Hydrate point temperature - The highest temperature, at a specified pressure, where natural
gas hydrate can spontaneously form in a gas mixture

Maximum water precipitation temperature - The highest temperature, at a specified pressure,
where water can spontaneously precipitate in any form (liquid water, aqueous solution, ice or
hydrate) in a gas mixture

Glycol freezing point — The highest temperature, at specified pressure, where solid glycol can
spontaneously precipitate

2.1.1 Phase behaviour of dehydrated natural gas

Adsorption of water on solid surfaces such as molecular sieves and silica gel are commonly used
to remove water in natural gas to very low levels. Such solid adsorbent based processes can
also be designed to remove traces of chemicals such as TEG and MEG from the natural gas. In
the treated natural gas the content of chemicals will normally be too low to influence the
precipitation of water. For such a case water will precipitate directly as liquid water (with
insignificant traces of chemicals), ice or natural gas hydrate. Dependent on temperature,
pressure and water vapour concentration, the maximum water precipitation temperature will
correspond either to the water dew point, the frost point or the hydrate point. In a conservative
design the specification of water vapour concentration should be based on this maximum
precipitation temperature, and not the traditional water dew point temperature. Accurate
conversion between water vapour concentration and precipitation temperature is therefore
crucial.

In Figure 1 the typical phase behaviour of a natural gas is illustrated, where water has been
removed in an adsorption process. The water content in the gas is 40 ppm(mole) and does not
have any traces of chemicals. For this gas the hydrate saturation line appears at higher
temperatures than the equivalent lines for ice and sub cooled water. In a cooling process
though, ice and liquid water (sub cooled) can be formed before hydrates because of the relative
slow kinetics of hydrate formation. It is often discussed if hydrates can form directly from the
gas phase. Even though the process is expected to be kinetically slow, direct hydrate formation
can occur from a thermodynamic point of view. In this work we have not looked into proving if
this can happen, but in design we would generally use the highest temperature where water, ice
or hydrate can precipitate, i.e. the maximum water precipitation temperature.

As we can see from Figure 1, natural gas hydrate will generally be the first thermodynamically
stable phase that can precipitate in the whole pressure range. If the water content in the gas is
higher, we can have pressure regions where water or ice can precipitate at higher temperature
than gas hydrate.

Sufficient dehydration is commonly achieved by contacting the natural gas with a triethylene
glycol (TEG) solution at high pressure and relatively low temperature (typically 50-100 bar and
20-40°C). The treated natural gas from a TEG contactor will be at its aqueous dew point
downstream the glycol absorber; hence it is saturated with TEG and water. It is a good
approximation that the treated gas is in thermodynamic equilibrium with the lean TEG. A typical
lean TEG composition is 99wt% TEG and 1wt% water. If the treated gas temperature decreases,
a solution of water and TEG will start to condense from the natural gas. At absorber operating
pressure, the first droplet that is formed will have the same composition as the lean TEG. The
aqueous dew point at glycol absorber operation pressure is therefore equal to the temperature
of the gas leaving the absorber. TEG will work as a hydrate inhibitor in the condensed phase.

© Copyright © 2008 IGRC2008
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Because water has a much higher vapour pressure than TEG, water will dilute the TEG in the
condensed phase when the temperature is reduced below the aqueous dew point. If the
temperature is further reduced below the aqueous dew point, the TEG in the aqueous phase will
be diluted with water, and the aqueous phase approaches its hydrate, frost or TEG freezing
point.

100 ﬁ
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=== ater dew point
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Figure 1: Phase behaviour of natural gas with traces of water (40 ppm(mole)), NG
composition (mole): 85 % C1, 10 % C2, 4 % C3, 0.5 % nC4, 0.5 % iC4

In Figure 2 the phase behaviour of a gas with 85mol% methane and hydrocarbons up to nC4
with traces of water (40 ppm) and TEG (0.5 ppm) is illustrated. The thermodynamic model
developed in this work and described in the coming chapters has been used to generate the
saturation lines in the figure. In making the figure, absorber operating conditions of 80 bar and
30°C have been assumed. As can be seen, the aqueous dew point line crosses this operational
condition at 80 bar and 30°C. It is important to note that entrainment of TEG (droplets or
aerosol) is neglected in making this figure. The calculated frost point and hydrate point is
influenced by the inhibiting effect of TEG in the aqueous film. TEG freezes at about -6 °C at
pressures up to 80 bar (the freezing point of pure TEG is -6°C at atmospheric conditions). At
higher pressure the TEG freezing point is reduced due to water dilution of the aqueous TEG
phase. The various calculated saturation lines after dehydration with TEG are shown in Figure 2.
The aqueous dew point line will generally show a different curvature than traditional water dew
point lines (Figure 1). The reason for the curvature of the aqueous dew point line is that the
solubility of vapour TEG in the gas phase increases with increased pressure (for pressures
higher than about 20 bar). The equilibrium water vapour concentration in natural gas generally
decreases when the pressure increases. As seen from Figure 1, condensation of water can be
avoided by reducing the pressure at constant temperature. This is not necessarily the case for
the aqueous dew point. Depending on the operating point, decreased pressure might lead to
condensation of an aqueous phase.
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Figure 2: Phase behaviour of natural gas with traces of water (40 ppm(mole)) and
TEG (0.5 ppm(mole)), NG composition (mole): 85 % C1, 10 % C2, 4 % C3, 0.5 % nC4,
0.5 % iC4

Dependent on upstream conditions, aqueous, water, ice, hydrate and solid TEG precipitation can
be of importance in design and daily operations. Even though the water dew point temperature
specification used in natural transport and sales agreement (typically -8°C at 70 bar) can be
under control, caution must always be taken to evaluate the effect of precipitation of all possible
condensed and solid phases.

2.2 Analysis of water in natural gas

Even though analyses of trace amounts of water vapour in different gases have been performed
for more than 50 years, this still is one of the most demanding trace gas analyses. One reason
for this is the high polarity of water, making it extremely adsorptive. Consequently surfaces
regarded as dry is usually coated with a thin film of moisture [2]. Also the fact that water is
omnipresent makes trace analysis a challenge, with the potential for background signals from
the surroundings. High pressure natural gas often with traces of production chemicals and
condensable hydrocarbons add another level of analytical challenge.

Many different techniques exist for quantitative determination of low levels of water vapour in
gases. Descriptions of these techniques and their advantages and disadvantages are
documented by several authors [3], [4], [5]. The most common water vapour measuring
devices used in the oil and natural gas industry are capacitor sensors (aluminium oxide or
silicium oxide based), piezoelectric sensors or chilled mirror apparatus. Capacitor based water
dew point determination is still by far the most used technique in StatoilHydro when it comes to
online analysers.

The amount of water vapour in natural gas has traditionally been referred to as a dew point or

frost point temperature. Moreover the term dew point is often used as a general term, without
distinguishing between dew point and frost point. When using the chilled mirror technique this
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dew point or frost point is directly read from the instrument as the mirror temperature when the
first trace of condensed water or ice is observed. Capacitor based water dew point sensors do
not directly measure the water dew point or frost point, they are generally calibrated against
chilled mirror devices at atmospheric pressures. As a consequence these sensors are set up to
return a dew point (>0°C) or frost point (<0°C) when used Table 1: Typical specification for
water in natural gas productsby the oil and gas industry. Piezoelectric devices on the other hand
are generally calibrated against known water vapour concentration (usually ppm-mole). Hence
the water vapour concentration returned from piezoelectric devices has to be converted to a
dew point or frost point temperature to be compared to dew point specifications or
measurements from capacitor based sensors, or vice versa.

In recent years StatoilHydro has tested several of the available techniques [8]. In Figure 3
results from tests of various techniques for water vapour determination are presented. The tests
were performed by analysing the water vapour concentration in nitrogen in identical streams
generated and humidified in laboratory facilities. As can be seen, the readings from different
techniques can show relatively large individual deviation, even for such a simple system. Some
techniques also show a tendency to drift with time. This illustrates that accurate water vapour
determination is nontrivial and much care have to be put into the analysis system to obtain
stable and reliable results.
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Figure 3: Water vapour determination in nitrogen by various techniques

In Figure 4 the results from a similar laboratory experiment are shown. In this case small
concentrations of gaseous ethylene glycol (MEG) are added to the humidified nitrogen during
the experiment. The results clearly demonstrate that small amounts of certain production
chemicals can affect the humidity determination and that the effect is dependent on the chosen
humidity technology.

