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ABSTRACT

Thispaper dealswith the effects of a surfactant additive on the formation of methane hydrate in water systemwith and
without sodium dodecyl sulfate (SDS). The properties of sodium dodecyl sulfate are listed. The results manifested that
the presence of SDS could not only accelerate the hydrate formation process, but also increase the partition
coefficient of methane between hydrate and vapor dratically. The paper then describes our experimental
observations of the hydrate formation from methane, to show how the hydrate formation behaviors are affected by the
additives of chamber partially filled with a quiescent pool of water (pure water or an aqueous SDS solution) to
compensate for the gas consumption due to the hydrate formation, thereby maintaining a constant pressure inside the
chamber. The results revealed that the addition of SDS not only on the liquid-pool surface but also on the chamber
walls above the level of the pool surface, leaving the bulk of the liquid pool free from hydrate crystals. An excessive
addition of SDSbeyond the solubility was found to cause a decrease in the rate of hydrate formation but anincreasein
the final level of the water-to-hydrate conversion.
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INTRODUCTION

Gas hydrates (or clathrates) are group ice-likstatlme compounds, which form through a combimatbwater and
suitably sized ‘guest’ molecules under low tempaetnd elevated pressure conditions. Within ththrege lattice,
water molecules form a network of hydrogen-bondadeelike structures, enclosing the guest molecwidsch
generally comprise of low-molecular diameter gggeg., methane, ethane, propane, carbon dioxidg)(@€. [1].
The gas molecules occupy these cavities and agadithydrate formed. There are three known typeydifate crystal
structure. Structure |, structure Il and structHrewhich was described in detail by Sloan [2]. The#ructures are
formed by different combinations of crystalline itas, with different sizes depending on guest molles. The actual
gas storage density depends on the gas occupsditiioh in the hydrate and the particular crystdighic structure
of the hydrate [3].

Gas hydrate can form naturally on Earth or as alre$ manmade conditions. Naturally occurring ¢igslrate in
sediments (permafrost regions and subsea sedintam$)e a potential natural gas resource [4]. Magas hydrates
offer a largely unexploited means of energy recpeard transportation and they could play a sigaiftaole in past
and future climate changes [5]. Compared to pusesgmples at standard temperature and atmosphessupe, the
same volume of gas hydrate contains more thanifti&®tthe volume of gas. Hydrate decomposition usdafloor
may result in subset landslides, therefore, metleanape that would seriously impact global climateerefore, the
possible effect of hydrate dissociation on the gemhanical properties of sediments has becomedaroemental
concern. Furthermore, marine gas hydrate could pagards to deepwater drilling and production, m®rsg the
increasing number of oil and gas fields that arededeveloped in deepwater and onshore arctic enwients [6,
7].Hydrate equilibrium data were available to detieie the depressurization pressure, found to béviP& at OC.
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The total depressurization time was unknown dubeainavailability of a plug dissociation model.[8he pipeline
pressure was gradually reduced to 1.38 MPa, aymestightly below the equilibrium pressure, to salnydrate
dissociation without the formation of ice. Twenktyde days were required to completely clear thedtgdlockage.
The pipeline was restarted successfully after & faly inhibited by MEG [9].Overall, the remediati cost about
US$3 million without counting lost production. Nalelivery penalty costs, equipment repair and stin
vendorbuyer relationships also resulted. Fortugathe presence of an extra intake valve in theifolgnand the
immediate availability of FPSO vessel reduced ezspenHowever, the loss of 6-8 weeks of productias ly far the
largest expense in remediation.

In order to make recovery of natural gas from hig@ommercially viable, the hydrates must be diased in situ or
transported to the factory and then recovery [80].as to get these hydrates or make hydrate rgcasea gas, the
drilling engineering must be used to explored aenktbp. The dissociation rate, which depends oftReonditions
and other environmental conditions, is an esseptishmeter to evaluate the gas recovery from tliealyy layer.
Especially the drilling fluids properties are plagia very important role for hydrate dissociatidh][ There has been
little information on the effect of the fluids fdrydrates dissociation. So as to control the rislgag hydrate, or
clathrate hydrate, formation, in the oil and gakustry, it is common to add thermodynamic inhikst@.g., methanol,
glycol)[12] or surfactants (e.g., sodium dodecyfate)to the fluids system (which may consists alfre formation
water)[13].
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Fig.1: Schematic of experimental apparatus
EXPERIMENT SECTION

Figure 1 shows the schematic of the experimentaduagius of gas hydrate formation and micro-drillaygtem. The
hydrate was artificial in cylindrical cell that cavork under high pressure up to 40MPa. The pressiutiee cell is
controlled by the pressure transducers which wigezlfin the cell in and out, which can simulate tdwerburden
pressure of the seafloor. The cell was submergadeémperature-controlled air bath, which conttisésexperimental
temperature to simulate thermal environment ofreedts housing gas hydrates, normally within a teatpee range
—7 to 50°C.

