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Water content measurements for liquid propane in equilibrium with water 
or hydrates: New measurements & evaluation of literature data 
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A B S T R A C T   

Propane is utilised primarily for industrial sector and domestic applications. However, propane is considered a 
hydrate former. Thus, it is necessary to establish pressure and temperature conditions that ensure a hydrate-free 
zone. This requires determining the minimum amount of water required for the formation of hydrates and 
providing a thermodynamic model capable of determining the water content and predicting pressure and tem-
perature conditions for hydrate dissociation. Consequently this study investigated the water content of liquid 
propane in equilibrium with liquid water or hydrates at pressures up to 8.274 MPa and temperatures between 
211.15 K and 313.15 K. Using three different methods: a quartz crystal microbalance (QCM), a silicon oxide- 
based hygrometer and the new method developed by Burgass et al. (2021). In general, water content mea-
surements determined from the new method and QCM were found to be in good agreement. The fluid phase 
behaviour of the system (propane + water) was modelled using the simplified Cubic-Plus-Association (sCPA- 
SRK) and the Soave-Redlich-Kwong (SRK) equation of state combined with the van der Waals classical and non- 
density-dependent (NDD) mixing rules, respectively. Both models provided similar results, although the sCPA- 
SRK model used only one adjustable parameter in contrast with the SRK model, which used three adjustable 
parameters. The experimental measurements from the new method and QCM to the sCPA-SRK and SRK-NDD 
models presented 4.5% and 4.5% deviation, respectively over temperature range of 276.15–313.15 K. In all 
cases, the hydrate-forming conditions were modelled using the van der Waals and Platteeuw’s solid solution 
theory. Additionally, the sCPA-SRK + van der Waals and Platteeuw model calculations were compared against 
hydrate dissociation conditions, using used two adjustable Kihara parameters and showed overall good agree-
ment when compared to data from the literature.   

1. Introduction 

Water is a critical process contaminant in the oil and gas industry, 
both dissolved in a stream or as a free water phase, and presents a sig-
nificant challenge to the upstream and downstream sectors in terms of 
ensuring an unimpeded flow of hydrocarbons. Hydrates can form in the 
presence of water vapour or accumulated liquid in a natural gas stream, 
leading to restricted transmission lines and hence reduced production 
(Naseer and Brandstätter, 2011). Moisture accumulation in transport 
pipes has an adverse effect on the quality of the end product; thus, its 
removal is critical for meeting international standards for product 
quality. The rate of corrosion in transport lines is proportional to the 
amount of water, in the presence of carbon dioxide or hydrogen sul-
phide. In a hydrocarbon production plant, a pressure drop or tempera-
ture change is likely to result in changes to upstream or downstream 

process variables. As a result, ice or hydrates may form. To avoid this, 
hydrate-forming conditions must be established in relation to process 
control variables (i.e., pressure and temperature (P, T) conditions) that 
occur above this zone. This requires prior knowledge of hydrate disso-
ciation conditions and water content or dew/frost point in the hydro-
carbon flow. Water content (WC) measurements are also necessary to 
establish the dehydration requirements for the design of cost-effective 
and safe natural gas liquid (NGL) pipelines free of hydrate formation. 

For accurate calculations of water content measurements and hy-
drate dissociation points, a suitable EoS model must be evaluated and 
discussed. Owing to their simple applicability and robustness for single 
and multi-component systems, cubic EoSs such as Soa-
ve–Redlich–Kwong’s (SRK) (Kontogeorgis and Folas, 2009) EoS are 
commonly used in the oil industry to evaluate thermodynamic proper-
ties and phase equilibrium conditions. Furthermore, SRK EoS is among 
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the most successful modifications of van der Waal’s (vdW) EoSs 
(Michelsen and Mollerup, 2007). However, traditional cubic EoSs are 
not designed to account for the effect of polar interactions, making them 
suitable only for non-polar or non-associating systems (Haghighi et al., 
2009), (Kontogeorgis et al., 1999). 

The sCPA-SRK EoS introduced by Kontogeorgis et al. (2006) is a 
well-established model used to describe the phase equilibrium behav-
iour of associating fluids in a system. The sCPA-SRK EoS, along with the 
classical mixing rule used in this study is formulated in terms of pressure 
as a sum of the non-associating and associating terms, as expressed by 
Michelsen and Hendricks (Michelsen and Hendriks, 2001). In the case 
where no polar fluid is present in the system, the sCPA-SRK EoS is 
simplified to a traditional cubic EoS. In this study the SRK EoS is 
implemented for the sCPA-SRK model. The non-associating term de-
scribes the physical part. The associating term is taken from the SAFT 
EoS (Huang and Radosz, 2005), which explicitly accounts for the effect 
of hydrogen bonding on the thermodynamic properties of associating 
fluids, using Wertheim’s perturbation theory. This expression is pre-
sented by Chapman et al. (1990). 

Hydrogen bonding interactions in mixtures can occur between self- 
associating, cross-associating and solvation compounds (Kontogeorgis 
et al., 1996). The first refers to hydrogen bonding interactions between 
similar species, water-water or alcohol-alcohol. Cross-association, on 
the other hand, refers to hydrogen bonding interactions taking place 
with different species of self-associating compounds such as 
water-alcohol, while solvation takes place when an associating molecule 
is bonding with a non-associating molecule, such as carbon 
dioxide-water (Tsivintzelis et al., 2011). A table categorizing 

compounds that are self-associating and non-associating fluids has been 
presented by Huang and Radosz (2005). This study will consider the 
self-association interactions scheme known as the 4C scheme, due to the 
capability of water molecule to form four hydrogen bonds (Huang and 
Radosz, 2005). The selected scheme influences the number and type of 
association sites corresponding to the associating fluid. The expression 
used can be found in Kontogeorgis et al. (2006), and Huang and Radosz 
(2005). Table 1 presents several studies on the application of sCPA-SRK 
EoS implemented to evaluated phase equilibria conditions of associating 
systems. 

Voutsas et al. (2000) compared the performance of sCPA-SRK and 
SAFT EoS on predicting phase equilibria of water/hydrocarbon mix-
tures. Their analysis showed the complexity of SAFT over sCPA-SRK 
does not offer better results when modelling associating fluids. In the 
same work of Voutsas et al. (2000) the performance of tuned sCPA-SRK 
and SAFT models were compared to water content LLE data published 
by Kobayashi and Katz (1953) and found that sCPA-SRK produced more 
agreement with the data than SAFT. Chapoy et al. (2016) determined 
water content measurements in a carbon dioxide + methane + water 
system at a range of pressure and temperature conditions 
(293.15–313.15 K and 3.0–6.0 Mpa, respectively). The measurements 
were performed at different carbon dioxide and methane concentra-
tions, ranging from 10% to 50% and 50–90%, respectively. The results 
from the experiment were compared to sCPA-SRK and sCPA-PR models 
and showed AAD% of 5.7 and 5.8%, respectively indicating that using 
PR or SRK EoS as the non-associating term in the sCPA EoS has minimal 
influence on the calculation of water content measurements. 