© Copyright © 2008 IGRC2008



Page 10 of 43

80 -
o (U] o O Technique 1
I'IEJ g g Technique 2
70 - £ I3 g Technique 3
s )
& 2 Technique 4
_ 60 g 3 e Technique 5
2 =] S
o g @
£ 50 ﬂé ° 8 6 %o 9 e g8
£
Qo
£ 40
2
]
= 30
£
>
I
20 +
10 - o — PP {
o T T T T T T T T T T T T T
o [ © < N o © © < N o [-] © < N (= =] o
[ N~ N N~ N N~ - © - © - 0 o n o n [<2] <
o 0 o o o o - - N N o~ o~ < < n n n ©
-~ -~ - -~ -~ -~ -~ -~ - - -~ -~ -~ -
Time (h)

Figure 4: Water vapour determination in nitrogen by various techniques, with low
concentrations of gaseous ethylene glycol added

When considering techniques for water analysis in natural gas it is important to carefully
evaluate the applicability of the techniques with various important considerations in mind;
accuracy, speed of response, tendency to drift, influence of traces of production chemicals,
sampling system, need for maintenance and calibration. Inadequate water vapour analysis
systems can lead to situations where hydrate formation can occur, even if the online analyser
indicates acceptable water vapour levels.

3 EXPERIENCE FROM OPERATION RELATED TO WATER
PRECIPITATION AND DEW POINT CONTROL

Control of water in natural gas is of high importance in natural gas production. The natural gas
is generally saturated with water at reservoir conditions. The temperatures in the gas reservoirs
can be very high, and temperatures up to about 1000°C are experienced in the Norwegian Sea
in high pressure and high temperature (HPHT) reservoirs. Under such conditions the water
vapour concentration of natural gas can be >1 mole% in the reservoir and it need to be reduced
to typically 1-50 ppm(mole) to fulfil processing or transport specification. Water condensation,
ice and hydrate formation are of the most common problems observed in natural gas production
systems. Important control mechanisms for preventing blockages due to water in gas are:
Inhibition of the well stream using antifreeze chemicals (e.g. MEG) and dehydration of the gas
by absorption/adsorption. Finally operational control is obtained by online monitoring/analysis of
water vapour concentration in the natural gas as described in the previous chapter.

Gas processing plants will from time to time experience blockages due to freezing in process
equipment. The reason for the incidents can be many, but from our experience one or more of
the situations in the bullet list below are often seen when unexpected blockages and water

condensation have occurred.

e Insufficient drying of processing equipment and pipes before process start-up
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e Malfunctioning online water dew point analyser fails to indicate correct water content or
fast changes in water content

e Hydrate inhibition system fails (insufficient or no hydrate inhibition)

e Regenerated TEG does not have good enough quality to meet dew point specification

e Adsorption process has been polluted by production chemicals and does not work
properly

e Water saturated gas is re-circulated to cold parts of the process

e Water dew point specification is not sufficient for specific parts of the process

¢ An unwanted aqueous phase is formed even if the gas is far from the water dew point

In the sections below we have selected a few processes where we have experienced operational
trouble, condensation or blockages due water in gas. We have tried to discuss the root cause
and the preventional work done.

3.1 Ice/hydrate formation and blockages in process related to low temperature propane
storage

In Norway, mountain caverns are used for effective storage of large volumes of propane. In
such caverns the propane is stored at a pressure slightly higher than atmospheric and at the
boiling point temperature of propane (around -40°C). The propane will be in direct contact with
the rock walls in the cavern, and because of humidity in the rock, an ice cap will build up on the
walls. This ice cap will work as a thermal insulation between the propane product and the
mountain, but some heat input will always lead to vaporization of propane. To prevent pressure
increase in the cavern, the propane boil off gas is relieved and re-circulated to the cavern via a
refrigeration and condensation loop. Due to the ice cap on the rock walls, the propane boil-off
gas will be saturated with water at cavern temperature and pressure. The propane boil off gas is
mixed with the incoming propane product from the process plant. When this propane product is
cooled and condensed there is a high risk that water will precipitate in some form. Blockages
due to such precipitation have been experienced at a regular basis in propane storage caverns
in Norway. The precipitated ice and hydrate have a tendency to block valves and filters in the
propane cooling loop. The blockages normally occur in the coldest part of the cooling loop where
the propane has been condensed and the temperature is around -40°C.

The problem of precipitation of ice and hydrate in low temperature propane can be solved by a
number of methods. The most obvious methods would be to remove the water (by e.g.
adsorption) from either the full propane stream or from the cavern boil-off gas. Continuous
inhibition with methanol or alternatively irregular injection of methanol when blockages start to
occur is an alternative problem solutions. These options will have various pros and cons when it
comes to cost and operational challenges. Continuous methanol injection is a relatively easy
solution, but due to strict specifications for methanol in the propane product, the solution has a
high probability of giving an off-spec product. In Figure 5 the results from experimental vapour-
liquid-solid (VLS) data from literature and from the laboratory at StatoilHydro Research centre
are presented [9]. The figure shows equilibrium methanol concentration in the propane plotted
against methanol concentration in the aqueous phase. The figure illustrates that a methanol
concentration of about 320 ppm in the propane is needed to enable effective continuous
inhibition at -40°C (25 mole% methanol in aqueous phase). Such a high methanol content will
in general be unacceptable in the propane product.

Discontinuous methanol injection has proven to be effective to dissolve the solid ice and hydrate

to prevent blockage of valves and piping in the cooling loop. By locally injecting high amounts
(>300 ppm) of methanol, the ice and hydrate will dissolve, and blockages are removed.
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The CPA-EoS model as presented in this work has been useful for estimating the propane-
methanol-water vapour-liquid-solid (VLS) phase behaviour. As can be seen in Figure 5, the
predictions with the CPA-EoS corresponds well with the experimental data, and shows that the
model is well suited for analysis and trouble shooting of such systems.
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Figure 5: Experimental and modelling results of phase behaviour of propane-
methanol-water

3.2 Solid precipitation in cryogenic process equipment

The potential for water precipitation is highest in the low temperature parts of the process. Such
low temperature parts are typically in the upper sections of distillation columns such as the de-
methanizer or de-ethanizer. It can also be in cryogenic heat exchangers or during expansion
through valves or turbines. In many of these processes the water content of the natural gas
need to be kept very low to prevent solid precipitation. Even short process upsets in the
dehydrating processes can lead to blockages and capacity reduction of such equipment.
Precipitation of ice or hydrate is often seen as a steadily decreased capacity of the equipment.
Blockages are normally handled by injecting methanol as antifreeze. In some situations a full
process shutdown is necessary followed by depressurization and drying of the equipment. Safe
and stable operation of water removal processes in combination with accurate and responsive
online water analysis is the key for preventing blockages due to water in such cryogenic
systems.

In low temperature process equipment we from time to time experience precipitation of solid
glycol (TEG and MEG) [10]. It is important to keep in mind that pure glycols form
thermodynamic stable solids at relatively high temperatures. Precipitation of solid glycols
typically occurs in low temperature equipment handling natural gas saturated with glycol. This
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can typically be the case for cryogenic equipment installed downstream of TEG contractors. This
type of phase behaviour was illustrated in Figure 2.

Accurate modelling of water, ice, hydrate and solid glycol precipitation is essential for stable
operation and trouble shooting of cryogenic equipment. Precipitation and blockages due to
precipitation of components naturally present in the gas (e.g. CO,, benzene) can also occur in
cryogenic equipment, and is important to control both in design and operation.

3.3 Challenges related to water dew point analysis

The oil and natural gas industry experiences several challenges connected to water dew point or
water vapour concentration analysis:

e Choice of sampling points

e Adequate sampling systems

e Choice of technology and supplier of equipment

e Quality control of the online equipment for water dew point measurements

e Quality control of portable equipment for water dew point measurements

e Calibration routines of equipment for water dew point measurements

e Conversion between dew point or frost point and water vapour concentration (ppm-
mole) at high pressures.

e Varying concentrations of production (eg. MEG, TEG and methanol) chemicals in the
natural gas

The choice of sampling point is very important, as dew point analysis is easier on a single
natural gas phase, free of contaminants such as dust and production chemicals and free of
liquid droplets. Dew point measurements close to the gas outlet of glycol contactors are
therefore very demanding as this gas will be saturated with glycol and water which can easily
condense. At some sites more or less carry-over of liquid glycol from the glycol contactor also
will happen with some frequency, giving the sampling systems and analytical instrumentation
even worse conditions to work under. Sample points downstream a compressor stage is
experienced to always give easier dew point control.

The sampling systems must always be given high attention. It will seldom be helpful to change
measurement technique or supplier of technology if the sampling system is inadequate. We
have seen examples of lack of communication and understanding between StatoilHydro, the
suppliers of the sampling system and the supplier of dew point analyser. This can often result in
a situation with disagreements about the cause of suspect dew point analysis. The situation
usually ends up with modifications of sampling system before the measuring technique can be
evaluated and reliable dew point control can be gained.

