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Measurement of Dissolved Propane in Water in the Presence of Gas Hydrate

Jason Gaudette and Phillip Servio*

Department of Chemical Engineering, McGill University, Montreal, QC, H3A 2B2, Canada

The concentration of propane dissolved in water in the presence of propane gas hydrates has been measured at
temperatures from (274 to 277) K and pressures from (150 to 350) kPa. Solubility measurements in the absence
of hydrate were found to be in agreement with literature values, which predict an increase in solubility as temperature

is decreased. In the hydrate formation region, the solubility of propane decreased with decreasing temperature.
Therefore, hydrate formation reverses the-gagid solubility trend. Results also show that pressure does not

have a strong influence on solubility in the presence of gas hydrate.

Introduction

Gas hydrates, or clathrate hydrates, are nonstoichiometric
crystalline compounds in which individual guest molecules of
a suitable size and shape are caged inside a network of
hydrogen-bonded water molecules. The water network is I
stabilized by weak van der Waals forces between the host and
the internal guest molecules. Clathrate hydrates, containing
mostly natural gas, occur in vast quantities within and below 5 H-Lerge V
the permafrost zone and in subsea sediment where the existin¢$
pressures and temperatures allow for thermodynamic stability &
of the hydraté. Conservative estimates indicate that ap-
proxmately 10% kg of carbon is trapped in oceanic sedllm.ents \:l.m.,v
in the form of hydrate3, which far exceeds any existing
hydrocarbon reserve on the planet.

It is important to study gas hydrates not only because of the Temperature ———*
large potential they possess as a future energy source but als®igure 1. Partial phase diagram for the watérpropane system where
because of the problems they pose to the petroleum industryLw represents liquid water;ds, is liquid propane; V is vapor; H is hydrate;
during the production, transportation, and processing of naturaland I is ice. Q and Q represent the two quadruple points of the system.

gas and oif. Although most hydrate research focuses on e hydrate formation region may enhance our understanding

methane, the primary component of natural gas, propane iS¢ hyqrate formation kineticgThe objective of the present study
another component of natural gas that is known to physically ig 5 measure the solubility of propane in the aqueous phase in
combine with water under certain temperature and pressurey, presence of gas hydrate.

conditions to form hydratesFor storage and transportation of
liquefied petroleum gases (LPGs), composed mainly of propane Experimental Apparatus
and butane, it is important to know and to be able to predict
the conditions of hydrate formation in the presence of humidity
or ice?

Propane forms structure Il hydrate when combined with water
under correct thermodynamic conditions. In the propaneater
system, the location of the two quadruple points occurs a
relatively low pressured, = 1.5 bar andPq, = 6.0 bar) with
the upper quadruple point existing at a relatively low temperature
(Tg, = 279 K) in comparison with other hydrate formers (see
Figure 1)° The nearly vertical H-Ly—Lc,, equilibrium line
restricts hydrate formation to temperatures just abdwe
Therefore, although propane hydrate occurs at modest pressureg
and temperatures, the thin borders of the formation region restrict
hydrate formation potential.

For modeling and prediction of hydrate formation conditions,
knowledge of thermodynamics and kinetics of hydrate formation
are required. In particular, accurate solubility measurements in