Kontogeorgis et al. (Voutsas et al., 1997) conducted LLE phase 

Table 1 
Studies on the application of sCPA-SRK EoS to evaluate hydrate dissociation conditions and water content calculations of associating systems.  

Reference Year of 
Publication 

System Type of Data Equilibrium 
Phase 

T (K) Range P (MPa) Data 
points 

Haghighi et al. (Haghighi 
et al., 2009) 

2009 Ethylene glycol + water 
+ methane 

Hydrate dissociation points H- Lw- V 264.95–293.95 5.055-37.448 16 
258.85–292.75 1.855–35.763 12 

Youssef et al. (Youssef 
et al., 2010) 

2009 Methane + water Temperature hydrate 
dissociation points 

H-V 260–278.4 3.0–5.0 5 
Ethane + water 271.3–280.0 1.5-2.48 4 
Carbon dioxide + water 260.7–276.3 2.0–2.1 5 

Chapoy et al. (Chapoy 
et al., 2010) 

2010 Methane + water Water content Lw-V 288.55 0.56-4.93 6 
288.45 6.89-13.15 3 
282.65 1.15-5.15 3 
278.25 1.09-3.62 3 
273.15 1.15-2.31 2 
278.75–288.15 3.44 5 

H-V 250.95–275.75 9 
Lw-V 283.65, 288.15 6.89 2 
H-V 250.55–279.15 10 

Natural gas + water 273.35, 283.15 5 2 
253.15–283.15 10 4 
253.15–283.15 15 4 
251.65–283.15 25 4 
251.65–283.15 30 4 
251.65–283.15 35 4 
251.65–283.15 40 4 

Long et al. (Zhang et al., 
2011) 

2011 Methane + water Water content H-V 238.15–272.95 3.45 8 
6.89 8 
10.34 8 
13.79 8 

Natural gas + water 238.15–273.15 3.45 8 
243.15–273.15 6.89 7 
238.15–273.15 10.34 8 
238.15–273.15 13.79 8 

Chapoy et al. (Chapoy 
et al., 2012) 

2012 Carbon dioxide + water Water content H-LCO2 253.15–277.15 13.79 13 

Burgass et al. (Burgass 
et al., 2014) 

2014 Carbon dioxide + water Water content H-LCO2 -V 223.15–263.15 1–10 23 

Burgass et al. (Burgass 
et al., 2021) 

2021 Nitrogen + water Water content Lw-V 283.1 0.7–17.2 5 
274.1 0.36-5.05 4 

Methane + water H-V 283.1 10.57-56.84 5 
Natural gas + water Lw-V 283.1 0.76-2.56 3 

H-V 3.56-13.97 4  
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equilibria calculations of alcohol/hydrocarbon mixtures using 
sCPA-SRK and SRK EoS and, employing the classical mixing rule for both 
models. sCPA-SRK generated very satisfactory results when compared to 
SRK EoS. This demonstrates the importance of the association term of 
the EoS. Similarly, a study performed by Tsonopoulos and Heidman 
(1986) showed limited success with SRK and PR EoS using the classical 
mixing rule for predicting VLE equilibria calculations for associating 
fluids. In this case hydrogen, carbon dioxide and water. Another study 
performed by Yakoumis et al. (1997) compared the performance of 
traditional cubic EoS to that of sCPA-SRK EoS in a mixture of associating 
fluids with hydrocarbons. Their results showed better representation of 
VLE data produced by sCPA-SRK EoS when compared to traditional 
cubic EoS. Youssef et al. (2010) compared SRK and sCPA-SRK model 
calculations to experimentally obtained hydrate dissociation tempera-
tures, and found that the SRK model coupled with classical mixing rule 
under- evaluated the calculations when compared to experimental data. 
This due to the SRK model coupled with the classical mixing rule not 
taking into account the polar properties of hydrogen bonding solvation 
interaction with carbon dioxide. In the same study, the sCPA-SRK model 
predicted hydrate dissociation temperatures with great accuracy 
(average deviation <1 K). Their results showed that the SRK EoS +
classical mixing rule performed poorly for polar systems. Avlonitis et al. 
(1994) proposed a mixing rule to show the effect of selecting an 
appropriated mixing rule to describe water/hydrocarbon mixtures. In 
the present study, the Soave–Redlich–Kwong (SRK) cubic equation of 
state (EoS) is implemented along with a non-density dependent (NDD) 
mixing rule, developed by Avlonitis et al. (1994), to account for polar 
interactions due to the presence of water. 

This study discusses a suitable model to generate accurate water 
content calculations and hydrate dissociation curve, which will result in 
the establishment of a hydrate-free pressure/temperature zone for pro-
pane, a common NGL used as a fuel and feedstock in the petrochemical 
industry. To validate the model, obtaining accurate and reliable exper-
imental data is a key requirement, therefore, three different experi-
mental techniques were used to determine water content, a quartz 
crystal microbalance (QCM), a new method (NM) and a silicon-oxide 
hygrometer. Table 2 shows the literature data available (Kobayashi 
and Katz, 1953), (Song et al., 2004)– (Sloan et al., 1987) for water 
content measurements conducted in the liquid propane phase in equi-
librium with an aqueous or hydrates phase for different P,T ranges and 
phases. Table 3 presents a range of hydrate dissociation P, T conditions, 
used to tune the model, with propane in vapour or liquid phase. The 
main techniques employed in the literature to evaluate hydrate disso-
ciation points are isothermal (Reamer et al., 1952)– (Maekawa, 2008) 
and isochoric (Maekawa, 2008)– (Buleiko et al., 2017) techniques. 

1.1. QCM (quartz crystal microbalance) for water content measurement 

This section will briefly describe the working mechanism of the QCM 
used for determining water content measurements conducted in this 
study. The QCM measures frequency drop of an AT-cut quartz crystal 
coated with hygroscopic material. The frequency decrease occurs 

because of water molecules being adsorbed onto the active surface area, 
which in turn increases the crystal’s effective mass, as shown in Fig. 1. 
The frequency drop is proportional to the water vapour pressure in the 
sample gas, thereby facilitating an indirect measurement of the water 
content. In other words, an increase in frequency drop corresponds to an 

Table 2 
Literature data available for water content measurements conducted in the liquid propane phase in equilibrium with the aqueous or hydrates phase for different P,T 
ranges and phases.  

