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ABSTARCT:

As a result of geophysical researches in non-conw@nal energy sources in the earth in recent yearshe
discovery of large gas hydrate accumulations in teestrial permafrost regions of the Arctic and bene#h
the sea along the outer continental margins of thevorld's oceans creates the interest of gas hydrates a
possible energy resource. Gas-hydrates are crystaé form in which gases (mainly methane) are
observed to be trapped within a framework of hydrogn bonded water molecules (Kvenvolden, 1998).
They form at elevated pressure and moderately coaleéemperature, and occur worldwide in two distinct
regions of permafrost and outer continental margins(Sloan, 1990). According to the U.S. Geological
Survey, the worldwide amount of carbon bound in gasiydrates is conservatively estimated to total twie
the amount of carbon to be found in all known fossifuels on Earth. Gas hydrates, also known as
clathrates, are frozen, crystalline solids comprisig gas molecules contained within a lattice of wate
molecules. The most common form of gas hydrate isathane hydrate, but other gas molecules include
ethane, propane, butane, iso-butane, pentane, nitgen, carbon dioxide and hydrogen sulphide. Natural
gas hydrates are being studied worldwide as trsport manufactured materials as they are more
suitable for large-scale transport of natural gas wer long distances than liquefied natural gas. A ma
component of hydrate deposits is methane hydrate fimed from water and methane molecules so the
hydrocarbon gas mixture contains >99% methane. The main aim of this paper is to investigate the
various thermal and physical properties of gas hydates that are the outcome of the experiments
performed.

1. INTRODUCTION
Hydrates are the members of the class of compolaheded “clathrates” after the Latin “clathratus&aming,
“To encage”. All hydrate structures have repetitivgstal units composed of asymmetric, sphericab&s” of
hydrogen-bonded water molecules. Each cage coraaim®st one guest (gas) molecule held within d#gedy
dispersion forces. There is no chemical union bebhnte gas and water molecules. The water moletidgs
form the lattice are strongly hydrogen bonded weétdch other and the gas molecule interacts with rwate
molecules through van der Waals type dispersiocefor

Gas-hydrates are crystalline form in which gaseairfm methane) are trapped within a framework of
hydrogen bonded water molecules (Kvenvolden, 1988y form at elevated pressure and moderatelyedool
temperature, and occur worldwide in two distinaioas of permafrost and outer continental margBisdn,
1990). The issue of gas hydrate geology was tadian 1969 when the discovery "Property of natgeases to
occur in the solid state and to form the gas hydfietds in the Earth's crust" was registered éhthors: V. G.
Vasilyev, Yu. F. Makogon, F. A. Trebin and A. A.ofimuk). By that time the gas hydrates have notfially
been observed in natural conditions, but possjtdlittheir discovery stimulated the interest of lggists in this
unusual object. In accordance with the paradigmméat, first, the gas hydrates in submarine envirarirfem
mainly from authigenic and biogenic gas: seconidgaherating biochemical catagenetic gas whichrerttes
gas hydrate formation zone stabilizes in hydratesd, the gas hydrates within both offshore andhame
stability zones are universally distributed andurcas continuous layer which caps the free gassd hetions
served as a basis for the suggestions concerningidimt reserves of natural gas (primarily, methaméydrate
form in the World ocean basins and in the terrals&ictic, which exceeds total hydrocarbon resosi@ié over
the Earth.

The phase diagram Fig. 1 of gas-hydrates showsahe of where hydrates are stable within few huhdre
meters below the sea bed.
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Fig. 1: Structure of gas-hydrates in which methane moé=cale caged in hydrogen bonded water molecules
(Kvenvolden, 1998). Cages are both exposed andedve

Figure 2: Sample of methane hydrate from the Gulf of Mexid@thane hydrates can look like ice or packed
snow but break down at atmospheric conditionsaséheg nearly 160 times their own volume of methgas.
(Source : Photograph by W.J. Winters, U.S. Geolldiurvey)
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Table 1: GLOBAL ESTIMATION OF METHANE CONTENT IN GA S HYDRATES OF THE OCEAN

S.No. Methane Quantity, ni Year References
1. 5x10° — 2.5x106° 1977 Trofimuk et al.
2. 7.6x10° 1981 Dobrynijn et al.
3. 3.1x10° 1981 Mclver
4. 4x10°¢ 1988 Kvenvolden, claypool
5. 1x10° 1988 Makogon
6. 2.1x106° 1988 Kvenvolden
7. 2.1x10° 1990 Mac Donald
8. 2.6x10°- 1.4x10’ 1994 Gornitz, Fung
9. 2.3x10°- 9.1x10° 1995 Harvey. Huang
10. 1x10° 1995 Ginsburg, Soloviev
11. 7x10° 1996 Holbrook et al.
12. 1.5x16° 1997 Makogon
13. 2x10° — 2x16° 1997 Dickens et al.
14. 2x10" 1999 Soloviev, Ginsburg