Capacitor based humidity determination is widely spread in the oil and natural gas industry. Our
experience is that the suggested quality control and calibration routines from most suppliers of
these devices are inadequate. This can explain why users often find parallel capacitor sensors,
or sensors on parallel gas trains, returning very different levels of dew point readings (10-20°C
deviations can often be found).

3.4 Aqueous film condensation in gas transport pipelines

On the Norwegian continental shelf a common way to produce gas is to partly process the gas
offshore and transport it to shore for full gas processing. The gas is normally dried in an
offshore absorption processing using TEG, and transported to shore in rich gas pipelines
(transportation in the hydrocarbon dense phase region above cricondenbar pressure). The partly
treated gas from the offshore installation is saturated with TEG at process conditions (at

© Copyright © 2008 IGRC2008



Page 14 of 43

aqueous dew point). When the temperature and pressure drops in the sub sea pipeline to shore,
a liquid film of TEG and water will form. The water content of this film has to be controlled and
kept low to keep the corrosion potential in the pipe low. In long distance pipelines (>100 km)
flow instabilities with slugs of TEG/water must also be considered and receiving facilities on
shore have to be installed (gas scrubbers/filters/slug catchers). Liquid glycol is known to
influence the efficiency of down stream gas processing equipment such as H,S-adsorption and
mercury adsorption processes. Glycol coating can result in a considerable reduced life time of
the adsorption mass.

It is important to control the amount and composition of the aqueous phase in the pipeline as
good as possible. Phase behaviour of natural gas, glycol and water solutions is however
challenging to model due to the highly non-ideal system. Much work has been done in our
laboratories to obtain experimental data and develop accurate models for such systems [11].

3.5 Water content specifications of natural gas

A number of different water dew point specifications exist for natural gas. The water dew point
specification is specified in sales gas contracts or given by requirements for transport,
processing or storage. The water dew point specification for gas transported through pipelines
to Europe is typically -8°C at 70 bar (EASEE-gas specification [12]). For LNG production the
water specification needs to be more stringent, and a specification of <0.1 ppm(mole) water in
the gas is normally used. Due to the low solubility of water in hydrocarbon liquids, the water
specification for LPG products need to be low. Table 1 summarizes typical water specification
used for natural gas products.

Table 1: Typical specification for water in natural gas products
Natural gas type | Water dew point/content specification
Pipeline sales gas | -8°C at 70 bar

LNG 0.1 ppm(mole)
Propane No free
LPG No free

As can be seen, specifications are given both as a dew point at a given pressure and as water
vapour concentration. Accurate tools are necessary for converting between the various
specifications. Online dew point analysers are normally calibrated to report ppm(mole) of water
in natural gas.

4 LITERATURE REVIEW

Experimental and modelling work related to equilibrium water content in natural gas have had
high focus both in industry and academia for a long time. This chapter gives a short description
of the most popular methods used for calculation water content of natural gases. A brief review
of previously published experimental data for equilibrium water content of methane and natural
gas will also be presented. In chapter 7 results from some of the most widely used estimation
methods will be compared to experimental data.

4.1 Methods for calculation of water content and water dew point of natural gas

A large number of methods have been developed for the estimation of water content and water
dew point of natural gas. Only a few of them will be examined here. The methods range from
simple methods such as generalized charts for direct reading of water content to advanced
numerical demanding thermodynamic models (e.g. modern models based on equations of
state). We can say that the simple methods will have a limited range of validity when it comes
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to gas compositions, pressure- and temperature range. The more advanced models will
generally be more accurate and be applicable for a larger span of variables such as gas
composition, pressure and temperature.

In this work we differentiate between three types of phase behaviour: vapour-liquid (water and
aqueous dew point), vapour-ice (frost-point) and vapour-hydrate (hydrate formation
comprising two possible hydrate structures). Most of the simple methods based on charts and
empirical correlations are only developed to predict the water dew point, and will not be able to
predict hydrate precipitation, ice or the aqueous dew point. Some of the more recently
developed models based on fundamental thermodynamics (e.g. CPA-EoS), are developed to
predict all mentioned dew points.

4.1.1 Methods based on generalized charts.

The estimation of water content of natural gas based on reading from charts is a common
method to use. The charts are generally based on experimental data or thermodynamic models.
Normally the water content is plotted on a semi logarithmic scale against the dew point
temperature in form of isobaric lines. A large number of such diagrams have been made and
published in reference literature in gas processing. The diagrams that are most used in the gas
industry are the diagrams from MacCarthy et al. [13] and McKetta and Wehe [14]. These
diagrams are based on experimental data measured in the 1940th century [15], [16].

One of the limitations in accuracy of using these methods is that water content of natural
gasses is generally dependent on the gas composition, and such composition dependency can in
general not easily be implemented in chart based methods. The compositional dependency is
normally handled by developing chart for various types of gas mixtures (e.g. sweet gas and
sour gas). Another limitation of such methods is that it can not be used to estimate hydrate, ice
or the aqueous dew point. The area in the charts where the most stable phase is ice or natural
gas hydrate is normally plotted with dotted lines indicating equilibrium water content with meta-
stable liquid water. Acid gas components such as CO2 and H2S can have a large influence of
water solubility in the gas phase, and generalized charts for such gas mixtures are difficult to
develop.

For the chart based method of McKetta and Wehe a correction factor that is a function of
relative gas density can be applied to correct for deviations in gas composition [14]. Correction
factors for taking in to account the effect of salinity of water have also been presented in this
publication. Use of these correction factors is expected to improve the results of the method,
but will in general be too simple to expect accurate results.

Even though there are many weaknesses in chart based methods for estimating water content
of natural gasses, because of the simplicity of this method, these methods must be expected to
be used by the gas industry also in the future. When using such methods it is important to have
in mind the weaknesses of the methods, and always look for charts developed for gases with
similar compositions.

4.1.2 Methods based on empirical models

Various simple empirical models have been developed for the calculation of water content of
natural gas. The simplest models are based on functions fitted to the experimental data for the
vapour pressure of pure water. In an ideal gas the water content will be directly given by the
vapour pressure of water and the total pressure. However such models will generally be invalid
for pressures higher than typically 10 bar. The maximum pressure will depend on how ideal the
gas mixture behaves. For gases with high solubility in water (e.g. gases with high CO, or H,S
content), the ideal method is not valid even at low pressures.

Some empirical models correct for the non-ideality of the gas by fitting the model to high
pressure experimental data. Such models can give reasonable results at higher pressures, but
will in general be limited to gases with similar composition as what was as experimental basis. A
popular empirical correlation used in the natural gas industry was developed by Bukacek [17].
This method is published as a standard for defining the relation between water content and
water dew point of natural gas (ASTM D1142-95) [36]. The equation is on the form
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W:%+B Eq. 1

Where W is the water content, P is the total pressure, A is a constant proportional to the vapour
pressure of water and B is a constant depending on temperature and gas composition. The
effect of gas composition is indirect corrected for by multiplying the B factor with a term
dependent on gas gravity. The B factor has also been estimated based on experimental data for
water content in sweet natural gas mixtures and values for the constant are tabulated in the
original publication [17].

The accuracy of the Bukacek [17] correlation has been questioned in various publications [19].
One comment is that the model is based on bad experimental data (water content in equilibrium
with meta-stable liquid water was measured instead of ice or hydrate). Bukacek’s method is
fitted to water content in natural gas in equilibrium with liquid water. The method can thus not
be expected to be able to estimate water content in equilibrium with hydrate or ice.

In a resent publication [20], an empirical method for calculating the water content of gas in
equilibrium with ice and hydrate (and hence hydrate and frost point) has been suggested.

The simple empirical models can not be expected to be as accurate as more advanced
thermodynamic models. Extrapolation in gas composition, temperature and pressure must be
done with caution. Due to their simplicity and low numerical requirements, such methods are
widely used in the industry. Many of the online water dew point analysers use these empirical
correlations to estimate water dew point based on water content analysis.

4.1.3 Methods based on equations of state

Thermodynamic models based on equations of state (EoS) for calculating water dew point and
water content of natural gas can be relatively complex and computers have to be utilized in
doing efficient calculations. However many of the developed models have been shown to give
accurate predictions of water dew point for a large number of gas compositions and total
pressures. Some of the popular classic equations of state, like the SRK- and PR-EoS often used
in the oil and gas industry, have traditionally had problems in handling polar components like
water. The traditional way of fixing this limitation of modelling polar components correctly has
been to use a modified attractive term in the equation of state to reproduce the vapour pressure
of polar components more accurately [42]. Still we have seen a limitation of such models in that
the density of the liquid phase was predicted badly and that relatively large and binary
interaction parameters between water and hydrocarbons had to be used. Scientific development
of equations of state during the last decades [35] has more or less removed this limitation by
adding explicit terms for modelling the effect of the hydrogen bonding between polar
components.