Reference Year Data Points T (K) P (Mpa) Equilibrium Phase Experimental Uncertainty 

Kobayashi and Katz (Kobayashi and Katz, 1953) 1953 6 310.95 5.64–19.29 LHC-LAQ – 
Parrish et al. (Parrish et al., 1982) 1982 4 283.15–303.15 ~Psat LHC-LAQ ∼ 6% 

4 243.15–273.15 LHC -H ∼ 9% 
Sloan et al. (Sloan et al., 1987) 1987 9 246.65–276.50 0.772 LHC -H ∼ 7% 
Song and Kobayashi (Song and Kobayashi, 1994) 1994 8 235.65–276.15 0.110 LHC -H 5–6% 
Song et al. (Song et al., 2004) 2004 6 211.15–270.85 0.60 LHC -H – 
Adeniyi et al. (Adeniyi et al., 2020) 2020 27 241.95–276.12 1.08–40.13 LHC -H – 

~Psat: above the vapour-liquid locus. 
Adeniyi et al. (2020) mentioned 2% accuracy. 

Table 3 
P,T conditions of hydrate dissociation points in vapour or liquid propane phase, 
obtained from the literature.  

Reference Year T(K) P(Mpa) Data 
Points 

Wilcox et al. (Wilcox et al., 
1941) 

1941 278.54–279.15 0.807-6.116 7 

Frost and Deaton (Frost and 
Deaton, 1946) 

1946 261.21–276.93 0.099-0.402 13 

Reamer et al. (Reamer et al., 
1952) 

1952 278.59–278.76 0.684-2.046 3 

Platteeuw and van der Waals 
(Platteeuw and van der 
Waals, 1959) 

1959 270.15 0.149 1 

Robinson and Mehta ( 
Robinson and Mehta, 
1971) 

1971 274.26–278.87 0.207-0.552 5 

Verma et al. (Verma, 1974) 1974 273.89–278.54 0.188- 
16.755 

9 

Holder and Godbole (Holder 
and Godbole, 1982) 

1982 247.9–262.1 0.0482- 
0.0994 

8 

Kamath et al. (Kamath et al., 
1984) 

1984 245.1–270.8 0.039-0.151 5 

Thakore and Holder ( 
Thakore and Holder, 
1987) 

1987 274.15–279.15 0.217-0.51 8 

Bishnoi and Dholabhai ( 
Bishnoi and Dholabhai, 
1993) 

1993 273.63–277.73 0.208-0.503 4 

Englezos and Ngan ( 
Englezos and Ngan, 1993) 

1993 274.2–278.3 0.208-0.545 6 

Nixdorf and Oellrich ( 
Nixdorf and Oellrich, 
1997) 

1997 273.55–278.52 0.186-0.567 10 

Aladko et al. (Aladko et al., 
2002) 

2002 272.95–278.85 5.9–155.0 16 

Van den Heuvel et al. ( 
Mooijer - van den Heuvel 
et al., 2002) 

2002 276.77–278.89 0.368-9.893 27 

Makogon (Makogon, 2003) 2003 278.05–278.3 0.555–35 9 
Maekawa (Maekawa, 2006) 2006 273.5–278.5 0.179-0.547 7 
Maekawa (Maekawa, 2008) 2008 274.2–278.1 0.211-0.509 12 
Haghighi et al. (Haghighi 

et al., 2008a) 
2008 275.35–279.05 0.25–44.85 10 

Yasuda and Ohmura (Yasuda 
and Ohmura, 2008) 

2008 245–276 0.041-0.309 37 

Lee et al. (Lee et al., 2012) 2012 276.3 0.32 1 
Mohammadi and Richon ( 

Mohammadi and Richon, 
2013) 

2013 259.4–268.7 0.085-0.137 4 

Adeniyi et al. (Adeniyi et al., 
2017) 

2017 273.63–278.76 0.189- 
18.262 

43 

Buleiko et al. (Buleiko et al., 
2017) 

2017 264.97–278.65 0.118-0.561 8  
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increase in the number of water molecules adsorbed onto the surface of 
the quartz crystal. 

All measurements exhibited same behaviour under all conditions, in 
this study: the frequency drop and the water content change rate rapidly 
increased for at least the first 6 min of the commencement period, after 
which both variables decreased drastically, indicating that equilibrium 
had been reached. The percentage changes in frequency drop and water 
content when comparing two consecutive points under different tem-
peratures are presented in Figs. 2 and 3, respectively. These figures 
clearly depict the system approaching equilibrium with respect to time, 
as the percentage changes in water content and frequency drop 
approach 0%. The QCM detected a frequency drop as low as 1×

10− 8Hz. The equipment provides fast water content measurements: the 
average time for five water content measurements was 17.4 min. 

2. Experimental section 

2.1. Materials 

Table 4 shows the specifications for propane, methane and nitrogen 

used in this work. In addition to, Spectra-Seal® methane 10 and 100 
ppmV moisture standards, supplied by BOC. All experiments were 
conducted using deionized water then degassed using a vacuum pump. 

2.2. Experimental setup specifications 

The equipment is comprised of an equilibrium cell and a set-up for 
measuring the water content of equilibrated fluids passed from the cell. 
A schematic of the rig is shown in Fig. 4. The equilibrium cell is a 300 ml, 
titanium piston vessel rated at 69 MPa. The cell is surrounded by a 
jacket, which is connected to a temperature-controlled circulator. The 
circulator can control the temperature of the fluid pumped through the 
jacket within ±0.1 K of the set-point and can be used at temperatures 
between 183.15 and 373.15 K. The cell temperature is measured using a 
PRT located in the jacket. Prior to using the set-up any variation between 
the jacket temperature and the temperature within the cell was 
measured using a reference probe mounted in the cell and any variation 
was accounted for. The cell pressure was measured using a strain gauge 
pressure transducer mounted on the lower end of the cell. The temper-
ature probe was calibrated against a platinum resistance probe that has a 
certificate of calibration issued in accordance with NAMAS Accredita-
tion Standard and NAMAS Regulations. The pressure transducer was 
checked for accuracy using a Budenberg dead weight tester. 

The heated line used in the experiments was an electropolished 
stainless-steel Sulfinert tube with an outer diameter of 3.18 mm, an 
inner diameter of 2.16 mm and a length of 0.7 m. The flow meter used to 
conduct the experiment measured a flow rate of 10–100 ml/min. 