II. STUDY OF THERMAL PROPERTIES OF GAS HYDRATE

Gas hydrates are crystalline solids in which mdiezof a “guest” species occupy and stabilize cégased by
water molecules. Similar to ice in appearance3jiggas hydrates are stable at high pressureseamgktatures
above freezing (0°C). Methane is the most commoturably occurring hydrate guest species. Methane
hydrates, also called simply “gas hydrates,” arreexely concentrated stores of methane and aredfdun
shallow permafrost and continental margin sedimewisidwide. Brought to sea-level conditions, methan
hydrate breaks down and releases up to 160 timesvit volume in methane gas.

A. Measurements of Thermal Properties

Thermal properties of pure methane hydrate werdiesuin the laboratory. The formation techniquesuae
highly reproducible method developed by USGS (S&h others, 2000, 1996) in which granular iceaisked
into the sample chamber of a pressure vessel.(fidne vessel is then pressurized with methane siasly
heated to allow the ice to convert to hydrate, famally compressed to compact the methane hydratena the
centrally located thermal probe. Thermal propentvese measured by warming the sample with a heaterin
the thermal probe while measuring the temperathamge with a centrally located thermal sensor. Mbthane
stored in gas hydrates is of interest and conaepolicy makers as a potential alternative eneggpurce and
as a potent greenhouse gas that could be releemedsédiments to the atmosphere and ocean duraizaigl
warming. In continental margin settings, methardease from gas hydrates also is a potential geothazad
could cause submarine landslides that endangehaséfsinfrastructure. Gas hydrate stability is sivesito
temperature changes.

To understand methane release from gas hydrated).BieGeological Survey (USGS) conducted a laboyato
investigation of pure methane hydrate thermal priggse at conditions relevant to accumulations duraly
occurring methane hydrate. Prior to this work, tir properties for gas hydrates generally were aredson
analog systems such as ice and non-methane hydratdsemperatures below freezing; these conditionit
direct comparisons to methane hydrates in maridepanmafrost sediment.

Three thermal properties, defined by Briaud anddTich (1997), are estimated from the experiments :
Thermal conductivity, A: if X is high, heat travels easily through the material.

Thermal diffusivity, «: if k is high, it takes little time for the temperattoerise in the material.

Soecific heat, cp: if cpis high, it takes a great deal of heat to raisdehgerature of the material.
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Figure 3: Schematic diagram of the thermal properties pressassel. Cylindrical hydrate samples that are
13.3 cm long by 4.1 cm in diameter are formed adoameedle probe (enlarged to show detad). Thermal
properties are estimated from the slope and inperoé the straight-line fit (green line) to the galeis
temperature change in response to heat from thernwae (overlapping blue circles, showing evergth data
point).

The temperature change is linear when plotted fasi@ion of the natural logarithm (In) of time, slsown by
the overlapping blue circles plotting every tenttadpoint in figure 2B. The sample’s thermal proipsrare
calculated from the slope and intercept of theigitdine fit through the data (A and B, respediyyalong the
green line in fig.) (Waite and others, 2006). Thesasurements are repeated over a range of presmule
temperatures.

B. Thermal Property Results

Equations for calculating thermal conductivity, ritnal diffusivity, and specific heat in methane tatér are
given in table 1 (Waite and others, 2007).

Measurements of thermal properties are used in Indliat can predict changes that methane hydraigsrgo
during their recovery as a resource or their paknissociation during warming. Because hydratispldce
either ice (permafrost settings) or water (marieiiisgs or beneath permafrost)comparing thermgbgmtees of
methane hydrate to those of ice and water helpgegthe extent to which a host sediment’s thermap@rties
are altered by the presence of methane hydrate.

Thermal conductivityl: The thermal conductivity of water is approximgteljual to that of methane hydrate,
so the thermal conductivity beneath permafrostnomiarine settings is essentially independent ofhared
hydrate content. Methane hydrate is generally foundbundance below, rather than in, permafrost,the
presence of methane hydrates in ice-dominated peystacan measurably increase the geothermal gradie
because the thermal conductivity of ice is appratety four times that of methane hydrate.

