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ABSTRACT
Methodology and procedures for the study of hydrate cores are detailed.
Toples discussed are the 1) equipment and procedures for the formation and
evaluation of hydrate cores in the laboratory, 2) the thermodynamic properties
of gas hydrates, 3) the enthalpy of hydrate dissociation, 4) conditions in the
earth where hydrates can form, 5) kinetics of hydrate formation and
dissociation, and 6) heat transfer to gas hydrates. Empirical correslations

f or these properties and kinetic behavior are glven.
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INTRODUCTION

Gas hnydratss are clathrate ices in which each water molecule forms
hydrogen bonds with its four nearest neighbors to build a solid lattice which
encages a gas molecule in. its interstitial cavities, These ,solid, i1ce~like
mixtures of natural gas and water have been found in rocks beneath the
permafrost, in Arctic basins, and in mds under deep water along the
continental margias of America. Although they have been known to exist for
over a century and half, it was the discovery of natural gas in the "frozen
state" in Slberiainthe early sixties [1] that stimulated widespread interest
in naturally o¢curring gas hydrates.

Estimates: of the quantity of natural gas in the form of hydrates as well
as in the gas trapped in zones below the impermeable hydrate zones have been
made. Estimates of the amount of hydrated natural gas in the world cover wide
range (I.4x1013rr8 to 7.6z10'8 ) but in all cases are enormous [2-4].
Because of this potential resource, the problems associated with the
production of natural gas from these hydrate zones have become of greater
interest to the hydrocarbon industries.

Many aspects of gas hydrates have been studied extensively in the past
including; (&) hydrate structures [5-7], (b) conditi¢ans under which hydrates
form Or dissociate 18-10], (c) the composition of gas hydrates [11], (d)
thermodynamic properties of gas hydrates [12], (e) principles of hydrate
inhibition (13}, and (f) the natural occcurrence of gas hydrates [14]. In
addition, preliminary work onm.odeling production of gas in hydrate form. has
been done by Makogen et al.[15], Holder et ale [16] and McGuire [17].
However, one area which is important but which has not been studied in the

past is the thermodynamic and transport properties of hydrate cores.



STATEMENT OF WORK

The object of this work was to provide technical assistance to METC’s
effort to develop a leading program in the evaluation of hydrate samples in
porous media at reservoir condftions. Below is an outline.of each of the

goals listed in the scope of work:

1. Design of an apparatus for the formation of hydrate cores.

2. Develop the conditions and procedure for formation of hydrate cores. We
have formed hydrate cores in my laboratories at the Unversity of
Pittsburgh. We will provide expartise to METC on the tachnique for
forming such cores in the apparatus.

3. 4nalyze the composition of synthetic hydrate cores in terams gfs’ porosity,
hydrate fraction, and ice fraction of formation conditions and formation
times.

4. Determine thermodynamic properties of hydrates in terms of formation
temperatures and pressures. Develop depth versus temperature charts which
will indicate where hydrates can form.

5. Determine enthalpies of hydrate dissociation as a function Of temperature,
pressure, and composition.

6. Determine heat transfer coefficients for heat transfer between
dissociating hydrates and a bulk fluid.

7. Conduct an analysis of reservoir conditions (depth, thickness, pressure,
temperature, etc.) in the earth where hydrates are likely to form.

8. Provide advice and consultation on current gas hydrates experiments at

METC.



RESULTS
The results will be reported by task number as identified above.
1. Design of an apparatus for the Formation of Hydrate Cores
Figure 1 shows an outline of the design of the high pressure vessel to be
used. In this design, 4".150 Ib stainless steel flanges are used. 1Two slip-
on flanges are to be welded to the 4" pipe and two blank flanges are to be
bolted on. The pipe should be at least schedule 80 or heavier. Neoprene o-
rings are recommend®for sealing. Welds are indicated on the drawing. Below
are the dimensions of the equipment., All materials are stainless steel (304
or 316).
1. 150# nanges: (4 needed) 1-5/16" thickness, wt. 1S Ibs-blank, 10 Lbs
slip-on
2. Bolts (16 needed): 1/2" bolts at least 4" in length

3. 4" Pipe (15 inches needed)

schedule 80 (20 Ibs) I.D. = 3.826: wall = .337"
schedule 120 (25.5 Ibs) I.D. = 3.624" wall = .438"
schedule 160 (30 1bs) |.D. « 3.428" wall =« .531"

Based upon these weights the vessel pipe will weigh approximately 70lbs
if schedule 80 pipe is used and 80 Ibs if schedule 160 pipe is used.
The design pressure for the pipe thickness required is 0.25" for 2000 psi

using

P = 2000 psi internal pressure
R = Pipe Radius (3.826"/2)



PRESSURE VESSEL
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Figure 1. Hydrate Formation Cell



S = Maximum working Stress (18,750 psi)
E = Efficiency (0.9)

The flanges have standard ratings of 275 psi working pressure. Pressures
higher than this are not recommend since leaks wmay-occur. Howaver, we have
used the same design at the University of Pittsburgh at pressures to 1500 psi
(oceasionally) and with frequent pressures to 1100 psi. The actual design

thickness for a welded flat end is 0.78" for 2000 psi as given by
t =d CP

d « Diameter t.0 O-ring (6")
C = Geometric coefficient (0.162)
P = Pressure (2000 psi)

S = Stress allowed (18,750 psi)

The 150 Ib flanges are 1.3125." thick which 1s thicker than the design
thickness. If pressures higher than 275 psi are to be used the vessel mst be
hydrostatically tested to 1.5 times the mazximum working pressure at sixzty day
intervals.