Most modern equations of state are developed by fitting parameters (e.g. binary interaction
parameters) to experimental data for both pure components and mixtures [21]. This is the case
for the equation of state used in ISO 18453 [34] which has been developed for converting
between water content and water dew point of natural gas. Some of the more recent models
have been show to be able to predict mixture properties based on knowledge of only pure
component properties. In a recent work [22] it was demonstrated that such a predictive model
could be applied for the calculation of the water content of natural gas mixtures with high
accuracy. The model was also developed to predict hydrate and ice precipitation from natural
gas, and is also suited to estimate the aqueous dew point in gases with traces of production
chemicals. This model is normally referred to as the CPA-EoS [35] and is described in more
detail in the coming chapters.

The advantages of methods based on fundamental thermodynamic models are that they are
expected to cover a larger range of gas compositions, temperatures and pressures. The models
used in this work are based on equation of states, and the details of the models are presented
in chapter 5. The thermodynamic models can easily be extended to handle undefined
components such as oil fractions and has also been shown to be readily extendable to handle
electrolyte mixtures (salts).
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4.2 Published data for water content and water dew point of methane and natural gas
mixtures

Methane is the primary component of natural gas, and is hence the most important component
to obtain accurate experimental data. Accurate mathematical models and experimental data for
water in methane is a prerequisite for the study of natural gas mixtures. We have therefore
focused the literature data collection on finding equilibrium data for water in methane.

A relatively large number of laboratories have published experimental data for equilibrium water
vapour concentration in methane. Less experimental data exists for water content of real
natural gases. Experimental measurement of water content of methane and natural gas is
difficult for a number of reasons:

e Water is generally present in the gas in very low concentrations (ppm level) and
analysis is challenging

e Water tend to adsorb to solid surfaces in sampling systems

e Water can be in equilibrium with natural gas in various forms; liquid, ice and hydrate. It
is generally difficult to specify exactly what phase we have in the experimental
equipment

e The kinetics of ice and hydrate formation can be slow, and it can take long time to
obtain stable equilibrium

A lot of published data in the open literature is expected to be error prone due to one or more of
the reasons from the list above. As can be understood, experimental data related to water
content in gases are often associated with errors, as an inspection of data sets measured at
same temperature and pressure conditions indicates. Therefore we have earlier systematically
evaluated the available experimental data [1].

Table 2 provides a summary of the experimental data sets published in the literature for water
in methane. There exist several sets of experimental data for water in methane, and the
measurements have been done in a number of different types of experimental equipments. Data
for the equilibrium water content of gases are generally reported without the corresponding
value of gas solubility in the liquid, and vice versa. All data considered here are gas phase data.
Table 2 includes probably all available data published in the open literature for the binary
water-methane system. The experimental data has been compared to predictions with the
models used in this work (GERG-water and CPA-EoS as will be presented in chapter 5). We have
classified the data according to the type of the precipitated phase that is in equilibrium with the
vapour phase: liquid water, ice or hydrate. Since the type of the precipitated phase is generally
not reported in the literature sources, we have used experimental temperature and pressure
conditions to predict what the thermodynamically stable phase is. The phase with the highest
calculated precipitation temperature is considered to be stable, and also assumed to be present
during experiments. The experimental points have been classified based on this technique, and
compared to prediction with the CPA-EoS. The GERG-water EoS does not distinguish between
the natures of the precipitated phases (liquid, ice or hydrate), and we therefore report only one
value for the deviation and bias using GERG-water EoS.

We have chosen to report deviation between data and model in terms of dew point temperature,
i.e. the difference between the calculated temperature and the experimental temperature for
the experimental water content at the experimental pressure. This gives a better overview for
the deviation than using water content which varies over several orders of magnitude. It should
be pointed out that 1°C deviation corresponds to around 5-8% change in water content above
0°C and to about 10-11% below. For the experimental data presented in this work, the
maximum 5% difference between the largest and smallest value of water content for each of
three analyses would then correspond to a variation within each reported value of around 0.3°C
below 0°C and around 0.4°C above 0°C.

The deviations between calculated and experimental data reported in Table 2 are reported using
absolute average deviation (AAD) and bias (BIAS) calculated as,

i=NP

T;’,calcu/ated - T;',experiment

AAD == Eq. 2
NP
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i=NP
(Z,calculated - T;',exp eriment )
BIAS = Eq. 3
NP

where NP is the number of experimental points. The AAD indicates generally how good the
model fit to the data. The BIAS indicates if the model has a general tendency to predict to high
or too low dew point temperatures. If the AAD and BIAS has the same absolute value, different
from zero, it indicates that the model consequently predicts values either higher (positive BIAS)
or lower (negative BIAS) than the experimental values.

If several data sets show significant and similar deviations compared to a model, the data set
are probably correct and the model probable wrong. If the model describe the data sets well we
can consider the model to be fairly accurate as well.

Table 2: Summary of open literature experimental data for equilibrium water vapour
concentration in methane gas. Comparison to calculations with the CPA-EoS and the
GERG-water EoS

Reference T [°C] P [bar] CPA-EoS CPA-EoS CPA-EoS GERG-water
Liquid water Ice Hydrate EoS
min/ min/ NP AAD BIAS NP AAD BIAS NP AAD | BIAS | AAD | BIAS
max max Lw [ec] [eC] Ice [ecj] [ec] Hydrate [eC] [eC] oC] [eC]
Althaus [21] -20/20 | 5/100 15 0.4 -0.4 9 0.8 -0.8 26 0.5 | -0.3 | 0.6 0.4
Kosyakov -40/10 | 10/101 5 0.8 -0.7 2 1.3 1.0 26 05| -05]| 1.1 0.8
[18]
Aoyagi [23] -43/-3 13/103 - - - - - - 35 23 |11 3.4 1.8
Chapoy 10/45 10/351 39 0.9 0.8 - - - 7 2.2 | -1.0 | 1.9° | 0.9
[24][25]
Bogoya [26] -15/15 | 30/60 5 1.4 -1.4 - - - 9 1.8 | -1.8 | 1.0 -0.9
Folas [22] -20/20 | 15/180 8 1.5 -1.3 2 0.7 -0.1 10 1.4 | 1.0 1.5 0.7
Olds [15] 37/104 | 13/206 27 0.9 0.9 - - - - - - 0.5° | -0.2
Sharma [27] 38/71 15/144 15 1.4 1.4 - - - - - - 1.2¢ [ 0.1
Yarym-Agaev 40/65 25/125 10 1.8 1.2 - - - - - - 0.4¢ | -0.3
[28]
Yokoyama 25/50 30/80 5 0.5 0.3 - - - - - - 0.3" | -0.3
[29]
Rigby [30] 25/100 | 23/93 12 0.2 0.0 - - - - - - 0.29 | 0.2
Gillespie [31] 50/75 14/138 6 0.7 0.1 - - - - - - - -
Culberson 38 52/249 4 2.5 0.6 - - - - - - 2.9 -1.8
[32]
Mohammadi -33/3 34/103 - - - - - - 12 - - - -
[20]
This work" -20/20 | 100/150 | 2 1.9 0.9 0 - - 8 2.2 | 2.0 3.6 3.6

@ (NP=nos. of points, Lw=liquid water.

® From Chapoy 5 experimental data above 30°C and 300 bar was not included. The corrected data of
Chapoy [25] have been used for the evaluations in the table

¢ From Olds 9 experimental data at 37°C were considered.

4 From Sharma 5 experimental data at 28°C were considered.

¢ From Yarym 5 experimental points at 40°C were considered.

fFrom Yokohama 2 experimental data at 25°C were considered.

9 From Rigby 3 experimental points at 25°C were considered.

" Experimental data at 50 bar was not included, high deviations for GERG-water EoS will be discussed in
chapter 7

Table 2 is based on our work done earlier on this subject [22]. In this work the various methods
used by the authors were discussed. The various experimental equipments used can in principle
be divided as static cell experiment and continuous flow experiments. Most of the published
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experimental data are reproduced with good accuracy with both the CPA and the GERG-water
EoS. Typically the deviation between the calculated and experimental dew point is less than 1-
2°C for both models. None of the models show any general tendency to over- or under predict
the water precipitation temperature. Only a few authors report data which covers both stable
equilibrium with liquid water, ice and hydrate. In the data sets of Althaus [21], Kosyakov [22]
and Folas [22] equilibrium water vapour content have been measured with all these. The data
set of Althaus shows very low deviations (<1°C AAD and BIAS) to the models in the whole
temperature and pressure range.