Thermal conductivity of gas hydrate is one of therenimportant physical properties relevant to i)
logging, and gas production from natural gas hydnaserves, however, it is not easy to make direct
measurement of thermal conductivity of gas hyddaie to its ephemeral nature at earth surface dondit
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A solid gas hydrate in Section 164-994C-31X-6 wsedufor measurement of thermal conductivity. Tlze sif
the sample was approximately 20 mm x 10 mm x 5 fhe sample was cut plane to fit the plate proba of
specially designed apparatus to measure thermaductimity of small samples at elevated pressuree Th
measurement system is shown in Figur@is system has two types of probes for a hogwiethod, a plate
probe and a needle probe. We used the plate pedaibe the sample was hard. The apparatus wasl¢ocle
30°C, then the sample was inserted and pressuaizE?l MPa for 4 hr before measurement. We meagbred
times at the same temperature every 4 hr. Thevda@reported as the average of these three measors
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Figure 4: Schematic diagram of thermal conductivity measurdgragstem for gas hydrate and freshwater ice.

Results of the measurement are shown in table Zignce 4 along with the value reported by Sloaf9Q).
Thermal conductivity of the Blake Ridge gas hydratmges between 0.553 and 0.314 W/(m-K) for
temperatures between -30°C and 10°C. The condyctiglues decrease with temperature from -30° @ Q°
then abruptly increase by 0.2 W/(m-K) at 0°C. ®fhsupt increase was probably caused by the retddspiid
water; the higher thermal conductivity of waterrgased the thermal conductivity of the system.

Table 2: Results Of Measurements Of Thermal Conductivity3ag Hydrates Of Blake Ridge.

Temperature (° C)

Thermal conductivity (W/[m-K])

-30

0.553

-20

0.500
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Figure 5: Relationship between thermal conductivity of gadraye and temperature.

Thermal diffusivity,k: Because the thermal diffusivity of water is abbatf that of methane hydrate, hydrate-
bearing sediment can change temperature more yapith water-bearing sediment. This characternstsents

a potential geohazard for petroleum production frd@epwater production sites overlain by hydrateibga
layers (fig.). If high-temperature hydrocarbonghe wellbore dissociate hydrate in the surroundiediment,
the strength of the sediment decreases, potentiallging well failure or localized submarine lardiss.

Specific heat, cp: Hydrate breakdown is an endatfeprocess, absorbing heat while the surroundiatinsent
cools. Because the specific heat of methane hyliai@bout half that of water, hydrate-bearing reedit stores
less heat which can then be made available tofhelpdissociation. When estimating the efficiendyhgdrate
dissociation, neglecting the reduced contributibmethane hydrates to the host sediment’s spduo#fat results
in an overestimate of the dissociation rate andcégethe methane production rate.
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Table 3: Equations for estimating thermal properties of raathgas hydrate (Waite and
others, 2007).
Thermal property fit equations

Temperature dependence ,(Pressure held at 31.54/874), psi) Temperature range

A (W/m-K) = -(2.78 £ 0.05)- IO T(°C) + (0.62 + 0.02) -20-17°C

* (mP/s) = (5.04 £ 0.02)- TOT(K) + (1.25 + 0.05)- 10 1-17°C
(274-290K)

cp (J/kg-K) = (6.1 £ 0.3)-T(°C) + (2,160 + 100) 1-17°C

Pressure dependence(Temperature held at 14.4°E) 58°
A (W/m-K) = (2.54 £ 0.06)- IO P(MPa) + (0.61 + 0.02)

Kk (M?/s) = (2.87 +0.08)- 18- P(MPa) + (3.1 + 0.2)-10

cp (J/kg-K) = (3.30 £ 0.06)-P(MPa) + (2,140 £+ 100)

The T dependence of thefit requires input temperatures in Kelvin

IV. EQUILIBRIUM DISSOCIATION EXPERIMENT

The pressure-temperature (P-T) stability conditifumghe formation of methane hydrate have beeardeéhed
on synthetic methane hydrate (e.g., Deaton and,Ft646; Yokoi et al., 1993); however, those ofunak gas
hydrate formed in marine sediments have not beexsuned, because natural gas hydrate samples hblvearo
available for such an experiment. Considering thatenvironment of formation of natural gas hydiatquite
different from that of laboratory experiments, & conditions for the three-phase equilibrium afunal gas
hydrate may not be the same as that determineginthetic gas hydrate.