Several ports will be required for the inlet/outlet, RTD’s and plungers
and/or transducers. These ports czn be tapped into the top and bottom flanges
as needed. Prassurs testing should be done with port already tapped.

Section 6 has a discussion of the entire ezperimental section in which

this pressure vessel is used.



2. Conditions and Procedure for Formation of Hydrate Cores

In order to fomf\ hydrates @Qg\ﬁ;‘;sQ a large interfacial area Il11St exist
between the methane gas and the water or ice phase. This is accomplished by
forming a core of frost and sat;urat:i-.ugI with methane gas) which fills the core
of the frost (water-ice). 4

The frost can be formed by placing a beaker of water in the freezer. The
beaker of water should have a heater placed ian it to keep the water from
freezing. The water will evaporate and condense in fine crystals along the
freezer walls. Thase crystals ecan be scraped off for forming hydrates. .The
dry erystals should be placed in a pre-cooled insulated beaker which can be
weighed on a top=loading baiance. This will allow the weight of the crystais
to be determined without their meltillg.

The recomfend%;rocedure for forming methane hydrates is as follows:
Initially, a known quantity of frost (finely divided ice erystals) is charged
to the pressure wvesssl which is kept in a refrigerated bath at Ilow
temperatures (-25°¢) to prevent melting. The frost should be added in four
portions with each portion (of 75g weight) being compacted by a pistOll prior
to adding the next portion. This ensuree a uniform void fractioll of 0.4 to
0.5. The vessel should then be closed, evacuated and pressurized to 1000-1100
psia with a known quaatity of methane.- For purposes of monitoring pressure,
an accurate gauge (0-2000 psi) or transducer will be needed. Tae temperature
of the frost zone should be monitored during the process in order to keep it
lower than 273.15K, thereby preventing any premature melting of the frost.

After the frost zone is saturated completely with methane, the
temperature of the bath should be raised to 274 X and saintained at this
temperature for a period generally longer than 24 hours. During this time,

nucleation and fermstion of hydrates takes place. Typical rates are shown in



Figure 2. After the formation of the hydrates, . excess wmesthane can be-
vented. Some additional kinetic discussion is given ian Section 6.

The equipment needed for this procedure is

1) an accurate pressure gauge (0.25%)

2) thermometer (RTD)

3) Beaker (1000 ml) for transferring ice crystals

4) Piston

5) Pressure vessel

6) Methane cylinder (2500 psi)

7) Freezer

8) Submersible 50 Watf» heater

9) tlarge beaker for freezer water (2000 ml)
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3. Analysis of the Composition of $ynthetic Hydrate Cores inm Terms of

Porosity, Bydrate Fraction, and Ics Fraction in Termsé of Formation

Conditions and Formation Times

To determine the percent conversion of ice to hydrate, the volume of the
pressure vessel and connecting pipe mst be known. The amount of ice placed
in the vessel will take up a knewa volume (1.09 c¢e/gm) and the rest will be

methane gas. The amount of gas initially in the vessel is determined by

P (V-Vl)

number of moles of methane gas = no = ZRT

(3-1)
where P is in the initial pressure (about 1000 psi) it should be measured 30
minutes after charging the gas to allow equilibrium of temperature. V is the
volume of the vessel; VI is the volume of ice; Z is the compressibility factor
obtained from an equation of state (see Figure 3), and T is the temperature
which should be -5°C or lower.

The amount of gas converted to hydrate can be calculated at any
subsequent pressure and temperature by applying the above equation. At the
new pressure and temperature it will give the amount of gas remaining. The
difference (no-n) is the number of moles of gas in the hydrate phase. The

percent conversion is calculated as

*
mo|es of gas in_hydrate phase 6.15
% conversion to hydrate .. (100) moles ; water in vessel

At 100Z conversion and at 00C there should be 6.15 moles of water in the
hydrate phase for every mole of gas in the hydrate phase. Figure 2 shows how
the conversion depends upon time. Generally 72 hours are sufficient for 90%

conversion.
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ﬂP/psia Z @ 273.15K (CH4)g/gms % Conv.
100 1242.0 0.811 128.3 0.0
1100.0 0.830 111.0 25.8
90k 1050.0 0.838 105.0 34.9
1000.0 0.845 99.1 435
80|_ 950.0 0.852 934 85.7
' 900.0 0.85'9 87.8 60.5
70'_ 850.0 0.866 82.2 68.8
800.0 0.873 76.8 76.9
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60r 700.0 0.889 66.0 93.0
50 100% conversion will be
around 660 psla
40}
30r
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ol=! '

700 800 900 1000 1100 1200 1300

Cell Pressure

Figure 3. Hydrate Conversion as a Function of Pressure




The attached table shows the information on the hydrate ¢ore provided to
METC ia July, 1983. The stoichiometric methane raquirement is the moles of
water in the vessel divided by 6.15.