2.3. Water content measurement setup 

Three experimental techniques were used to determine water con-
tent measurements. (1) the method described by Burgass et al. (2021), 
(2) A commercial QCM, named QMA401, supplied by Michell in-
struments, (3) A silicon oxide-based hygrometer. 

Fig. 1. Drop in resonance frequency due to water adsorption onto the active 
surface area of the AT-cut quartz crystal. 

Fig. 2. Shows percentage change in frequency drop of the QCM, conducted in 
this study, plotted against time for temperatures ranging from 283.15 to 
303.15 K at a constant pressure of 8.27 MPa. 

Fig. 3. Percentage change in water content of the QCM, conducted in this 
study, at ppmV level, plotted against time for temperatures ranging from 
283.15 to 303.15 K at a constant pressure of 8.27 Mpa. 

Table 4 
Specifications of propane, methane and nitrogen used in this study.  

Chemical Symbol CASRN Purity (vol %) Supplier 

Propane C3H8 74-98-6 99.95 BOC 
Methane CH4 74-82-8 99.995 BOC 
Nitrogen N2 7727-37-9 99.9992 Air Product  

A. Alassi et al.                                                                                                                                                                                                                                   
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2.4. Sampling setup 

All the experimental techniques employed the same sampling de-
livery system which comprised a JULABO refrigerated circulator, an 
equilibrium cell, and a heated line, as shown in Fig. 4. The top of the 
titanium cylinder was connected to the heated line through a valve. The 
experimental setup was initially examined to ensure that the equilib-
rium cell was clean and dry. After charging the cell with 2 ml of 
deionized water (which is more than enough for the experiment, as 
expected water content values are in the ppmV range), it was vacuumed 
(the water vapour pressure is low when vacuuming, only the gas is 
vacuumed). Propane was injected into the top compartment of the 
equilibrium cell. Finally, the equilibrium cell was set to the desired P, T 
conditions. 

As shown in Fig. 4, the cell is surrounded by a jacket, which is 
connected to a JULABO temperature-controlled bath circulator. A tem-
perature probe embedded in the jacket surrounding the cell is used to 
monitor the temperature. The desired pressure is maintained using a 
nitrogen cell and a regulator connected to the base of the equilibrium 
cell. The cell pressure is measured using a strain-gauge pressure trans-
ducer located at the cell’s lower end. Any variation between the tem-
perature within the cell and jacket is checked by mounting a calibrated 
reference probe in the cell. The heated line is set to 200 ◦C, a high 
temperature to compensate for the temperature drop caused by the JT 
effect at the valve located halfway along the heated line, as illustrated in 
Fig. 4. This is to avoid liquid condensation or an increase in water 
adsorption on the line’s internal walls prior to reaching the moisture 
analyzer setup, thereby altering the measurement. The valve is placed in 
such a way as to break the incoming pressure from the cell to atmo-
spheric pressure and to ensure that the incoming fluid is in the vapour 
phase before entering the moisture analyzer setup. 

2.5. QCM setup methodology 

The QCM setup was used at atmospheric pressure, as shown in Fig. 5; 
the QCM outlet is connected to a flow meter that is open to the atmo-
sphere. Water content measurements, in ppmV, and corresponding dew/ 

frost point temperatures were recorded using the QCM data logging 
application provided. The QCM measurement is performed in the range 
of 0.1–2000 ppmV, with stated reading accuracy of ±10%. 

2.6. The new water content method 

The new method employs silicon oxide-based technology that pro-
vides direct measurement of dew/frost point temperatures and can be 
carried out at any P, T equilibrium cell conditions. The method monitors 
changes in voltage signals that represent the water content of fluid 
passing through a temperature-controlled tube, which is controlled by 
another JULABO refrigerator setup, as depicted in Fig. 6. 

As depicted in Fig. 6, the incoming flow from the heated line to the 
temperature-controlled area is connected to a silicon oxide hygrometer. 
Once the flow begins, the silicon oxide hygrometer detects millivolt 
signals reflecting the presence of water content in the stream. A graph of 
the recorded data from an experiment conducted in liquid propane 
saturated with water in the hydrate phase, at pressure and temperature 
conditions of 3.468 MPa and 276.15 K, respectively is shown in Fig. 7, 
which shows variations in temperature and millivolts over the course of 
the experiment (red line). Initially, the millivolt signals attain a constant 
value over time. The constant value shows an unchanged amount of 
water present in the incoming flow. This marks the first baseline, 
keeping in mind that the temperature of the controlled tube is held 
above dew/frost point temperature. Continuous cooling of the 
temperature-controlled tube takes place until a clear drop of millivolts is 
observed, 0.017516 mV for this example. The decrease in millivolt value 
indicates that water vapour has condensed or precipitated in the form of 
liquid water or ice, on the inside of the tube walls. This indicates that the 
dew/frost point condition has been met. The temperature of the 
controlled tube is then increased. As a result, the signal in millivolts is 
increased. Additionally, it is noted that the increase exceeds the initial 
baseline. The peak value of the millivolt signal indicates the maximum 
amount of water present in the temperature-controlled tube because of 

Fig. 4. Experimental sampling setup used to facilitate water stream to the moisture analyzer.  

Fig. 5. QCM moisture analyzer setup.  Fig. 6. Moisture analyzer setup for the new method.  

A. Alassi et al.                                                                                                                                                                                                                                   
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water condensing or precipitation. There is then a rapid decrease in the 
value of the signal, eventually stabilizing, indicating no water can be 
further removed from the stream. This marks the second baseline, as 
shown in Fig. 7. The heating rate was 0.1 K/min. This rate gave the 
silicon oxide sufficient time to detect changes in the water content. The 
millivolt curve intersects the first and second baselines. The intersection 
denotes the removal of liquid water or ice from interior wall of the 
temperature-controlled tube. The corresponding temperature of the 
intersection is taken as the dew/frost point temperature measurement, 
232.1 K. However, the initial temperature at which frost first formed 
during the experiment is 230.5 K. This is common in wax and hydrates, 
where sub-cooling is required to form the solid phase. The dew/frost 
point temperature is then used to with atmospheric pressure to deter-
mine water content, in this case 111 ppmV water. Burgass et al. (2021) 
performed similar experiments with Spectra-Seal®104 ppmV water in 
certified standard carbon dioxide; similar conclusion were found in their 
study. This method achieved an experimental uncertainty of ± 0.1 K for 
water content measurements (Burgass et al., 2021). 