Lo LoomV

The primary component of the hydrate equilibrium apparatus
was a high-pressure crystallizer, shown in Figure 2 and
constructed of 316 stainless steel. The crystallizer had two
circular viewing windows in the front and back and was
t equipped with a top mount Dyna/Mag magnetic mixer with
revolutions per minute control capable of agitation at speeds
up to 2500 rpm (Pressure Product Industries, Warminster, PA).
A series of variable-volume reservoirs and a Baumann 51000
series low-flow control valve (Laurentide Control, Montreal,
QC) were used to hold the crystallizer pressure constant during
Xperiments. Pressure measurements were made with model
051S Rosemount pressure transducers (Laurentide Control,
Montreal, QC), programmed for pressure measurements over a
range of (0 to 13 789) kPa with a reference accuracy of less
that 0.065 % of the span. The temperature inside the top and
bottom of the crystallizer was monitored by Omega high-
accuracy RTD probes. The crystallizer and reservoir were all
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Figure 2. Schematic diagram of the experimental solubility apparatus: 1, 273.0 274.0 275.0 276.0 277.0 278.0
crystallizer; 2, mixer; 3, bias reactor; 4, bias reservoir; 5, feeding reservoir;
) - . i . TIK
6, propane tank; 7, positive displacement pump; 8, vacuum pump; 9, sample
cylinder. @ Three Phase H-Lw-V B Experimental Conditions
Figure 3. Partial phase diagram for the propatevater system. The line
Table 1. Mole Fraction of Propane in Water, x;, at Given represents the three-phase-H,—V equilibrium line? Below the line,
Temperatures and Pressures gaseous propane and liquid water coexist at equilibrium, and above the
K PlkPa 10% regior? line, liquid water and propane hydrate may exist at equilibrium.
274.21 150 1.118 YLy
274.18 188 1.440 YLw 2.0
274.25 200 1.417 YLw
275.17 201 1.243 YLlw 18 ]
275.15 250 1.502 YLw N 250 kPa (L
276.21 250 1.445 VLl . ¢ 250 kPa (HLw)
274.23 253 1.439 HLuw <1 . N ©250kPa (V-Lw)
276.20 301 1.702 Vlw 5 " ° o 4 300kPa (H-Lw)
274.16 301 1.440 HLw < 14 4300 kPa (V-Lw)
275.20 302 1572 HLw © 350 kPa (H-Lw)
275.20 352 1.572 HLw 12
276.16 355 1.642 HLw
274.33 358 1.546 HLw 10

2740 2745 275.0 2755 276.0 276.5
TIK

Figure 4. Plot of equilibrium mole fraction of propang;, as a function

of temperature at 250 kPa, 300 kPa, and 350 kPa, respectively (three phase
obtained via a PC equipped with Labview and a National H—LW—_V equilibrium temperatures are 275.2 K, 276.0 K, and 276.7 K,
Instruments data acquisition system. respectively).

An automated high-pressure positive displacement pump

(Schlumberger Canada Ltd., Edmonton, AB) was used to
displace the gas volume in the reactor at constant pressure t
achieve two-phase hydratéiquid water equilibrium. A high-
pressure filter assembly (Millipore, Bedford, MA) was used
when necessary to ensure that the liquid samples being analyze
did not contain any hydrates. The assembly is capable of
withstanding a 20 MPa difference across the filter and removes
all particles greater than 10 nm in diameter. A digital gasometer
(Chandler Engineering, Tulsa, OK) with an accuracy of 0.2 %
of the reading was used to measure the volume and temperatur
of gas expanded from the liquid sample bomb.

a H, Ly, and V refer to solid hydrate, liquid water, and vapor,
respectively.

sample bomb that was removed from the apparatus once it had
Yeached equilibrium. If the experiment was conducted above
the three-phase line in the-H.,, equilibrium region, the gas

olume in the reactor must be displaced with water while

aintaining constant pressure in the presence of hydrates. After
equilibrium had been obtained between the liquid water and
hydrate phases, a hydrate-free liquid sample was then collected
in the evacuated sample bomb for analysis. Figure 3 shows the
set of experimental conditions at which propane solubility in
Svater was measured in this study.