To determine the porosity of the ice core, the mass, my of ice charged to
the vessel is determined by weighing the ice. The ice is then eompaeted into
the vessel and the empty height, hg, of the vessel is measured. The bulk
volume of ice is thus VB = V (ap=hg)/hy where hy is the total vessel height

and Vv is the vessel volume. The ice porosity is then

oy

S (3-2)
°rVs

¢'I"1"

where Pl is the density of ice (0.92 g/ce). As hydrates form, the porosity

will decrease according to the following

wpf °1
¢ =¢; +—;'£";;- 1 -*—5;1-) (3-3)

where f is the fraction of the ice converted to hydrate and 95 is the density

of water ia the hydrate (0.88 g/c¢).

11



4, Thermodynami¢c Propsrties of Gas Hydrates*

Table | below, gives rvegragssions for calculating dissociation pressures
of several hydrates along the three phase, VLH and VIH, loci., At a given
temperature, the dissoclation pressure is the minimum pressure required to
form hydrates. At higher pressures, hydrates will form until all of the gas

or all of the water is converted to aydrate, which ever comes first.

TABLE |. VIH and VLH Dissociation Pressures for Pure Gages
P/kPa = exp [a .. biT] T in kelvins

GAS STRUCTURE a b Temp. r.ange
CHy T 14.7170 -1886.79 -25 to 0OC
CHy I 38.9803 -8533.80 0° to 25°C
CZHG I 17.5110 -3104.535 -25 to 00C
Collg I 44,2728 -10424.'248 0 to 25°C
C&H8 (Nl 17.1560 -32.69.6455 -25 to 0OC
CGH8 I 67.1301 -16921.84 0 to 00C
Co02 I 18.5939 -3161.41 -25 to 0OC
COy I 445776 -10245.01 o to lloC
Ny I 15.1289 -1504.276 -25 to 00C
|\b I 37.8079 -7688.6255 0 to 25°C
HS I 16.5597 - 3270.409 -25 to 0OC
I-bs I 34.8278 -8266.1023 0 to 25°C

Figures 4-11 show how the dissociation pressure depends upon the presence

of other gas species (st HyS, €0y, CoHg, C3HS) in a natural gas consisting

* . . .
Depth versus temperature charts are given in Section 6.

12
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primarily Of methane. The composition and gases given are the most likely to
be present in a natural gas. Table Il gives coefficients for the following

regression

+ Bx2

2 (4'1)

In (PIP,) = Ax,
where z, is the mole fracton of the second gas in methane. The mole fraction
methane is 1-x,, the "dissociation pressure of methane hydrate is Po' and the
dissociation pressure of the hydrate formed from.a gas containing (l1-z;) mole
fraction methane and =, mole fraction of the second species is P. For a

mixture the correlation becomes

2
i)

1n (P/Po) = Z(Aixi + Bix I(4-2)
where z; are the non-methane mole fractions of the hydrate formers present,
and the Ai and B are their binary coefficients.

Figures 12 and 13 show the temperature dependence of the binary
coefficients and can be used for interpolation.

For bimary gases these correlations will be quite accurate, but for
multicomponent mixztures the correlations are accuréte to £10%, Calcuga}tions
based upon correlations will not be as accurate as are calculatons using the

algorithms of John and Holder (25), but these correlations provide good

estimate of the effect of gas composition.
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Table I1: Coefficients for Dissociation Pressure
Correlations for Gases in Methane
In PIP, = AX + Bx?
C4Hg Hbs CHe 02 N>
A B A B A B A B A B
-28.56 209.8 -10.62 19.98 -3.698 5.620 -.5797 .3420 .8523 4390
-34.20 256.4 -11.94 23.74 -4.405 8.052 -.8192 .4940 .8420 4227
-41.87 319.1 -13.46 28.04 -4.994 8.121 -1.103 .7198 .8347 4109
-52.32 402.5 -15.19 33.01 -6.004 10.27 -1.446 1.051 8277 .3812
-59.97 470.5 -17.20 38.95 -7.210 13.35 -1.847 1.536 .8305 .3817
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5. Enthalpies of Hydzate Formatioun

The enthalpies of formation are calculated from the above disscciation
pressure curves. Tae fundamental equation relating enthalpy of dissociation

8, to equilibrium disscciation pressure, P, is

Hy =T Av —g%— (Clapeyron Equation) (5-1)

where AV is chaage in volume due to hydrate formation., This can be modified

to

- dinP dp -
R = RT? o ey, 1S (5-2)

At low pressures (P < 1000 kPa) the second term on the right can be
neglected. In equation (5-1), Z is the compressibility factor of the gas in
equilibrium. with the hydrate, R is the gas constant, 4V, (Table Il11) is the
volume of one mole of hydrated water less the volume of one mole of liquid
water (T > 273) or one mole of ice (T <273) and n is the number of moles of

water per mole of gas in the hydrate phase (hydrate nUlllber).