An iterative procedure is used to convert water content in ppmV from 
the corresponding dew/frost point temperature at atmospheric pressure, 
determined from the new experimental method, Mehrhoff (1985), 
Wiederhold (1997), and QCM, which employs a secant method to iterate 
accurate water content value to corresponding dew/frost point tem-
perature. The function f(T) used for the secant method is the difference 
between the fugacity of water vapour and that of liquid/ice. The dif-
ference between the fugacity variables, realises thermodynamic equi-
librium. That sets the condition of equality for all coexisting phases. The 
fugacity calculation for water in vapour and liquid/ice is determined 
from the thermodynamic model presented in (Haghighi et al., 2009), 
(Chapoy et al., 2010), (Chapoy et al., 2012), (Mohammadi et al., 2004). 
Water content value is calculated when convergence is attained, in other 
words, when the difference in coexisting fugacities is less than the 
specified tolerance ε = 1× 10− 10. 

2.7. Silicon oxide-based hygrometer 

Water content present in the incoming flow from the sampling setup 
is detected directly by the silicon oxide-based hygrometer. The setup is 
shown in Fig. 8. The respective quantity of water content, in terms of 
ppmV, is shown on the interface of the setup and recorded when no 
further change in water content is observed. 

In application, the three methods have different advantages and 

disadvantages. Durations for testing times are 18 min for the QCM, 
approximately 2 h for the silicon oxide-based hygrometer and 3 h new 
method water content experiments. Silicon oxide-based hygrometers 
require regular calibration and are susceptible to hysteresis, with a 
stated ±2 K accuracy. The reported accuracy of QCM is only ±10%, 
despite the fact that it is a costly technique, and further investigation is 
needed for carbon dioxide mixtures. The new method’s accuracy is 
±0.1 K; however, determining low ppmV water content measurements 
depends on the cooling capacity of the equipment employed. 

3. Thermodynamic modelling 

To achieve equilibrium, the following conditions must be fulfilled in 
all phases: equality of pressure, temperature, and Gibbs free energy 
(Sandler, 2006). Under isothermal conditions, phase equilibrium is 
reduced to equality of fugacities of the coexisting phases in each 
component. Equations of State can be used to describe the relationship 
between pressure, volume and temperature (PVT). In addition, deter-
mined water content data is compared to that calculated by the 
sCPA-SRK + classical mixing rule and SRK + NDD mixing rule models, 
which has been proven to be capable of modelling polar components. 
The hydrate phase is modelled by the equations of the van der 
Waal-Platteeuw solid solution theory (Platteeuw and van der Waals, 
1959), as implemented by Parrish and Prausnitz (1972). The models 
presented acts as a bridge between the microscopic properties of the 
clathrate hydrate structure and its macroscopic thermodynamic prop-
erties. A detailed description of the hydrate phase (Haghighi et al., 
2008b) and the models presented can be found elsewhere (Haghighi 
et al., 2009), (Chapoy et al., 2010), (Chapoy et al., 2012), (Mohammadi 
et al., 2004). 

4. Results 

Table 5 compares water content measurements converted to ppmV 
from the dew/frost temperatures obtained from Mehrhoff (1985), Wie-
derhold (1997), and QCM. The model presented in this study reveals an 
AAD and MAD of 1.3% and 0.45%, respectively, which reflects the ac-
curacy of the method in determining water content from dew/frost point 
temperature. In addition, the new water content measurements are 
compared to the model calculations obtained using three different 
methods in the saturated liquid propane phase: a silicon oxide-based 
hygrometer, the new method, and the QCM. Table 7 shows number of 
water content measurements determined in this study corresponding to 
P, T range and technique employed. Five measurements of the water 
content in liquid propane were performed using QCM, as shown in 
Table 12, in addition to the known methane standards of 10 and 100 
ppmV, as shown in Table 6. The QCM showed maximum deviation of ±
1.8 ppmV. Sixteen water content measurements were performed using 
the new method, as shown in Table 13, and six were performed using the 
silicon oxide-based hygrometer, as shown in Table 14. P, T experimental 
conditions for water content measurement in the liquid propane phase 
were retrieved from the literature and those conducted in this study 
were plotted against the propane and the water saturation line, as shown 
in Figs. 9 and 10 respectively, to ensure these conditions were main-
tained in the liquid propane phase and in the liquid or hydrates phase for 

Fig. 7. Example of water content measurement for 111 ppmV at 276.15 K in 
liquid propane phase saturated with water. Measured dew/frost point tem-
perature measurement was 232.1 K. The red and blue denote Millivolts (mV) 
and Temperature (K) recorded for the duration of the experiment, respectively. 
The initial drop of mV due to cooling corresponds to the subcooling tempera-
ture, 230.5 K. The intersection of the first and second baselines to the mV curve 
corresponds dew/frost point mV to the dew/frost temperature 232.1 K. 

Fig. 8. Silicon oxide-based hygrometer experimental setup.  
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water (see Table 7). 
Water content measurements are plotted against temperature, to 

provide a general trend from the graph. Fig. 11 presents 92 water con-
tent measurements collected from the literature and from experiments 
conducted in this study (NM, silicon oxide-based hygrometer and QCM). 
Miscellaneous measurements are clearly shown, as depicted in 
Figs. 11–13. The measurements are compared with those determined by 
Parrish et al. (1982), Sloan et al. (1987), Kobayashi and Katz (1953), and 
the silicon oxide-based hygrometer used in this study. Water content 
measurements obtained by Kobayashi and Katz (1953) show a difference 
of 133 ppmV between maximum and minimum water content mea-
surements, at 310.93 K. This raises questions as to the accuracy and 
repeatability of the water content measurements conducted. On the 
other hand, the silicon oxide-based hygrometer underestimates water 
content measurements in the temperature range 283.15–303.15 K, 
where discrepancies are more pronounced at higher temperatures, as 
shown in Figs. 12–13. Underestimation of water content measurements 
is also confirmed by studies undertaken by Mehrhoff (1985) and 

Hasegawa (1980) for an aluminum oxide-based hygrometer, which 
showed underestimation of 25–50%. Mehrhoff (1985) showed that the 
uncertainty from an aluminium oxide-based hygrometer’s measure-
ments ranged from 25% to 50%. Their investigation showed a down-
ward drift in five aluminium oxide-based hygrometer probes measuring 

Table 5 
Water content measurements from the literature and QCM compared to those obtained by the sCPA-SRK at atmospheric pressure, calculated AAD% and MAD% 
calculated are 1.3% and 0.45%. 