One gas hydrate sample (Sample 164-997A-42X-3,226M) was observed to contain a gray part and black
part. The former was expected to contain gas amttaby, and the latter one seemed to be mainly ¢t h
sediment. It is crucial for this experiment to depethe method to detect a slight increase in piressaused by
the dissociation of natural gas hydrate. Becausetjuipment used for this experiment was originddgigned
for synthesis of a large gas hydrate, the volumefvessel was too big (630 mL) to detect theodission of a
small amount of gas hydrate. Therefore, the volafthe vessel was reduced to 160 mL by puttinghktas
steel blocks inside). Consequently, the accuractewiperature measurement was approximately +0.5hi¢.
equilibrium conditions were obtained only by wrappthe gas hydrate sample in a vinyl bag
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Figure 6: Equilibrium Dissociation Experiment

A 6.5 g of the frozen sample that consists of nmixtof both a black part and a grey part was placea thin
vinyl bag, and the bag was tightly sealed afteraiein the bag was evacuated. The sample was gliaca
pressure vessel and the remaining volume of thmbbawas filled with nitrogen and water.

The temperature of the vessel was increased fradnt@®75 K by circulating coolant and the pressues
increased up to 11 MPa. This condition is well witthe methane hydrate stability. Equilibrium disistion
was initiated by careful pressure release by 0.0%dteps at a temperature of 274.5- 275.0 K.Gasteydid
not dissociate upon step-wise pressure release wiel pressure was maintained within the stabilitydition.
However, when the pressure decreased down to 3R& &l a temperature of 274.5-274.8 K, a slightsures
recovery was recognized in a few minutes. Thisquesincrease is explained to reflect partial disgmn of
gas hydrate. The pressure finally attained constale of 3.27 MPa in 15 min. These P-T valuesq{3VPa
and 274.7K) are considered to be a close approiimaf the three-phase equilibrium conditions af Blake
Ridge gas hydrate.
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Figure 7: Pressure and temperature change durinthydrate dissociation experime
(Source http://lwww-odp.tamu.edu/publications/164_SR/chap_02/ch2_ffk)

As shown in figure 6 the thrgghase equilibrium condition of the Blake Ridge tatdris almost the same as
equilibrium condition of pure methane hydrate ingowater, with an error of about 0.5 K. As docurednby
the discrepancy between BSR and BGHS, the apppred boundary condition of methane hydrate in
Blake Ridge sediment is a few degrees lower thandhthe pure methane hydrate in pure water seawater
however, the threphase equilibrium condition as determined on recaVsolid methane hydratemples does
not greatly differ from the experimental data (e@paton and Frost, 194
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Figure 8: The P-T condition of equilibrium dissociation oktBlake Ridge gas hydrate plotted on the diagram

of synthetic methane hydrate.

V. PHYSICAL PROPERTIES OF GAS HYDRATES

Table 4:Physical Properties of Hydrates and (S8eurce : Stephen Prensky, 1995)

| Summary of published values for properties of iee pure gas hydrates (modified from Davidson, 1983
IProperty lice  |/Hydrate |
[Dielectric constant at 273 K lo4  |=58 |
INMR rigid lattice 2nd moment of 40 protons(G) 32 133 £2 |
|Water molecule reorientation time at 273 K (usec) |1 2 |=10 |
[Diffusional jump time of water molecules at 273 jséc) |27 | >200 |
lIsothermal Young's modulus at 268 K {R@) |95 | =84 |
Spee_d pf longitudianl sound at 273 K, velocity (kew), 38 33

transit time (usec/ft) 80 92

Velocity ratio Vp/Vs at 272 K 188 | 1.95 |
[Poisson's ratio 0.33 |[=0.33 |
[Bulk modulus (272 K) lss |56 |
IShear modulus (272 K) 139 |24 |
[Bulk density (gm/cr}) l0.916 | 0.912 |
|Adiabatic bulk compressibility at 273 K #tPa |12 | =14 |
[Thermal conductivity at 263 K (W/m-K) [2.23 ][049+002 |

HAZARDS OF GAS HYDRATES
(1) Drilling into gas hydrate could result in suddessdiciation and hence collapse of sediment supgottia
drill stem.
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(2) Perturbations of the sea floor due to gas hydrgdoeation could lead to tsunamis, large oceanivesahat
bring catastrophic damage to low-lying coastal area

(3) Methane released from gas hydrates could resglbimal warming and world climate change.

(4) Clogging of pipelines due to hydrate formation esso take place.

(5) Faults, fractures, earthquakes and submarine idedgbose danger to mankind.

(6) Methane gas is a greenhouse gas and has high dnegffect and its release from hydrates into the
atmosphere at expense of oxygen also endangers life

Hydrate formation in unprocessed  Danger to costal cities
wellstreams

Tsunami generation

CHi

Hydrate formation in
well-bore or drill string

 Submatine
slope failure

pipeline

Hydrate dissd
irvstability arou
undersea instalatons =

Methane gas Ty
Gas hydrate in subsea sediment
Figure 9: Hazards of Gas Hydrates
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