The data of Althaus [21] have been evaluated as one of the most consistent datasets available
in the literature [22]. In his work continuous flow equipment was used. The experimental
equipment and techniques used in this work are similar to the one used by Althaus. The
advantage of this equipment is that equilibrium with the most thermodynamic stable phase can
be relatively easily obtained and controlled. Many of the experimental works published in the
literature does not report the form of the condensed phase. In static experiments with relatively
large volumes of water in the cell, there is a high probability that water will be a mixture of
liquid, ice and hydrate at experimental conditions.

5 THERMODYNAMIC MODELLING USING THE CPA-EOS

In the modelling part of this work we use an equation of state to predict the water content of
gases in equilibrium with liquid water, ice or hydrate. The equation of state chosen is the CPA-
EoS (Cubic-Plus-Association equation of state) [35], [36]. This model adequately describes LLE
or VLLE of water and hydrocarbon systems [37] including also the solubility of hydrocarbons in
the aqueous phase, LLE of glycol and hydrocarbon systems [38], VLE and SLE of water and
glycol systems [39][40], VLE and SLE of alcohol and water systems [40], and mixtures with
methanol or glycol as hydrate inhibitor [36] [41]. For non-associating compounds the model
simply reduces to the classical SRK-EoS. The ice and hydrate phase are modelled similar to
described in an earlier publication [22], but with a slightly modified thermodynamic model for
the hydrate phase.

The CPA-Eos will be compared to a model developed as part of a GERG project on water dew
point, which has been accepted as an ISO-standard [34] during recent years. The GERG-water
EoS model has a stated working range from -15 to 5°C and from 5 - 100 bar, with a reported
uncertainties in estimated dew points of £2°C. An extended working range, with unspecified
uncertainty, is reported to be from -50 to 40°C and 1 to 300 bar. The range of accepted
compositions is reported to cover all sales gases found in Europe (e.g. >40mol% methane,
<30mol% CO02, <1.5mol% C6+) We have earlier shown that the CPA-EoS is able to describe
equilibrium content of water in natural gas with as good or better accuracy as the GERG-water
EoS [22]. At the same time predictions in an even large pressure and temperature range have
been shown to be good with the CPA-Eo0S. An advantage of the proposed model is that it can
calculate the water dew point, the frost point and the hydrate point. For calculation of the
aqueous dew point in gasses with traces of chemicals (eg. MEG, methanol) it is also well
applicable.

There are three types of phase equilibrium that must be modelled to cover the actual
temperature and pressure range: vapour-liquid, vapour-ice and vapour-hydrate (comprising
two possible hydrate structures relevant for this work). Thus, the full model needs to describe
the fugacity of four phases. Some models extrapolate equations of state to also describe the
solid (ice, hydrate)-vapour equilibrium in an empirical way, by fitting binary interaction
parameters to experimental data. This is the case for the GERG-water model which is extended
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to solid phases by using a different function for the energy term and fitting (occasionally
temperature dependent) binary interaction parameters.

5.1 Description of the GERG-water EoS

The European gas research group GERG [33] has proposed a model to calculate the water
content of natural gas (GERG-water EoS [21]), and this model is now an ISO standard [34]. The
GERG-water EoS is a model based on the Peng-Robinson equation of state. It uses a modified
alpha function with parameters fitted to vapour pressure of liquid water and ice (different
parameters in alpha function above and below 0°C). To reproduce the compositional
dependency of water in natural gas, temperature dependent binary interaction parameters are
fitted to experimental data. The GERG-water EoS is thus a correlative technique based on
experimental data.

The GERG-water EoS model extrapolate equations of state to also describe the solid (ice,
hydrate)-vapour equilibrium in an empirical way, by fitting binary interaction coefficients to
experimental gas-hydrate and gas-ice data. One of the weaknesses of this technique will be the
erroneous prediction of the important effect of gas composition on hydrate stability.

5.2 Thermodynamic modelling be combining the CPA-Eos and an ice/hydrate model

Since solid often forms via liquid water, it is an advantage to be able to compute both the real,
stable equilibrium and the meta-stable equilibrium involving sub cooled water. In this work
separate ice and hydrate models have been combined with the predictive CPA model (having all
binary interaction parameters set to 0); in this way both the stable phase and the meta-stable
phases can be calculated. The model will also be fully predictive since no binary interaction
coefficients between water and hydrocarbons will be used. The applicability of the model to
heavier gases (such as rich gas or unprocessed reservoir fluids) is also easy, since interaction
parameters between water and heavy hydrocarbon components (or fractions) do not need to be
estimated.

5.2.1 The fugacity of vapour and liquid

The gas and liquid phases are both described using the CPA-EoS in the usual manner. Details
about CPA have been determined from pure liquid water by Kontogeorgis et al.[35]. The EoS
can also be used to calculate the gas solubility in the liquid phase, which may be of interest in
other connections.

In this work a modified alpha function based on the work of Mathias and Copeman [42] has
been used to improve the prediction of vapour pressure of sub cooled water. The CPA-EoS used

in this work was

ZCPA — ZSRK*E()S + Zamociazi(m

7 SRK _ V " a
V—b RT(V+b)

Zassuv[atinn —_ l 1+ P Oln g
2 op

Eq. 4

JZ;xi(l—X*")

where Z"* is the compressibility factor calculated from the CPA-EoS. It has contributions from

physical interaction (Z5R¥E°S) and hydrogen bonding (Zs°¢@%°") petween molecules. The
equation used for describing the influence of hydrogen bonding is dependent on the radial
distribution function (g) and the tendency of association sites on a molecule (A) to form
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hydrogen bonding (X*). The equation is further described by Kontogeorgis et al. [35]. The
modified function for the a parameter used in this work is given on a form suggested by Mathias
et. al. [42] to more accurately estimate the vapour pressure of meta-stable water at
temperatures <0°C.

a=a0[1+C1(1—\/7,,)+C2(1—\/f)2+C3(1—\/f)3}2 Eq. 5

5.2.2 Fugacity of ice
Using standard thermodynamics we write for the water fugacity in the ice phase at the pressure

P of the system where f‘ipn is the fugacity of water in the ice phase at the reference pressure

Py (1 atm) and Vyfu is the molar volume of ice (obtained by the correlation of Avlonitis [12]).

AT U

w

S

~
2V —y
~

Eq. 6

The fugacity of ice at reference conditions is calculated by setting it equal to the vapour
pressure of ice as estimated by the Antoine equation

Fin =P =expla+57) Eq. 7
Where the constants A and B are the Antoine coefficients fitted to vapour pressure of ice.

5.2.3 Fugacity of hydrate phase
The fugacity of water in the hydrate phase is estimated according to the following equation:

H EH
M, —H,
fWH :f‘wEH exp[ w W ]
RT Eq. 8

where ff w is the fugacity of water in the hypothetical empty hydrate phase, and is given by

fEH :PEH(pEH eijP VwEH dP Eq. 9
Jw w w PMEH RT

EH
The fugacity coefficient P of pure water vapour in equilibrium with the empty hydrate at its
equilibrium pressure is set to unity. The vapour pressures of hydrate structures I and II, PWEH
are calculated from the equations proposed by Sloan [43]:

EH _ 4
InP™ = A-B/T Eq. 10

The parameters A and B are given by Sloan [43] for structure I and II hydrates. The molar
EH
volumes of the empty hydrates V. (I and II) are obtained from the correlations proposed by

Avlonitis [12]. The chemical potential of the hydrate phase is obtained from the statistical model
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by Van der Waals and Platteeuw [44]. The expression for the chemical potential of the hydrate
H

/Llw iS:

wl =t +RTZV[ In| 1- Z@m[ Eq. 11

guestm

where R is the gas constant, v, the number of type i cavities per water molecule (see Sloan

[43]. Finally, the occupancy of cavity m by a component i, ©®
component Langmouir equation

Cmifm
®mi =T~ -
1+ zckifk

guestk

is calculated using the multi-

mi’

Eq. 12

where fi is the fugacity of component k in the equilibrium vapour phase obtained from an
equation of state (CPA-EO0S in this work), the summation is over all components and C,, are the
Langmuir constants. The Langmouir constants are calculated by the approach suggested by
Sloan [43] using the Kiahara parameters (¢, o, @) for guest molecules. These parameters have
been fitted to experimental hydrate equilibrium data from the open literature.

5.3 General comparison of the GERG-water EoS and the CPA-EoS for water dew point
estimation

The CPA-EoS has been developed as a general purpose equation of state where thermodynamic
of polar components and solutions have been in focus. For the CPA-EoS used in this work all
binary interaction coefficients between water and hydrocarbons were set to zero. This makes
the model purely predictive.