AAD=
1
n
∑n

i=1
|xi − x|

MAD=Median(|xi − xMedian|)

CPA-SRK  

Reference  Component T (K) WC (ppmV) WC (ppmV) Deviation% 

Mehrhoff (Mehrhoff, 1985) 1985 Argon 199.2 1.4 1.32 5.7 
Argon 208.2 5.3 5.4 1.9 
Argon 213.2 10.7 10.79 0.8 
Argon 233.2 126 129 2.4 
Argon 253.2 1019 1032 1.3 

Wiederhold (Wiederhold, 1997) 1997 Nitrogen 183.2 0.0958 0.097 1.3 
Nitrogen 193.2 0.541 0.55 1.7 
Nitrogen 203.2 2.59 2.62 1.2 
Nitrogen 213.2 10.7 10.8 0.9 
Nitrogen 223.2 38.9 39.3 1.0 
Nitrogen 233.2 127 129 1.6 
Nitrogen 243.2 375 381 1.6 
Nitrogen 253.2 1020 1035 1.5 
Nitrogen 263.2 2572 2600 1.1 
Nitrogen 273.2 6068 6098 0.5 

QCM 2022 Propane 236 174.5 174.5 0.0 
Propane 238.9 238.4 240 0.7 
Propane 240.6 286.6 286.6 0.0 
Propane 244.7 439.3 439.9 0.1 
Propane 246.9 550.4 550.4 0.0  

Table 6 
QCM water content measurements performed in known methane standard so-
lutions, with ≤5% standard deviation from the specified standard value.  

Methane Standard 
(ppmV) 

QCM 
(ppmV) 

Setup Uncertainty 
(ppmV) 

Deviation 
% 

10 11.8 1.18 18 
100 102 10.2 2  

Table 7 
Number of measured data points corresponding to the P,T range and technique 
employed.  

Data Points T (K) P (MPa) Range Method 

6 276.15–303.15 8.274 Silicon-oxide 
5 283.15–303.15 8.274 QCM 
16 276.15–313.15 3.412–8.274 New method  

Fig. 9. Graph of pressure versus temperature for propane saturation line 
plotted against P,T conditions of water content measurements reported in 
literature: ( ):New method ‘Lhc-H’, ( ):New method ‘Lhc -Laq’, ( ): QCM ‘Lhc 
-Laq’ , ( ): Silicon oxide-based hygrometer ‘Lhc-H’, ( ): Silicon oxide-based 
hygrometer ‘Lhc -Laq’, ( ): Kobayashi and Katz (Kobayashi and Katz, 1953) ‘Lhc 
-Laq’,( ): Song et al. (Song et al., 2004) ‘Lhc-H’, ( ): Song and Kobayashi (Song 
and Kobayashi, 1994) ‘Lhc-H’, ( ): Song and Kobayashi (Song and Kobayashi, 
1994) ‘Lhc -Laq’, ( ): Adeniyi et al. (Adeniyi et al., 2020) ‘Lhc-H’,( ): Parrish 
et al. (Parrish et al., 1982) ‘Lhc-H’, ( ): Parrish et al. (Parrish et al., 1982) ‘Lhc 
-Laq’, ( ):Sloan et al. (Sloan et al., 1987) ‘Lhc-H’. 
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1–15 ppmV in argon. These studies suggest that aluminium oxide-based 
hygrometers underestimate water content. Hasegawa (1980) deter-
mined water content measurements from 17 aluminium oxide-based 
hygrometers, and the results confirmed Mehrhoff’s (Mehrhoff, 1985) 
observation regarding the underestimation of water content measure-
ments due to the formation of a porous alumina layer that causes hys-
teresis in an aluminium oxide-based hygrometer. Due to the high degree 
of uncertainty associated with this technology, the aluminium base has 
subsequently been replaced by a silicon base, to increase the sensitivity 
to moisture. 

Table 8 compares the averages of water content measurements from 
different (QCM, NM, TDLAS) setups to those obtained by the silicon- 
based hygrometer at similar conditions. Table 8 shows underestima-
tion of 9–16.6%, which in relative terms, is a considerable improvement 
when compared to the uncertainty reported in the literature for 
aluminum oxide-based hygrometers. 

The measurements by Sloan et al. (1987) present clear over-
estimation of water content measurements in the hydrates phase, which 
is clearly depicted in Figs. 11 and 13. Overestimation of water content 
measurements may arise from water in the cell being converted to ice 
instead of hydrates. It is noticed from Table 9 that the water content 
measurements by Song and Kobayashi (1994) at 261.75 and 255.55 K 
were underestimated when compared to the measurements by Adeniyi 
et al. (2020). This also applied to Song et al.‘s (Song et al., 2004) mea-
surement at 255.35 K. 

Table 10 shows the adjustable parameters used to tune the sCPA- 
SRK + classical mixing rule and SRK-NDD models to assess water con-
tent in the liquid propane phase in equilibrium with hydrates or in the 
aqueous phase for the temperature interval of 211.15–313.15 K. The 
temperature range includes measurements obtained from the literature 
and from this study. The sCPA-SRK and SRK-NDD models presented an 

overall deviation of 12.1% and 12.3%, respectively, over the previously 
mentioned temperature interval. 

The water content measurements determined from the new method 
and the QCM showed a good correlation. To interpret the variability 
among the water content measurements performed more than once at a 
constant temperature, the absolute average deviation (AAD) was 
calculated for each temperature set. Low AADs are found in water 
content measurements performed at high pressures, as shown in Adeniyi 
et al.‘s (Adeniyi et al., 2020) study, Table 11 shows the experimental P,T 
conditions. Similarly, low AADs were found for water content mea-
surements performed using the new method under low pressure condi-
tions, as shown in Table 11. Therefore, it can be concluded that high 
deviations in water content measurements cannot be attributed to 
pressure changes in the liquid propane phase. 

Adeniyi et al. (2020) predicted water content measurements be-
tween 241.95 and 276.12 K, using a model developed by Wagner and 
Prub (Wagner and Pruβ, 2002). The experimental uncertainty percent-
ages achieved by Wagner and Prub (Wagner and Pruβ, 2002) and 
sCPA-SRK model were found 14.7% and 15.5%, respectively. As shown 

Fig. 10. Graph of pressure versus temperature for water saturation line plotted 
against P,T conditions of water content measurements reported in literature: 
( ):New method ‘Lhc-H’, ( ):New method ‘Lhc -Laq’, ( ): QCM ‘Lhc -Laq’ , ( ): 
Silicon oxide-based hygrometer ‘Lhc-H’, ( ): Silicon oxide-based hygrometer 
‘Lhc -Laq’, ( ): Kobayashi and Katz (Kobayashi and Katz, 1953) ‘Lhc -Laq’, ( ): 
Song et al. (Song et al., 2004) ‘Lhc-H’, ( ): Song and Kobayashi (Song and 
Kobayashi, 1994) ‘Lhc-H’, ( ): Song and Kobayashi (Song and Kobayashi, 1994) 
‘Lhc -Laq’, ( ): Adeniyi et al. (Adeniyi et al., 2020) ‘Lhc-H’, ( ): Parrish et al. 
(Parrish et al., 1982) ‘Lhc-H’, ( ): Parrish et al. (Parrish et al., 1982) ‘Lhc -Laq’, 
( ):Sloan et al. (Sloan et al., 1987) ‘Lhc-H’. 