Table I11: Volume Changes Upon Converting Water to Hydrate'
STRUCTURE TLR273.15K T>273.15K Units
AVW I 3.0 4.6 cm3/ gmol -wat er
av I 3.4 SO
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The enthalpy change given in equation 5-2. is the amount of energy raquired to

dissociate one mole of gas from the hydrate phase, leaving gas and water (or

iceif T <0°C),

Enthalpies are given in Table IV.

in this table are based upon the data in Table I.

Table 1IV:
B, (Cal/gmole) = ¢ + 4T
GAS e

6533.8098
13520.842
8457.57
13253.945
7608.6061
-37751.89
9290.2084
19198.7.53
4934.24
6187.8015
8487.6168
6781.8839

T ip kelving = -

-11.9718
-4.0247
-9.5926
15.0017
-4.9023
250.092
-12.9276
-14.9547
-9.0404
18.3729
-7.8068

31.454
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All slopes used to calculate the data

Dissociation Enthalpies of Pure Species

Temp. range

-25 to 0oC
0 to 25°C
-25 to 0oC
0 to 14°¢
-25 to 0oC
0 to 5°C

-25 to O0CC
0 to HOC
-25 to 00C
0 to 25°C
-25 to 00C

0 to 25°C



For gas wmixztures, the effect of composition on enthalpy is shown in
Figures 14-2%.  coeffients for determining the effect of composition are
given in Table V. For gas mixtures the enthalpy regressions are

- 2
1n (Hv/Ho ) X[Aixi + B:in] (5-3)

where the =; are the mole fractions of the non-methane component and H, and 4,
are the dissociation enthalpies of methane and the gas mixture respectively.
Figures '22 and 23 show the temperature depeandence .of these coefficieats, and

can be used for interpolation.

*Figu.res 14-21 show the energy required to coavert hydrate tO {ice
and gas at T £ OOC and to water and gas at T > OOC.
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Table V. Coefficients for Calculating the Effect of Other
Gases on Dissociation Enthalpies

GiHs H2S c2H6 CO2 N,

A B A B A B A B A B
5596  -44.62  1.651 -4.6Q3  .6105 -.9534 2762 -.1914  .003207 -.01428
7.893 -65.01  1.851 -5.253 9121 -1.833 © .3270 -.2747  .001587 -.007836

10.20 -83.74  2.038 -5.891  1.164 -2.564 3914 -.3891  -.002013 -.009398
12.45 -113.0  2.790 -8.238  1.858 -4.849 6911 -.8484  +.2082  +.1750

24.22 -217.4 6.903 -21.14 4.614 -12.70 1.728 -2.720 -.01794 -.009924
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6. Heat Transfer Between Hydrates and a Warm Bulk Flu.id

Very few studies have been reported in the literature about hydrate
formation kinetics, ¥aox et ale [18] investigated the kinetics of propane
hydrate formation in a continous stirred tank reactor. The rates of formation
were quantitatively measured from the smount of hydrates formed, This study
revealed that the yield of hydrates formed was function of contaet time and
the degree of subcooling. Barreret ale [19,20] investigated kinetics of Ar,
Kr and Xe hydrate formation. In these studies, hydrate formation was studied
at very low temperatures. HMakegon [1] investigated the kinetics of methane
and ethane hydrate formation when a gas under pressure was bubbled through a
stagnant liquid water. They developed an expression for the rate of nuclei
formation in terms of the degree of subcooling below the equilibrium
temperature. In most of these studies,no quantitative model was developed to
predict the mass of hydrates formed as a function of time. Recently,
Yysniauskas and Bishnoi [21] investigated systematically , the kinetics of
methane hydrate formation. In their study, methane was contacted with
continuously stirred water at constant pressure and constant temperature in a
semi-batch stirred tank reactor. Tuey reported that the rates of methane
consumption (to form hydrates) were dependent on the interfacial area,
pressure, temperature and the degree of subcooling. They developed a semi-
empirical kinetic¢ model to correlate the experimental data. However, the
experiments in this study were performed at low conversions (10 percent of the
water was coaverted to hydrates) and the influence of the conversion of water
to hydrates on the rate of formation was not studied. The Kkinetic rate
expression they presented also predicts a non-zero, finite rate when all the

water is converted to hydrates which is obviously not correct.
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Experimental’