The GERG-water EoS as developed in the work of Althaus [21] can in principle be used for a
great variety of gas composition and in a large temperature and pressure range. ISO-18453
[34] is based on the work of Althaus. The validity range of this ISO is limited to temperature
between -15 to 5°C and pressures from 5 to 100 bar. An extended temperature and pressure
validity range with reduced accuracy is however stated in the ISO.

A summary of important characteristic differences between the GERG-water EoS and the CPA-
EoS is presented in Table 3.

Table 3: Summary of characteristics of the equations of state used in this work

GERG-water EoS CPA-EoS”
Accuracy of predicted dew point and water | Good in limited composition, | Generally
content prediction temperature and pressure range good
Number of fitted binary interaction | 2 (temperature dependent binary | 0
parameters interaction parameters)
Estimation of water content in equilibrium | No Yes
with sub cooled liquid, ice or hydrate
Estimation of aqueous dew point No Yes

*As presented in this work
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6 EXPERIMENTAL EQUIPMENT AND METHODS

In this work, the equilibrium water content of methane and real natural gas has been measured
in the temperature range -20 to 20°C and pressures from 50 to 150 bar. The experimental
equipment used in this work is similar to the equipment used in our previous publication on
experimental data on water content of natural gas [22]. For a detailed discussion about pros
and cons of the experimental equipment, the reader is referred to this work.

6.1 Experimental equipment

The experimental equipment used in this work consists of continuous flow equipment as shown
in Figure 6. Gas is connected to the rig either directly from gas bottles (synthetic gas) or by
connecting a variable volume pressure controlled sample cylinder (real natural gas).

I <>—| Dewpoint analyser

>

D
Gas C
supply F
Karl
M M H I C) Fischer
L ) Water bath I Water bath II I O
A: Gas regulator E: Coil I: Metering valve
B: Shutdown valve F: Thermo element J: Flow meter
C: Valve G: EL heated pressure regulator --- Heat tracing
D: Pressure transmitter H: Safety valve M: Moisturizer

c: Condenser

Figure 6: Flow equipment for measurements of water content of natural gas

The gas is saturated when contacted with liquid water between 20-30°C and high pressure
when flowing through a temperature controlled saturator. The saturators and condensers are
submerged in Julabo FP-45 baths able to keep the required temperature with a stability of +
0.01°C, which has been verified by a calibrated reference thermometer. The saturator and
condenser baths use a MEG-water solution as cooling and heating medium. The saturator and
condenser sections in the baths consists each of three stainless steel cylinders with a volume of
about 20 ml. A schematic sketch of the saturators and condensers is given in Figure 7.
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Humidified gas out
Gas source

Figure 7: Schematic sketch of the saturators and condensers

The two first cylinders in the saturator bath are filled with water, while the third is initially
empty and will work as an entrained droplet collector. In this way a saturated gas free of water
droplets are produced in the saturator section of the rig.

Water in the gas is thereafter condensed at a lower temperature but still at high pressure by
flowing through piping and cylinders submerged in the condenser baths. To extend the
residence time a coil is placed between 2™ and 3™ condenser. Dependent on the composition of
the natural gas, temperature and pressure, the water content of the gas from the condenser will
be in equilibrium with condensed water, ice or hydrate. The gas flows from the condensation
bath via a heated pressure regulator (GO-regulator, HPR-2 Electrical) to the water analysers,
after the gas has been depressurized. All piping from the condenser bath to the pressure
regulator is heated by a heating cable. The piping from the condensers to the analysers is made
of Siltek® tubing (Restek Corporation) to prevent effect of adsorption of water as much as
possible. All fittings and seals used in valves and pipe connections are made of stainless steel to
prevent effects of adsorption and to ensure that the response time is as fast as possible.

A chilled mirror dew point analyser from Michell Instruments (S4000 Integrale Precision) and a
Karl Fischer (KF) coulometric titrator from Metrohm (831 KF Coulometer) are used to measure
the water content in the gas from the condenser. The titration routines followed the
recommendations given in ISO-10101 [45]. A gas-clock (Ritter TG1 2-120 I/h) connected to the
KF titrator measures the total volume of gas of each measured sample.

The experimental equipment, prior to the GO-regulator, can be used up to 200 bar absolute
pressure. The maximum dew point temperature is limited by the ambient room temperature.
The absolute pressure of the system is measured by a pressure transducer (Keller) with an
uncertainty of 0.05 bar. The work presented in this paper is based on an earlier publication
covering the same subject [22].

6.2 Gas composition and experimental procedures used

Experiments were done with methane and real natural gas. The temperature range used was
from -20 to 20°C and the pressure range was from 50 to 150 bar. For each measurement, the
temperature of the condenser is set to control the dew point temperature of the gas. The
temperature of the saturator is set 10°C higher than the condenser, but a minimum
temperature of 20°C was used to prevent hydrate formation in the saturator section. The
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pressure drop through the saturator and condenser sections is very low, and saturation and
condensation are in principle done at the same pressure.

The experimental procedure is initiated by filling two of the saturators with water. The third
saturator cylinder is emptied. The three condensers are emptied. The temperature of the
condenser bath is set to a value automatically controlled by the Julabo bath. The rig is
pressurised with gas followed by gas circulation for a limited time. By letting the gas circulate
some droplets of water will condense in the saturators. Equilibrium between condensed water,
ice or hydrate is obtained by having un-circulated gas in the rig for several hours. For
experiments where hydrate formation is expected the gas is kept in the rig for minimum 15
hours without circulation. The pressure in the saturator and condenser did not vary more than
+0.5 bar during an experiment. The experimental values reported in this work are the average
of minimum three sample replicates. Samples were taken until the maximum and minimum
value did not differ by more than 5 % for three following samples.

If possible, water analysis by the Karl Fischer titrator and the Michell mirror were done
simultaneously. Typically one experimental point could be measured per day. The accuracy of
the water analysis techniques was verified by using a BOC [46] certified reference gas. The
measurement uncertainty of the analysis done in this work is within 10%.

6.3 Chromatographic Gas Analysis

In the natural gas experiments, 1000 ml sample cylinders with 120 bar back pressure are used.
The sample cylinder containing high pressure natural gas is heated to 100°C to ensure that only
the gas phase is present in the cylinder. Without pre-heating the gas may get into the two-
phase area due to cooling when the pressure is reduced. The pressure is reduced through a
pressure reduction valve (GO-regulator) installed in a gas injection board directing the gas
sample to the injection loop in the gas chromatograph (GC). Both the reduction valve and the
tubing are heated to 90°C to prevent condensation of the sample in the injection system. All
sample lines are made of Siltek® tubing. The GC used for natural gas analysis is a Hewlett
Packard 6890. This GC is equipped with two main channels. One of the channels has a CP-
PoraPlot Q-HT column (25 m x 0.32 mm, 10 ym film thickness) for the separation of carbon
dioxide, ethane, propane, butanes and pentanes and a CP-Molsieve 5A column (10 m x 0.32
mm, 30 pm film thickness) for the separation of oxygen, nitrogen and methane. A thermal
conductivity detector (TCD) is used for this channel. A flame ionization detector (FID) detects
the separated hydrocarbons (butanes and higher) from the second channel, separated on an HP
PONA column (50 m x 0.20 mm, 0.5 pm film thickness). The loop injection (250 pl for each
channel, made of Siltek® tubing) and isolation of the Molsieve channel during carbon dioxide
and ethane elution is arranged by two six-port and one ten-port valves from Vici Valco. The
valves are located within a heating block on the top of the GC and controlled within the GC
software (Chemstation from Agilent Technology).

The method used and the uncertainty in the quantification of the compounds is according to
GPA 2286-95 [47] and ASTM D 5131-92 [48].

7 RESULTS AND DISCUSSIONS

The experimental data presented in this paper will be compared to other data sets from open
literature where water content of natural gas has been measured. The data sets for methane-
water measured by Althaus [21] are known to be consistent and of high reliability [22]. Hence,
the data for methane-water of this work will be compared to these data. The thermodynamic
models presented in this work, the GERG-water EoS and the CPA-EoS, are compared to the
experimental data from this work. The ability to extrapolate calculations from the GERG-water
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EoS to pressures higher than 100 bar is tested by comparison to natural gas data obtained at
150 bar total pressure.

7.1 Results and evaluation of the experimental data presented in this work

7.1.1 Results from the methane-water experiments

The methane gas bottles used in the experiments were prepared by Yara Industrial Norway. The
purity of methane used in this work was 99.999 %. Both Karl Fischer titration and Michell dew
point analyser were used to determine the water content. The measurements have been
performed at -20, -10, 0, 10 and 20°C and at three pressure levels; 50, 100 and 150 bar. The
experimental results are presented in Table 4 and Figure 8 to Figure 10. In Table 4, the water
content as measured with the Karl Fischer titration technique is reported. In Figure 8 and Figure
9 both Karl Fischer and Michell dew point analyser results are shown.