Fig. 11. Graph of water content measurements of this study and from open 
literature versus temperautre experiment conditions.The overall reported 
temperature and water content range is 211.15 – 313.35 K and 1.348 – 752 
ppmv, respectively. In total this graph shows 92 water content measurements. 
( ):New method ‘Lhc-H’, ( ):New method ‘Lhc -Laq’, ( ): QCM ‘Lhc -Laq’ , ( ): 
Silicon oxide-based hygrometer ‘Lhc-H’, ( ): Silicon oxide-based hygrometer 
‘Lhc -Laq’, ( ): Kobayashi and Katz (Kobayashi and Katz, 1953) ‘Lhc -Laq’, ( ): 
Song et al. (Song et al., 2004) ‘Lhc-H’, ( ): Song and Kobayashi (Song and 
Kobayashi, 1994) ‘Lhc-H’, ( ): Song and Kobayashi (Song and Kobayashi, 
1994), ( ): Adeniyi et al. (Adeniyi et al., 2020) ‘Lhc-H’. ‘Lhc -Laq’, ( ): Parrish 
et al. (Parrish et al., 1982) ‘Lhc-H’, ( ): Parrish et al. (Parrish et al., 1982) ‘Lhc 
-Laq’, ( ):Sloan et al. (Sloan et al., 1987) ‘Lhc-H’. 
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in Table 15, at low temperatures, 241.95–243.05 K, the sCPA-SRK model 
outperformed Wagner and Prub’s model (Wagner and Pruβ, 2002). 
Fig. 14 illustrates the calculations of the sCPA-SRK and SRK-NDD models 
of this study and that of the sCPA-SRK, which was adjusted based on the 
solubility data, in which the water content values were overestimated. 
In general, the calculations of the sCPA-SRK and SRK-NDD models 
agreed well with the performed experimental measurements. Water 
content measurements performed by Song and Kobayashi (1994) and 
the silicon oxide-based hygrometer clearly followed similar trends, that 
is, both underestimated the measurements. From Table 5 it is observed 
that deviation is higher at 10 ppmV (18%) when compared to 100 ppmV 
(2%). Hence, it can be concluded that deviations are more pronounced 
at low water content values. This shows that, at low temperature, a few 
ppmV generates high uncertainty when compared to a model. An 
average of 4% deviation was found between the QCM results and the 
new method’s measurements. However, measurements from the silicon 
oxide-based hygrometer showed average deviations of 17.3% and 12.6% 
when compared to QCM and the new method measurements, respec-
tively, at similar temperature conditions. This reflects the higher accu-
racy achieved by a silicon oxide-based hygrometer when compared to 
one using aluminium oxide, which produced, 25–50% uncertainty 
(Funke et al., 2003), (Mehrhoff, 1985). Fig. 15 plots the hydrate disso-
ciation points obtained from the literature against those obtained from 
the proposed model. As shown from the graph, the model correlates well 
with the literature data. The regions to the left and right of the curve 

Fig. 12. Graph of water content measurements of this study and from open 
literature versus temperautre experiment conditions.The overall reported 
temperature and water content range is 288.15 – 313.35 K and 203 – 752 ppmv, 
respectively. ( ):New method ‘Lhc -Laq’, ( ): QCM ‘Lhc -Laq’ , ( ): Silicon oxide- 
based hygrometer ‘Lhc -Laq’, ( ): Kobayashi and Katz (Kobayashi and Katz, 
1953) ‘Lhc -Laq’, ( ): Song and Kobayashi (Song and Kobayashi, 1994) ‘Lhc -Laq’, 
( ): Parrish et al. (Parrish et al., 1982) ‘Lhc-H’. 

Fig. 13. Graph of water content measurements of this study and from open 
literature versus temperautre experiment conditions.The overall reported 
temperature and water content range is 241.95-285.25 K and 10 – 178.6 ppmv, 
respectively. ( ):New method ‘Lhc-H’, ( ):New method ‘Lhc -Laq’, ( ): QCM ‘Lhc 
-Laq’ , ( ): Silicon oxide-based hygrometer ‘Lhc-H’, ( ): Silicon oxide-based 
hygrometer ‘Lhc -Laq’, ( ): Song et al. (Song et al., 2004) ‘Lhc-H’, ( ): Song and 
Kobayashi (Song and Kobayashi, 1994) ‘Lhc-H’, ( ): Song and Kobayashi (Song 
and Kobayashi, 1994), ( ): Adeniyi et al. (Adeniyi et al., 2020) ‘LhcH’., ‘Lhc 
-Laq’, ( ): Parrish et al. (Parrish et al., 1982) ‘Lhc-H’, ( ): Parrish et al. (Parrish 
et al., 1982) ‘Lhc -Laq’, ( ):Sloan et al. (Sloan et al., 1987) ‘Lhc-H’. 

Table 8 
Shows deviation comparision of water content measurements of silicon oxide- 
based hygrometer to the average of the experimental setups reported at 
similar temperature conditions.The average deviation is 12.4%.  

Setup T (K) Average WC 
(ppmV) 

oxide-based 
hygrometer 

Deviation 
% 

NM, QCM 303.15 537.9 466 13.4 
NM, QCM 298.15 423.4 382 9.8 
NM, QCM 288.15 232.5 203 12.7 
NM, QCM 283.15 171.5 143 16.6 
NM, QCM 283.15 171.5 156 9.0 
NM, 

TDLAS 
276.15 105.4 92 12.7  

Table 9 
Water content measurements from literature.  

Reference T(K) WC (ppmV) 

Song et al. (Song et al., 2004) 255.35 22.4 
Song and Kobayashi (Song and Kobayashi, 1994) 261.75 36.3 
Song and Kobayashi (Song and Kobayashi, 1994) 255.55 21.56 
Adeniyi et al. (Adeniyi et al., 2020) 253.02–253.96 26–36  
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represent hydrates and hydrate free zones, respectively. 
Table 16 presents the Kihara parameters σ and ε that stand for 

propane-water collision diameter and energy parameters, respectively, 
determined from tuning the hydrate dissociation points from open 
literature (Reamer et al., 1952)- (Lee et al., 2012). 