In the present study, the kinstics of methane hydrate formation was
investigated. Figure 24 shows the schematic diagram of the experimental
apparatus used to form hydrate cores. The pressure vessel used to form
hydrates was made up of 316 stainless steel and had a removable flange at the
top and a permanent flange at the bottom. This vessel had a capaeity of 2.4
liters and was designed for pressures up to 13.8 MFa. This vessel was fitted
with a gas inlet port and thermocouple ports and a Heise pressure gauge with a
range of 0 to 2000 psia and with 2.5 psi divisions. The vessel was completely
insulated to avoid heat exchange with surroundings. Pressure measurements
were within & 0.25 percent. Calibrated platinum resistance thermometers were
used to "measure the temperature of the gas and hydrate phases. The
temperature xé;rf controlled within % 0.1 K by meansof Extrol-L50 temperature
controller manufactured by Neslab Co. The accuracy of temperature measurement
was ¥ 0.1 K.

A known quantity of frost (finely divided ice crystals) was charged to
the vessel. Tne frost was compacted in such a way that a uniform cyliadrical
core of ice was formed to a required porosity.

The vessel was then sealed and evacuated to remove traces of air in the
vessel. The frost was then contacted at 274K with methane at pressures
between 6500 to 6900 KPa. Before pressurization with methane gas, the
permature melting of frost was prevented. As hydrates were formed, the
pressure in the vessel decreased. Formation of sufficient quantities of
hydrate generally took between 60 and 220 hours. During the hydrate formation
period, pressure and temperature were recorded as functions of time. From
these data, the conversion of frost to hydrate’{ wa-sf:obtaj ned as a function of

time. Tae hydrate number for methane, (the ratio of molfr of water to mols of

40



1y

NO. TITLE NO. TITLE

1 GAS FLOW METER 26 TEMPERATURE CONTROLLER-SENSOR
2 PRESSURE GAUGE 27 BACK PRESSURE REGULATOR
3 JERGUSON GAUGE 2 PLATINUM RESISTANCE THERMOMETER
4 GAS DISPERSION TUBe -29 MAIN GAS STORAGE TANK
§ HEATER USED WITH TEMPERATURE CONTROLLER 30-31 PRESSUREREGULATORS
€ CIRCULATING PUMP 32 PRESSUREGAUGE
7 COOLING MANIFOLD 33 HEATER
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Figure 24: Experimental Apparatus
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gas in the hydrate phas.e) was obtained from the final pressure data. Tae
mnizmum value of the hydrate number obtained was 6.15 and was used in
subsequent calculations of conversion.

Table VI gives the summary of different runs performed. Table VII gives
the pressure-conversion time data for these runs.
Hydrate Formation Model

A model for formation of hydrates from ice is developed in this
section. Consider an ice partiecle Of spherical shape haviang an initial radius
of Ry, As gas is brought into contact with the ice, the hydrate formation
takes place on the surface of the ice and hydrates form the outer layers. As
time increases and hydrates form, the radius of the ice erystal, R,
decreases. Assuming all ice particles are of the same size and shape, the
mass of iee, H, can be related to the radius of each ice particle and the

number of particles, Np

4 3

M, =37 R, e N (6-1)
4 3

M=-3-1vR pNP (6-2)

Tae surface area for hydrate formation can be.given by the follOWing relations

2
s = 4mR_ N, (6-3)

S = 4n R° N (6-4)

42



Table VI

Summary Of Hydrate Formation Runs

M, Hydrate Formation % Conversion of Frost
(gms) period (hra) to hydrates
504.1 66 90.3
482.0 66 75.2
515.1 68 86.6
492.5 89 90.0
501.9 141 89.5
466.0 221 100.0
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Table VII

Pressure~Time-Conversion Daa

Time P X
(hrs) (RPa)
Run #1
0 6626 0.000
18 5474 0.448
22 5288 0.492
31 4813 0.608
49 3785 0.850
66 3551 0.903
Run #2
0 6736 0.000
1.25 6536 0.047
16.5 532.6 0.308
23 4944 0.390
41 3792 0.620
48.5 3468 0.685
66 3123 0.752
Run #3
0 7074 0.000
2 6721 0.108
18 5205 0.433
25 4625 0.553
42 3395 0.800
48 3256 0.828
66 3067 0.863
68 3065 0.866
Run #4
0 6809 0.000
3 6550 0.087
16.5 5654 0.369
25 5240 0.461
41.5 4502 0.623
65 3492 0.835
89 3179 0.900
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117.5
141

Run #5

6914
6729
6311
5171
3506
3378
3213
3151
3068
3041

Run #6

7353
7315
6040
5750
4723
4254
4096
4020
3985
3978
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0.000
0.079
0.196
0.441
0.799
0.826
0.860
0.882
0.889
0.895

0.000
0.095
0.431
0.503
0.750
0.861
0.898
0.916
0.925
1.000



The conversion Of ice tO hydrates IS

x = =2 (6-5)
Tne radius of an ice particle at any instance is given by

Ra=R) (1-x)1/3 (6-6)
The surface area, $, can be related to initial surface area, So' hy

s =5, 1= (6-7)