A pressure transducer was used to measure thersgstssure in the vessel that is monitored by sspire transducer
(accuracy of 0.02MPa), and the temperature digtahiun an axial direction of the vessel was meadly a PRT to
an accuracy of 0.1°C. A mechanical stirrer thdixied to the drill bit with adjustable rotation sak(from 0 to 1200
R/min) is used to agitate the test fluids. The terqequired driving the stirrer and drilling proses a constant speed
is measured and related to the viscosity of theesysThis temperature, pressure and torque dattvwarsmitted into
a personal computer through a recorder collectiahcantrolled board and were recorded in a daasithultaneously
and continuously. Pure methane gas was supplid¢dfwiin a cylinder bottle in the reactor before fatdrformation.
An inverted cylinder was used to restore and measuolved gas from the reactor during hydrate dission test.
Hydrate formation is detected by a drop in thee@yspressure (in addition to increase in temperadnck torque
applied to the stirrer). The set-up can be usestudy hydrate induction time (in this study, in fesence of low
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dosage hydrate and scale inhibitors), formatioes;atolume of hydrate formed, relative transpolitgtof the slurry
and hydrate blockage (seize-up of the stirring &d he experiments for measuring the hydrate formaifomith or
without surfactant were separately performed.

EXPERIMENT MATERIALS
In this experiment, the main materials were usedSmdium dodecyl sulfate and methane. Table 1thistproperties
of Sodium Dodecyl Sulfate.

Tablel Thepropertiesof Sodium Dodecyl Sulfate

mp 204-207 °C (lit.)

density 1.03 g/mL at 20 °C

Fp >100°C

Storage temp. Store at RT.

solubility HO: 0.1 M, clear to nearly clear, colorless to dliglyellow
Water Solubility ca. 150 g/L (20 °C)

Merck 14,8636

BRN 3599286

CAS Database Reference 151-21-3(CAS DataBase Retgre

EPA Substance Registry System  Sulfuric acid monedgdester sodium salt(151-21-3)

HYDRATE PHASE MESAURMENT

Since most pipeline natural gases contain propadehéggher hydrocarbons that are stable sl formpigeline
hydrates are always assumed be structure Il. Gasegsing usually removes ethane, propane and higher
hydrocarbons before gas is transported for buriivig.studied one such natural gas with a compos{goren in
Figure 2) similar to that of a gas in a Middle Epiteline. Figure 2 shows a pressure-temperatwagraim of the
natural gas hydrate. The predictions suggest atatal transition in this hydrate from sll to sltlwvian increase in
pressure. The pipeline pressure temperature psofde the startup and design conditions, shown iguré 1,
suggested the formation of sll and sl, respectivEdyinvestigate this possibility, the hydrate stwe was measured
using Raman spectroscopy. A high-pressure cellohasged with a small amount of distilled water gnelssurized
with the natural gas to 3.55 MPa. Hydrates weresaleul before heating to 0.5°C. A hydrate Ramantapac shown
in bottom half of Figure 2, indicates the hydraisvgll. The same procedure was repeated at a predsk0.7 MPa.
After hydrates were aged at 0°C, hydrates wereodiated and crystallized again at 13°C. The Ranpactsum of
these hydrates, shown in the top part of Figutie 8 sl spectrum. While there is a small shiftie peak positions, a
significant change in peak areas indicates a straictransition from structure Il (bottom spectrum)structure | (top
spectrum) at a pressure between 3.55 and 30.7 Mifais the first measurement of structural traositn a natural
gas with small amounts of propane and butanesefiuture, the realization of such structural titamss may not be
unusual for any gas with the heavier component®veih
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Fig.2: Predicted natural gas hydrate PT diagram showing hydrate stability boundary.
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Gas composition CH, spectral (C-H) region of natural gas hydrate
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Fig.3:Raman spectra of natural gashydrate

The above result shows that sl formation in natgaal systems is possible. Any natural gas thaa lsafficiently low

(< 0.5%) concentration of propane and butanes@an §l at high pressure. Beyond the incipient fdiomapressure,

sl can be the prevalentstructure, as sll hydratedtion strips the gas phase of the heavier hydboces. The time
required for complete melting of hydrate blockagjgery sensitive to hydrate structure. Figure 3ashtie predicted
gas evolution during plug dissociation in a 0.6 iantkter pipeline, as a function of time for botlast sll. Hydrate
dissociation is carried out by two sided depregsiion to atmospheric conditions and is completemwthe gas
evolution stops. Plug dissociation time is predidtebe 370 hours for sll but only 284 hours fohgdrate. Thus, 25 %
more time (approximately 4 days in the present @taejmwill be unnecessarily spent in remediatioarifincorrect
structure is assumed. Current experiments in dtieriatory confirm these predictions for smallentdéer pipes.
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Fig.4:The Profile of methane with SDS aqueous solution (274.15K)