An analytic flash technique was used to determine the
concentration of propane dissolved in the liquid san§gle.
Using the gasometer, the contents of the sample bomb were

The hydrate crystallizer was filled with 250 mL of distilled brought to room temperature and atmospheric pressure. The
and deionized water. High-purity propane (99.%, MEGS, gasometer accomplishes this by allowing the propane to evolve
Montreal, QC) was supplied from the gas bottle until the desired from the sample bomb into a floating piston where the gas
pressure was obtained, and propane addition to the crystallizervolume and temperature were measured and recorded. The
continued throughout the experiment to ensure constant pressurenoles of propaney, in the vapor phase in the gasometer were
inside the crystallizer. The experimental results of Deaton and then calculated by
Frost were used to determine the three-phasé. #-V points
for the propane+ water systeni. The procedure for the A )L 1)
measurement of the concentration of dissolved propane in the 1 HO'ZRT
aqueous phase was dependent on which region of the phase
diagram the experiment was conducted. If the experiment waswhereP, V, R, T, andZ are the atmospheric pressure, volume
carried out below the three-phase line in the two-phasé.y of the vapor in the gasometer, universal gas constant, room
equilibrium, a liquid sample was collected in an evacuated temperature, and compressibility factor for propane, respectively.

Procedure
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Table 2. Comparison of the Experimentally Determined Solubility in the Two-Phase VaporLiquid Water Region to Those Calculated Using

the Correlations of Carroll and Mather 1* and Chapoy3

TIK P/kPa 10x, 10%y(calcd} 10*(calcdp 10062 — Xq)/%1? 100(:° — Xq)/%P
274.18 188 1.440 1.334 1.363 —-8.0 5.7
274.21 150 1.118 1.063 1.086 —5.2 —-2.9
274.25 200 1.417 1.417 1.447 0.0 2.1
275.15 250 1.502 1.690 1.725 111 12.9
275.17 201 1.243 1.357 1.386 8.4 10.2
276.21 250 1.445 1.611 1.644 10.3 12.0

a Using Carroll's correlation for Henry's constanfsUsing Chapoy’s correlation for Henry's constants.

Values forZ were obtained from the Trebbtdishnoi equation
of state? P\,jzo is the vapor pressure of water at the vapor

Conclusions
The solubility of propane in water in the hydrate formation

temperature. Because the liquid sample volume and the solubilityregion was measured using an analytical flash technique for

of propane in water at room temperature and atmospheric
pressure are knowt;'! the mole fraction of propanex,

temperatures ranging from (274 to 277) K and pressures of (150
to 350) kPa. Solubility results show that the amount of propane

dissolved in the aqueous phase at the experimental conditionsgissolved in water decreases with decreasing temperatures in

can be calculated using the following equation

x;n
1 2' n1
1-x :
X
1 X;an ( )
-+n +n,
1 1

wherex| is the mole fraction of propane dissolved in water at
room temperature and atmospheric pressurenaigdthe number

of moles of water in the sample bomb. Because the volume of
the sample bomb was knowm,; can be calculated using steam
tabled? at the experimental temperature and pressure.

Results and Discussion

Experiments were conducted over a range of (274 to 277) K
and (150 to 350) kPa in both the vapdiguid water and
hydrate-liquid water equilibrium regions. A series of replicate

experiments at each temperature and pressure condition were

performed with a maximum absolute average deviation from

the mean of 4.6 %. The mean results at each temperature and
pressure condition are presented in Table 1, and measurement
at 250 kPa, 300 kPa, and 350 kPa, respectively, are plotted in

Figure 4. Also, in Table 2, the measurements taken in the
vapor-liquid water region are presented and compared to the
correlation of Carroll and Math&r and the correlation of

Chapoy!® As expected, propane solubility in the absence of

hydrate increases with decreasing temperature, and the results

obtained are close to literature values.
The results for the solubility of propane in the presence of
propane hydrate show that at a given pressure the solubility of

propane in water decreases as the temperature decreases in the

hydrate formation region. Therefore, the formation of gas
hydrate reverses the gakquid solubility trend. This is in
agreement with the conclusions of Ohmura and Roaind
Servio and Englezd®® Furthermore, it can be seen that

the hydrate formation region. Furthermore, solubility was not
found to be a strong function of pressure in the hydrate
formation region.
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