The rate of consumption of methane (moles/time/volume) is given by

=

r === dx (6-8)

where, Vg is reactor volume, Mw iS molecular weight of water and n is the
ratio of mols of water to gas in the hydrate phase (6.15).
The following rate expression can now be written for the formation rate

of hydrates,
[+ KS(C=C¥) (6-9)

where, r is the rate of methane consumption in gmol per cm3 per hour, X is
constant in (crnZ/hr)'1 and C 1s concentration of methane ia the gas phase and
< is equilibrium concentration of methane. The concentrations Cos Cad C'

are given by
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P
C .. 'ZRT (6'10)

« *
gt =2 (6-11)
Z'RT
PO
CO 11} Z RT (6'12)
0]
From a material balance, we get
MX
*_ . _x o i
c-c =c_-C ——VR(MW)n (6-13)

The superscript ,*, indicates an equilibrium value and the subscript ‘o
indicates an initial value at t=0.

From equations (6-8) to (6-13) we get

ax KRS, s Fo @ ot (6-14)
dat . ER ZRT %o Vo (fw)n

This expression was numerically integrated and the lumped parameter KS, was
obtained to fit the experimental data.

Figure 25 shows the comparison between experimental and predicted
results.

Dissociation of Hydrates through Heat Transfer

The rate at which hydrates dissociate in a reservoir will be affected by
the rate of heat; transfer to the hydrate. There are two resistances to take
into effect; these are the heat transfer resistance.in the media surrounding

the hydrate and the heat transfer resistance at the interface where the
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hydrates dissociate. In this report, the significaace of these two
resLscanees is illustrated and methods of obtaining them are quantified.

Consider a model as shown on Figure 26 where a circl.tlating fluid is used
to heat up a hydrate containing zone. Heat is transfered from the water toO
the hydrate. However as the hydrates dissociate they leave a zone containing
water, rock(sand) and some gas. (The amount of gas present Ls considered to
be negligi.ble in this analysis.) Tais sand + water zone (SWZ) builds up as
hydrates decompose and thus provide rests'eance to heat transfer. Tae
following model is developed.

The heat transfer per unit area (Q/A) from-water to sand zone is given by
—) (6-15)

Tg = Circulating water temperature.

Tg = Sand temperature at the sand-hydrate interface.

where kgs¢ 1s an effective thermal conductivity of the SWZ and hS is the SWZ
thickness. The heat tranferred from sand zone to hydrates '‘must be the same

and is given by;

g——: = - -

Y hAT h('I.‘S TH) (6-16)
Figures 27a and 27b show the heat flux (Q/A) and rate of dissociation ,versus
AT. Taese are the quantities which are important in heat transfer models.
Heat transfer coefficients can be obtained by dividing (Q/A) by aT. (In
Figure 27b, the rate of dissociation is per unit hydrate area, which is the

total cross-sectional are times the hydrate volume fraction). The curves
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shown in these figures should not be extrapolated below 0°C for T¢ Or above
AT=250C. In eqllacion (6-16) Ty is the hydrate equilibrium temperature at the
reservoir pressure; and h is the three phase heat transfer coefficient at the
sand-hydrate interface. It is a function of AT only. Combianing these
eq'llations allows

K LT—B——-T—S) = h(T, - T,) (6-17)

eff hS S H

Initially, their is no sand zone. (This is not necessarily true, but the
initial thickness is arbitrary so it is set to zero.) If the sand zone
thickness is zero then Tg = Tg Since Tg 2 Tg 2 Ty, the magnitude of AT and
consequently the heat transfer are initially at their highest val'lle where t =
Q. As time increases, hydrates dissociate, the height of the SWz, hS'
increases, and-the heat transfer, Q/A, decreases.

The other limiting extrsme is when the sand thickness gets very large.
In this case Tg approaches Tg, since the resistance-across the SNZ also
becomes very large. Consequently the heat transfer and hydrate dissocation
rate approach zaro.

It is important that investigators be aware of these two extremes. All
scudtes have ignored -theresistance to heat transfer at the hydrate interface
and most studies have ignhored the resistance of the adjacent media (SVZ here).
Howaver, hydrates can only dissociate into gas when the necessary energy is
transfered across the hydrate interface. For thermal stimulation,
calc'lliations of dissociation rates are based solely upon the rate of energy
injection and as a result are too high. Even models based upon
depressurization cannot hope to be realisti.c unless these resistances are

accounted for.
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To illustrate the importance of these resistances a case study has been
prepared. Table VIII defines the variables used. This calculation is based
upon a unit area of 71 en? which is extrenmely small compared to che areal
extent Of a reservoir. Consequen.tly, the absolute magnitudes of heat transfer
and dissociation rates will be small. For an actual reservoir, the rate will
increase, approximately, in proportion to the increase in hydrate cross
sectional area. The affect of the sand thickness is absolute however, i.e. 2
cm of sand have the same effect in a rese.rvoir as it dges in the model.
Calculations:

1. Temperature of hydrates:

The hydrates are assumed to dissociate at an equilibrium temperature
correspo.nding to the system pressure. Thus, the VL, curve for methane
hydrates is used to obtain Ty °

The VL, curve for methane hydrates gives,

8533.8
PikPa = exp(38.98 - T 42 73.15] (6-13)

@? = 600 psia i.e. 4136.84 kPa

= (0)
Ty = 5.26 C

This temperature Ty remains constant throughout the dissociation.