Experiments with low water content (low temperature and high pressure) generally had poorer
repeatability between replicates than experiments with high water content. Due to low water
content at -20°C, the measured water content showed repeatability within 7%.

The water content measurements for methane at 50 bar showed repeatability within 10%. This
is considered to be too high and the methane experiments at 50 bar will therefore be repeated.
A probable reason for the high relative standard deviation (RSD) at 50 bar was that the
experimental procedure used for these experiments involved a shorter time for obtaining
thermodynamic equilibrium in the system (5 hours — versus 15-20 hours for the 100 and 150
bar experiments).

Table 4: Gas phase water content ppm(mole) for the binary system water - methane

T/°C 50 bar 100 bar 150 bar

-20 31 19 19
-10 73 40 35
0 172 80 82
10 273 168 151
20 483 320 297
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Figure 8: Gas phase water content ppm(mole) for the binary system water -
methane at 50 bar
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Figure 9: Gas phase water content ppm(mole) for the binary system water — methane
at 100 bar
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Figure 10: Gas phase water content ppm(mole) for the binary system water -
methane at 150 bar

In Figure 8 to Figure 10 the experimental data are compared to predictions with the GERG-
water EoS and the CPA-EoS. It should be noted that the results of the CPA-EoS model always
show the water content in equilibrium with what is estimated by the model to be the most
stable precipitated phase (liquid water, ice or hydrate). As seen from the figures there is good
agreement between calculated and experimental data. In Figure 9 the experimental data at 100
bar from this work is compared to the experimental data reported by Althaus [21]. A good mach
between the two data sets is obtained. At 50 and 100 bar the CPA and GERG-water models
seem to under estimate the water content slightly for temperatures below 0°C and slightly over
estimate at temperatures above 0°C. At 150 bar the models seem to under estimate in the
entire temperature range. At 50 and 100 bar the models seems to have approximately the same
deviations to the experimental data, while at 150 bar the CPA-E0oS seems to be more accurate.
The comparison of CPA and GERG-water to experimental data will be further discussed in
chapter 7.1.2.

7.1.2 Measured water content in the natural gas

The natural gas was delivered in 1000 ml piston cylinders with 120 bar pressure. The gas
composition was analysed by gas chromatography following the procedures explained in
Chapter 6.3. The gas composition is given in Table 5. The molecular mass and density, Table 6,
of the fractions/pseudo components (PC) can be calculated based on knowledge or estimation of
molecular mass and density of individual components up to C13.

My = D xM, Eq. 13

fraction
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inMl.

__ fraction

= Eq. 14
pPC X,-M,- q

fraction p i

where x; is the mole fraction, M; is the molecular mass and p; is the density of component i in
liquid form at atmospheric pressure and 15°C.

The calculated molecular mass and density of the pseudo components C7-C13 are given in
Table 5. For calculations with the CPA-E0S, necessary critical properties of pseudo components
are calculated based on molecular mass and density of fractions using the characterization
methods suggested by Pedersen et al. [49]. All components in the GERG-water EoS heavier
than C7 are modelled as n-heptane.

The hydrocarbon phase envelope for the natural gas is given in Figure 13. The uncertainties
related to prediction of phase envelope from GC analysis are discussed by Rusten et al [50]. The
cricondenbar pressure is estimated to be around 100 bar and -10°C. At pressures lower than
100 bar hydrocarbon condensation might occur in the condenser. Hence the minimum pressure
used in these experiments was 100 bar. Some condensation of the natural gas can occur during
filling of the rig (when going from atmospheric pressure to test pressure), but this condensate
will generally be re-evaporated when the rig has reached its final pressure. The cricondentherm
is estimated to be at about 25°C. This phase behaviour is typical for a rich natural gas being
transported in the dense phase region in rich gas pipelines on the Norwegian continental shelf.

Table 5: Natural gas composition based on detailed gas composition

Component GC
[mol%]

Nitrogen 0.6032
Carbondioxide 2.6094
Methane 80.1380
Ethane 9.4689
Propane 4.6227
i-Butane 0.6420
n-Butane 1.1427
2,2-dimethylpropane 0.0136
i-Pentane 0.2349
n-Pentane 0.2272
Cyclopentane 0.0121
2,2-dimethylbutane 0.0031
2,3-dimethylbutane 0.0068
2-methylbutanepentane 0.0416
3-methylpentane 0.0216
n-Hexane 0.0535
c7 0.1056
C8 0.0441
c9 0.0074
C10 0.0016
C11 0.00011
C12 0.00004
C13 0.00004
Sum 100
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Table 6: Estimated molar mass and density of the heavy fractions based on detailed
gas composition

Component MW Lig. Dens.
[kg/mol]  [kg/m3]
Cc7 89.1 0.75
Cc8 101.4 0.77
c9 116.2 0.80
C10 134.0 0,80
C11 147.0 0,81
C12 161.0 0,82
C13 175.0 0,83

Natural gas-water experiments have been performed at -20, -10, 0, 10 and 20°C. Two pressure
ranges have been used; 100 and 150 bar. The experimental results are presented in

Table 7, Figure 11 and Figure 12. Experiments with low water content (low temperature and
high pressure) generally had poorer repeatability than experiments with high water content.
Due to low water content at -20°C, the measured water content showed repeatability within
7%.

Table 7: Gas phase water content ppm(mole) for natural gas

T/°C 100 bar 150 bar

-20 22 19
-10 41 37
0 86 72
10 178 150
20 341 291
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Figure 11: Gas phase water content ppm(mole) in natural gas at 100 bar

As seen from Figure 11 and Figure 12 there is good agreement between calculated and
experimental data. At 100 bar the CPA-EoS and GERG-water models seem to slightly under
estimate the water content. The measured data are spot on CPA-EoS at 150 bar, while the
GERG-water EoS seems to under estimate the water content slightly. The comparison of CPA
and GERG-water to experimental data will be further discussed in chapter 7.1.2.
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Figure 12: Gas phase water content ppm(mole) in natural gas at 150 bar
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Figure 13: Phase envelope for natural gas used in this work

7.2 Comparison of CPA-EoS and GERG-water EoS to experimental data

As can be seen from Figure 9 both the GERG-water and CPA-EoS estimate water content in
methane close to the experimental data at 100 bar in pure methane. The GERG-water model
matches these data with good and similar accuracy as the CPA-EoS. Much of the experimental
basis of the GERG-water EoS is concentrated in this pressure and temperature range and we
would also expect this model to be accurate compared to these data. In Figure 14 the methane-
water experimental data has been compared to calculations with the CPA-EoS where also the
meta-stable phases have been plotted. As can be seen from the figure the experimental data
matches best with the water content in equilibrium with the phase predicted to the stable phase
(in this case hydrate for all points lower than about 13°C). This will also be the situation when
comparing to the experimental data for methane at 150 bar and for the natural gas data. This is
illustrated in Figure 15 where experimental data for natural gas at 150 bar are compared to
predicted water content above stable and meta stable phases. This also indicates that the
experimental data presented in this work reports water content in equilibrium with the
thermodynamic most stable phase at give temperature and pressure.

From Figure 12 we can see that relatively large deviations between experimental data and the
GERG-water model are observed at 150 bar, which is outside the defined pressure range for the
model. Predictions with the CPA-EoS are very good also at this pressure. This illustrates that the
accuracy of the CPA-EoS often seems to be better for an extended composition, temperature
and pressure range.
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Figure 14: Comparison of experimental data for methane-water at 100 bar to stable
and meta-stable phases predicted with the CPA-EoS
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Figure 15: Comparison of experimental data for natural gas - water at 150 bar to
stable and meta-stable phases predicted with the CPA-EoS

Table 2 and Table 8 show ADD and BIAS for the comparison of calculated water precipitation
values and experimental data for methane-water and natural gas-water, respectively. GERG-
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water EoS is applicable in the temperature range -15 to 5°C and pressure up to 100 bar. In the
temperature range -10 to -20°C the GERG-water EoS showed a large deviation from both
experimental results and values obtained from the CPA-EoS. For temperatures above 0°C the
deviation is small.

Table 8: Summary of experimental data for equilibrium water vapour concentration in
natural gas. Comparison to calculations with the CPA-EoS and the GERG-water EoS

Referenc T [°C] P [bar] CPA-EoS CPA-EoS CPA-EoS GERG-
e Liquid water Ice Hydrate water EoS
min/ma min/ma NP | AAD | BIAS | NP | AAD | BIAS | NP AAD BIAS | AAD | BIAS
X X Lw | [°C] | [°C] Ice | [°C] | [°C] Hydrat [eC] [eC] oC] | [°C]
e
This work" -20/20 100/150 0 - - 0 - - 10 1.5 1.3 6.5 6.5

@ NP=nos. of points, Lw=liquid water.