5. Conclusion 

This study used three different experimental setups to perform water 
content measurements in the liquid propane phase from 
(276.15–313.15) K. Measurements were carried out using a QCM 
moisture analyzer, a new method and a silicon oxide hygrometer. The 
new experimental data are in good agreement with the literature data. 
All the experimental data are compared to the results of the model 
calculations using the sCPA-SRK and SRK-NDD EoS; The models corre-
lated well with the temperature interval, 211.15–313.15 K, provided for 
water content measurements, as well as with hydrate dissociation 
measurements. For future work, water content measurements in liquid 
ethane in equilibrium with water or hydrates will be determined and 
compared to the same models evaluated in this study. 
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Table 10 
Tuned parameters based on literature and water content measurements con-
ducted in this study.  

Model kij l0ij l1ij 

sCPA-SRK 0.007524 – – 
SRK-NDD 0.520251 1.5925 39.55  

Table 11 
Calculated AAD (ppmV) of water content measurements conducted more than 
once, on the same temperature conditions, by the new method.  

Equilibrium Phase T (K) AAD (ppmV) Deviation % 

LHC -H 276.15 1 0.9 
LHC-LAQ 283.15 4 2 
LHC-LAQ 291.15 2 1 
LHC-LAQ 298.15 6 1 
LHC-LAQ 303.15 8 1  

Fig. 14. Graph of water content measurements of this study and from open 
literature versus temperaturee experimental conditions for comparison to cal-
culations from the sCPA and SRK tuned based on measurements and literature 
measurements, in addition to, calculations from sCPA model tuned based on 
solubility data. ( ):New method ‘Lhc-H’, ( ):New method ‘Lhc -Laq’, ( ): QCM 
‘Lhc -Laq’ , ( ): Silicon oxide-based hygrometer ‘Lhc-H’, ( ): Silicon oxide-based 
hygrometer ‘Lhc -Laq’, ( ): Kobayashi and Katz (Kobayashi and Katz, 1953) ‘Lhc 
-Laq’, ( ): Song et al. (Song et al., 2004) ‘Lhc-H’, ( ): Song and Kobayashi (Song 
and Kobayashi, 1994) ‘Lhc-H’, ( ): Song and Kobayashi (Song and Kobayashi, 
1994) ‘Lhc -Laq’, ( ): Adeniyi et al. (Adeniyi et al., 2020) ‘Lhc-H’., ( ): Parrish 
et al. (Parrish et al., 1982) ‘Lhc-H’, ( ): Parrish et al. (Parrish et al., 1982) ‘Lhc 
-Laq’, ( ):Sloan et al. (Sloan et al., 1987) ‘Lhc-H’. 

Fig. 15. Hydrate dissociation P,T points from open literature literature plotted 
against the sCPA model (black line). : Reamer et al. (Reamer et al., 1952), : 
Mohammadi and Richon (Mohammadi and Richon, 2013), : Englezos and 
Ngan (Englezos and Ngan, 1993), : Maekawa (Maekawa, 2006), : Thakore 
and Holder (Thakore and Holder, 1987), : Bishnoi and Dholabhai (Bishnoi and 
Dholabhai, 1993), : Makogon (Makogon, 2003), :Maekawa (Maekawa, 
2008), : Nixdorf (Nixdorf and Oellrich, 1997), : Haghighi et al. (Haghighi 
et al., 2008a), : Yasuda and Ohmura (Yasuda and Ohmura, 2008), : Adeniyi 
et al. (Adeniyi et al., 2017), : Wilcox et al. (Wilcox et al., 1941), : Holder and 
Godbole (Holder and Godbole, 1982), : Buleiko et al. (Buleiko et al., 2017), : 
Frost and Deaton (Frost and Deaton, 1946), : van der Waals and Platteeuw 
(Platteeuw and van der Waals, 1959), : Robinson and Mehta (Robinson and 
Mehta, 1971), : Verma et al. (Verma, 1974), : Kamath et al. (Kamath et al., 
1984), : Aladko et al. (Aladko et al., 2002), : Mooijer-van den Heuvel et al. 
(Mooijer - van den Heuvel et al., 2002), : Lee at al. (Lee et al., 2012). 
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291.15 3.998 282 11.28 290.5 3.0 290.0 2.8 
291.15 5.592 282 11.28 285.2 1.1 283.8 0.6 
291.15 6.895 282 11.28 281.1 0.3 279.1 1.0 
291.15 8.412 279 11.16 276.6 0.9 274.1 1.8 
298.15 8.274 411 16.44 398.7 3.0 395.2 3.8 
298.15 8.274 420 16.8 398.7 5.1 395.2 5.9 
303.15 8.274 542 21.68 512.4 5.5 507.7 6.3 
303.15 8.274 532 21.28 512.4 3.7 507.7 4.6 
303.15 8.274 527 21.08 512.4 2.8 507.7 3.7 
313.15 8.274 752 30.08 828.2 10.1 819.0 8.9     

Average % 4.5  4.4  

Table 14 
Water content measurements determined from a silicon oxide-based hygrometer at a constant pressure of 8.274 MPa.  

Equilibrium Phase T(K) WC (ppmV) sCPA-SRK sCPA-SRK Deviation % SRK-NDD SRK-NDD Deviation % 

LHC -H 276.15 92 116.4 26.5 114.9 24.9 
LHC-LAQ 283.15 143 179.0 25.2 177.1 23.8 
LHC-LAQ 283.15 156 179.0 14.7 177.1 13.5 
LHC-LAQ 288.15 203 235.8 16.2 233.6 15.1 
LHC-LAQ 298.15 382 398.7 4.4 395.2 3.5 
LHC-LAQ 303.15 466 512.4 10.0 507.7 8.9    

Average % 16.2  15.0  

Table 15 
Comparison of five sets of water content measurements corresponding to five 
temperature ranges, performed using Adeniyi et al.‘s (Adeniyi et al., 2020) 
model and model presented in this work.  

T/K P(MPa) sCPA-SRK 
% 

SRK-NDD 
% 

Wagner & Prub 
% 

241.95–243.05 1.081–39.984 10.9 14.3 16.5 
253.02–253.96 1.731–40.132 35.3 38.0 26.9 
263.07–263.08 2.496–40.064 15.7 18.5 9.7 
273.1–273.12 2.545–40.077 6.8 7.5 8.3 
276.1–276.12 2.553–40.01 5.7 5.5 9.5  

Average % 15.5 17.5 14.7  

Table 16 
Shows Kihara parameters tuned from hydrate dissociation points retrieved 
from open literature (Reamer et al., 1952)- (Lee et al., 2012) for propane-water 
interactions. 
Ȧ= 0.1nm   

σ(Ȧ) ε/k (K) α(Ȧ)

3.661825 204.145 0.73  
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