2. Rate of Dissociation:
This is function of (Tg - Ty) only and is determined by the heat transfer
coefficients. Initially the rate of dissociation corresponds to a AT of
Tg = Ty = 30 - 5.26 = 24,74°C . This AT will be different if the

temperature of thermal fluid (water) is different than 30°C or if the

pressure is different than 4137kPa which implies Ta:5.26°C' Tae equation
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Table VIrl Variables for Case Study

]

Initial height of the hydrate zone.

Initial height of the sand zone = 0

Height of the hydrate zone at time t, cm.

Height of the sand zone at time t, em.

Cross sectional area = 70.885 cnf”

Pressure at which dissociation is occuring = 600 psia.

Temperature of bulk water pha&e which IS constant throughout

the dissociation period = 30°

Yolume fraction of hydrates in the core = Q¢35 o
Volume fraction of sand in the hydrate core = 0.1 -
Volume fraction of gas in the hydrate core = 0.4 -«
Volume Of the vessel = 2000 cnP o

0.527 -«
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below is based upon experimeatal data of hydrate dissociatioa”by hot watec.

Data were obtained at the University of Pittsburgh.

. gmole methane liberated
o] hr. cm2 (hydrate area)

2.186

= 6,155 x 104 (TS-I‘H) [from experimental data} (6-19)

=6.155 x 10~ (24.74)2+186

= 0.6842 gmole CH, /hr.cm2 hydrate

em2 hydrate" A@H = 70.a85 x 0.5 = 35,4425 cm2

E:H = jnitial rate of methane liberation att-O
0

= 0.6842)&85.4425 =0.4042 ¢ mole methane
n

* dlllol CHy
3. Instantaneous Rate of Dissociation Ty ¢ min ) at t)O

&H = 3.6358z107 " ('rs-5.26)2'186 (6-20)

4. Instaneous Heizht of the hydrate zone ht

1 ddt ] ¢ - (6-21)
q ACTH PRy "
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where! ny is 6.15 gmol water/gmol CHy

. 3 3
QH is 0.5 em

A is 70.885 cnf

hydrate/cm

hT isin en

Py 0 4 is 0.044 gmol water/cm®> hydrate

2
for this case,

- =3.944 & (6-22)

5.. Instantaneous sand thickness. ﬁs

or b, = 0.19 [hn - h.r] (6-23) .

We know that, fh.‘H v To hgr by, h, % are functions of time.

6. Initially @ u :éﬂo = 0.4042 gmol CHg/min
T =T, = 30
hS =0
hp = by

7. Calculation of Effective Taermal Condu.ctivity:

Assume that Keff 1s constaat.

Using Glandt's paper [22]:
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k, = thermal conductivity of water
= 0.5163 keal/mr a k
k., = thermal conductivity of sand:

8

. 0.2828 Real/hr mk

#s = 0.527
« - -5 . 0.2828 . 0 5477
< 0.5163-
w
1 ’ (2"'3@3)
= - + —
A=g{30 -1 o= - 0.3365
2.2 a,1/2
K_pe = R loa + @°4% $77]
K ;g - 0.3816 Keal/nr .mK

Calculation of heat of dissociation, AHg

AH_D( Call methanei .. 13520.84 - 40247(TH+273.I5)
ey = 5.26°C

MM, . 12.4 Keal/gmol CH,

60 my Ay ;0%

h =
A (TS TH)
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10.

Using equations (6-20 and (6-24) we get:

1.186 (6-26)

h = 38,161(T, - 5.26)
h is in Keal/m?-hr—K

Obtaining IS as Function of Time:

Using equation (6-17):

0.3816 (30-Tb) X 100
h

= 38.161 (T

s 5_5.26)2.186

30-T 2 186
(h 5 T

or 5-5.26)

(6-27)
S

Now from (6-20), (6-22), and (6-23) we Qet:

dhS dh,,
CCRINRRT

= 0.19 x 3,944 ﬁ:.H

dh
S . 2 72245x10-}(T -5 26)2.186 -
i ( 5o, ) (6-28)

Using equation (6-27):

(30-TS)

= h
(TS-5.26)2°186 . s

dhs 4 (3O-TS)
de

L
de (Tg-5.26)

or

7.1861 (6-29)
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From 28 and 29 we get:"

4 (30-T9) > 7250 2 186
T I 2.7245x10- (Tg g 56
S-5.26)2.186

(6-30)