The hydrate formation experiments were conduct@¥4t15K with methane and pure water or SDS aqusaluson.
The measured pressure profiles were depictédgare 3. The results of the experiments showetthgaformation
rate of gas consumed increases with the concemirafi SDS in aqueous solution. Surfactants do nampte the
formation of hydrates but either accelerate thased or modify them to increase the agglomeragoniéncy. The
SDS concentration of was carried from experimembgoeriment over the range up to 500ppm. At a catnagon as
high as 300ppm or above, we noted that duringrtiedtion time before the inception of the hydraterfation, that
solution forming a pool in the test chamber wadamger clear but lightly opaque and that fine ppéate particles
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were sparsely sprinkled over the bottom of the diemm
RESULTSAND DISCUSSION

It is clear that the formation rate and the qugitgas consumed increases with the concentrafi®DS in aqueous
solution; the highest formation rate reaches atffid. The fact is that the presence of SDS inceetimeformation
rate and storage capacity. The results of bothpteesure drop and the partition coefficient of kthg between
hydrate phase and vapor phase were increased r&ohatty adding SDS to water. Theoretically, as aelc
promoter, SDS cannot dramatically influence théahhydrate formation conditions thermodynamicdiscause its
concentration is very small. However, when largardity of hydrate is formed, SDS might have effent the
water—hydrate equilibrium behavior. At first, abiés been widely proved, the presence of SDS isesethe fraction
of water converted into hydrate. For the closedesys concerned in this work, the increase of tremtty of the
hydrate phase will certainly increase the presdup and influence the partitions of gas componbate/een water
and hydrate. Secondly, with the proceeding of hydfarmation, SDS will be condensed in the resicageous
solution and its concentration migitcome high enough to influence phase equilibdomditionsThirdly, when
with the presence of SDS in water, a large numb8D& micelles with gas molecules solubilized ierthare formed
in solution. Each micelle may become a nucleatemt@r. Therefore, unlike the formation of hydratenf pure water
occurs only in the gas/water interface, a numbemnudll hydrate particles forms subsurface of tH& tuater. When
hydrate particles move above the surface of wéterSDS molecules might be adsorbed to the sudabgdrate
particles with their hydrocarbon tail towards gésse. The adsorption of SDS molecules in the seirdddiydrate
particles will lower the surface free energy amslgiethe agglomeration among the hydrate partitlesice, hydrate
formed from SDS aqueous solution is in the fornfimé powder as has been observed. There are suffispaces
among the hydrate particles to guarantee a pegiethydrate contact and make vapor—hydrate equitibcould be
established more easily and the composition of dtgdphase is more uniform. On the contrary, whethowmit the
presence of SDS, hydrate formation iiateery low and the formed hydrate is in the forfiibigger block. Because the
composition of gas phase changes with the procgexdihydrate formation, the composition of hydreemed will
also change with time. As the diffusion of gas males among the cavities of hydrate is very difficthe
composition of the hydrate block might not be uniio Additionally, as ethylene molecules could bhikilized in
SDS micelles more easily than methane moleculéylezte molecules may be enclosed into the hydetted
preferentially. That might be one reason why thespnce of SDS can increase the partition coeftic@épthylene
between hydrate and vapor. It is of significan@g #dding SDS can increase both hydrate formasitmand partition
coefficient of ethylene between hydrate and vagbang, 2005)

The behavior of macroscopic hydrate phase growsdemied here is generally in qualitative agreemeitt the
descriptions given by Kutergin et al. (1992), Mé&v et al. (1998), and Zhong and Rogers (2000)ttoair
observations with hydrocarbon guests and SDS, andhe other hand, it is much different from sugctirate
formation behavior at a quiescent interface betwbermethane gas and surfactant-free water thatth (2002)
reported.

CONCLUSION

The methane hydrate equilibrium date was measunethéthane in cases with and without the preseh&D& in
aqueous. The results showed that the formation aate partition coefficients of methane could bereéased
remarkably by adding the SDShe particular SDS concentration in an aqueous ehelsaracteristic of the
hydrate-forming behavior, is the solubility, ingdeaf the critical micelle concentration, above Wwhi8DS forms a
hydrated solid in the aqueous phase. The solulgtitthe hydrate-forming condition (279K and 0.40:)1B only
slightly lower than the critical micelle concentoat in a laboratory-air condition (293K and 0.101&JPThe rate of
hydrate formation is maximized at an SDS concepotmaslightly below the solubility. The water-to-hgde
conversion ratio or the gas storage capacity gidaaie-forming reactor initially charged with a pceibed amount of
water, has a peak at an SDS concentration nedflpfifie solubility. The ratio has a minimum ag ttoncentration
approaches the solubility, and then tends to irseresith a further increase in the concentrationeeging the
solubility.
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