Despite being tailor-made for water in gas, the GERG-water EoS does not give any improvement
over the CPA model for the data evaluated in this work. The CPA-EoS can be used at higher
pressures and temperatures and will also show which precipitated phase is thermodynamically
most stable. Natural gas hydrate is often known to be formed from meta-stable liquid water. It
is an advantage of the CPA-EoS that it can estimate meta-stable liquid water formation.

7.3  Comparison of the experimental data to empirical correlation and chart based methods

Chart based methods and empirical correlations were discussed in chapter 4.1. In Figure 16 the
experimental data from this work are compared to values from the chart published by McKetta
and Wehe [14] and to the empirical model of Bukacek [17]. As can be seen the CPA-EoS model
used in this work is superior to these models. The water content in the natural gas, estimated
by the chart and empirical models, are generally too high. The reason for this is probably that
these methods are developed only to estimate the water content in equilibrium with meta-stable
liquid water. In Figure 16, most of the readings from the chart of McKetta are done in a region
marked as meta-stable equilibrium.
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Figure 16: Experimental data of water content in natural gas at 150 bar compared to
estimates from the empirical correlation of Bukacek [17] and the chart based method
of McKetta and Wehe [14]

7.4  Evaluation of model and data to plant operation data

As illustrated in Figure 16, relatively large errors can be expected when using existing empirical
correlations and charts for estimating water content of natural gas in certain pressure and
temperature ranges. The largest errors can be expected in regions where the estimated water
content of the gas is indicated by the chart to be in equilibrium with the meta-stable phases. In
Figure 17 we have the CPA-EoS model described in this work to make a chart for the water
content of a natural gas with a composition as given in Table 5. The composition used for
making the chart is representative for a sweet natural gas, and the chart can be used also for
estimating water content of other sweet gases.
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Figure 17: Generalized charts for water content of sweet natural gas. Stable

equilibrium with liquid water is plotted with black Lines. Stable equilibrium with
natural gas hydrate is plotted with grey lines.
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As was explained in chapter 2 and 3 the aqueous dew point of natural gas is important for a
number of situations. A typical situation is when the gas has been contacted with TEG for water
removal and control of the water dew point. The gas is at its aqueous dew point at glycol
absorber conditions. Few experimental studies have been published measuring the solubility of
TEG in natural gas have been done. To our knowledge, the only reported TEG solubility data in
high pressure gas in the open literature have recently been published by Jerini¢ et al. [51]. The
CPA-model can be used to generate a chart for the aqueous dew point of water and TEG in
natural gas. The aqueous dew point plot in Chapter 2 (Figure 7) was made based on predictions
with the CPA-EoS model. Further work is being planned by GERG [33] to develop more
knowledge, both experimentally and theoretically, regarding the aqueous dew point of natural
gas.

8 SUMMARY AND CONCLUSIONS

New data for the equilibrium water content in methane and a natural gas have been presented
in the temperature range -20 to 20°C and pressures up to 150 bar. The experimental data is
presented as the water content in equilibrium with the most stable phase (water, ice or hydrate)
at the experimental temperature and pressure.

A review of published methods (graphical-, empirical- and thermodynamic models) for the
calculation of equilibrium water content in natural gas has been presented. The model used in
this work is based on the Cubic Plus Association Equation of State (CPA-EoS) combined with
thermodynamic models for the ice and gas hydrate phase. This model is shown to give excellent
results, both for the calculation of equilibrium water content of natural gas, water dew point-,
natural gas hydrate- and ice precipitation temperature as well as the aqueous dew points. The
model is compared to the ISO 18453 developed for water dew point calculation of natural gas,
and shown to be superior when it comes to extrapolation of pressure, temperature and gas
composition. An accurate chart for graphical reading of water content of a sweet natural gas is
presented.

This work presents and discusses experiences from selected StatoilHydro and Gassco operated
plants where condensation of water, ice formation or hydrate formation has created operational
disturbances in the gas processing plants. The experience from these situations is compared to
the results from the experimental and modelling work.

The methods and data presented in this paper can be used in design of water removal
processes.
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CPA
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FID

GC
GERG
HPHR
ISO
KF
LNG
MEG

Fugacity of water in ice phase

Molar volume of ice

Fugacity of water in hydrate phase

Fugacity of water in hypo theoretical empty hydrate phase
Chemical potential of hydrate

Chemical potential of empty hydrate

Fugacity coefficient of pure water vapour in equilibrium with the empty hydrate
Vapour pressures of hydrate structures

Molar volume of empty hydrate

Molar volume of ice

Vapour pressure of ice

Vapour pressure of hydrate structures

Number of type i cavities per water molecule

Occupancy of cavity m by a component i

Fugacity of component k

Molecular density

Density for component i

Constant proportional to the vapour pressure of water
Attractive parameter in SRK

Absolute average deviation

American Society for Testing and Materials

Constant depending on temperature and gas composition
Co-volume in SRK

Mathias Copeman parameter

Langmuir constant

Langmuir constant

Cubic Plus Association

European Association for the Streamlining of Energy Exchange
Equation of State

Equation

Flame ionization detector

Radial distribution function

Gas chromatograph

The European Gas Research Group

High pressure, high temperature

International Organization for Standardization

Karl Ficsher

Liquefied natural gas

Monoethylene glycol

Molecular mas of component i
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Mpc
NG
NP

Po

RSD
SRK

TCD
Tdew
TEG
VLE
VLLE
VLS

X;

Molecular mas of pseudo components
Natural gas

Number of points

Total pressure

Reference pressure

Gas constant

Relative standard deviation
Soave Redlich Kwong
Temperature

Thermal conductivity detector
Dew point temperature
Triethylene glycol
Vapour-liquid equilibrium
Vapour-liquid-liquid equilibrium
Vapour-liquid-solid

Water content

Mole fraction not forming hydrogen bonding

Mole fraction
Compressibility factor

© Copyright © 2008 IGRC2008

Page 41 of 43



Page 42 of 43

LIST OF TABLES

Table 1: Typical specification for water in natural gas
Table 2: Summary of open literature experimental data for equilibrium water vapour

concentration in methane gas. Comparison to calculations with the CPA-EoS and the
GERG-water EoS

Table 3: Summary of characteristics of the equations of state used in this work

Table 4: Gas phase water content ppm(mole) for the binary system water — methane
Table 5: Natural gas composition

Table 6: Estimated molar mass and density of the heavy fractions based on detailed gas
composition

© Copyright © 2008 IGRC2008



Page 43 of 43

Table 7: Gas phase water content ppm(mole) for natural gas
Table 8: Summary of experimental data for equilibrium water vapour concentration in natural
gas. Comparison to calculations with the CPA-EoS and the GERG-water EoS

LIST OF FIGURES

Figure 1: Phase behaviour of natural gas with traces of water (40 ppm(mole)), NG composition
(mole): 85 % C1, 10 % C2, 4 % C3, 0.5 % nC4, 0.5 % iC4

Figure 2: Phase behaviour of natural gas with traces of water (40 ppm(mole)) and TEG (0.5
ppm(mole)), NG composition (mole): 85 % C1, 10 % C2, 4 % C3, 0.5 % nC4, 0.5 %
iC4

Figure 3: Water vapour determination in nitrogen by various techniques

Figure 4: Water vapour determination in nitrogen by various techniques, with low
concentrations of gaseous ethylene glycol added

Figure 5: Experimental and modelling results of phase behaviour of propane-methanol-water

Figure 6: Flow equipment for measurements of water content of natural gas

Figure 7: Schematic sketch of the saturators and condensers

Figure 8: Gas phase water content ppm(mole) for the binary system water — methane at 50 bar

Figure 10: Gas phase water content ppm(mole) for the binary system water - methane at 150
bar

Figure 11: Gas phase water content ppm(mole) in natural gas at 100 bar

Figure 12: Gas phase water content ppm(mole) in natural gas at 150 bar

Figure 13: Phase envelope for natural gas

Figure 14: Comparison of experimental data for methane-water at 100 bar to stable and meta-
stable phases predicted with the CPA-EoS

Figure 15: Comparison of experimental data for natural gas - water at 150 bar to stable and
meta-stable phases predicted with the CPA-EoS

Figure 16: Experimental data of water content in natural gas at 150 bar compared to estimates
from the empirical correlation of Bukacek [17] and the chart based method of
McKetta and Wehe [14]

Figure 17: Generalized charts for water content of sweet natural gas. Stable equilibrium with
liquid water is plotted with black Lines. Stable equilibrium with natural gas hydrate is
plotted with grey lines.

© Copyright © 2008 IGRC2008