This is differential equation in Tg and can be solved to obtain Tg as

function of time.

dT, 4 (Tg5.26)°"372

= = 2.2972x10 —_'——(Ts-so.as)

Integrating from t..0
and Tg=30

we get:

T

$ ( - 50.86) + 4
=== (dTg) =T 2.2972x10" dt

30 (Tg=5.26)"" 0

Define TS, .. TS—S.26 gives:
1043 02066 = 2.2972x10-H + 2.4622x10-6
T ' 4.372 T~ 3.372
s s
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SUMMARY OF Z£QUATIONS RCQUIRED

4 6

10.43 0.2966 - -
(T4~5.26) (Tg-5.26)
By = 3.6358x107" (Tg-5,26) 218 (6-32)
h = 38.161(Tg-5.26)"* 1% (6-33)
(30-T
X S) (6-34)
S (14-5.26)2.186
by = hp,~5.263% (6-35)
2 - 38,161 (T¢-5.26) 2+ 18 (6-36)

These equations can be combined to solve for the various parameters of which

the dissociation rate is of most interest. Mathematically it is more
convienent to treat Tg as the independent variable. Results are shown on
Figure 28.

From the results, it is clear that the dissociation rate drops off
drastically as the thickness of the sand zone increases. In general models
have assumed that the dissociation rate is infinite, that any energy injected
will instanteous be used to convert hydrates to gas and water. Recent
experiments have shown that the calculated effective thermal conductivity may
be 4 to 8 times calculated low so that the dissociation rate would be higher
than Figure 28 indicates by factor of 4 to 8. Note that even the low

dissociation rates, say 0.01 gmoles of CH,/min, correspond to véry high
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DISSOCIATION OF METHANE'HYDRATES
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Figure 28. Unsteady-State Heat Transfer to Hydrates and Hydrate Dissociation in
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production rates. A rate of 0.001 gmoles/min. cotraspoads to 32,2 liters/day
and this is only for a heated contact area of 71 cmz. Zach square meter of
heated area could produce 4,500 liters/day (about 160 ft3/day) By
extrapolation. a heated area of 6,000 square meters (77 metars squared) would
produce 1.000,000 SCFD of methane from hydrat.e. Table IX identifies socne
production rates for various conditions. There rates only indicate how
hydrate dissociation is affected by 1) a layer of media (sand in this case)

between the hot injection fluid (3000) and the cold dissociating hydrate and

2) the interfacial resistance to heat transfer across the hydrate intecface,

Table IX: Dissociation of Methane Hydrates;, Examplas

Case | fbH = 0.15 Case 11 th = 0.50
¢ 0.85 ¢ = 0.10
T3 31% 2 Te=30.0C
A° 105 m A = 106 g2
Time (Days) Production Rate Time (Days) Production Rate
YMSCF/Year MMSCF/Y2ar
0.05 59,600 0.05 490,000
0.50 19,600 0.50 165,000
5.00 6,300 5.00 53,000
25.00 2,880 25.00 23,000
235.00 945 250.00 7,500
1365.00 397

The conclusion to be drawn is that dissociation of gas hydrates is
severly heat transfer limited after only the shortest periods of time. Even
if the conductivities used in this example are not correct, it is clear that
the presence of a medium between an injected hot fluid and the hydrate zone
must be taken into account in calculating rates at which hydrates «ill

dissociate.
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7. Analysis of Reservoir Conditions where Hydrates are Likety"to Form

Our coamputer prograg has been modified to generate hydrate stability data
PYI AN -2 A% /

in the earth. Below we present depth versus temperature charts for hydrate

stability zones in the earth. The variables studied include
On land:
.« Permafrost Thickness

Geothermal Gradients

)

- ! P :
Gas Composition o S ! E
Uil P
. o [L’,“u‘ .
. Pressure Gradients peehr S
s ») ’)
Beneath the Ocean: U

« Ocean Depth

Ocean Bottom Temperature"

These variables are cross-correlated so that any combination of parmafrost
thickness, gas composition and geothermal gradient can be included. Graphical
correLazLons are preseated below to show the effect that these variables have

on hydrate zone thickness.

Al
Results of the depth-temperature studies 4§ presented in several figures
as outlined below. Table X shows the default values used for these
23,24

calculations. They are considered to be representative values and where
differences in values are likely, the effect/%of changes in these values have
been given in Figures 29-39. Figure 29 shows the effect of a) psrmafrost
thickness b) geothermal gradient below the hydrate zone and c) gas composition
on the stability zone of hydrates in the eartih, In these figures, the

straight solid line extending downward from -100C and zero depth gives the

temperature depth.pt'oflle 1n the earth for vartous permafrost thicknesses.
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Figure 29:
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Figure 30: Temperature Depth Profiles for Hydrate Stability Zones, I1.
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Figure 31: Temperature Depth Profiles for Hydrate Stability Zones, 111.
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Figure 32: The Effect of the Geothermal Gradient Below the Permafrost on
the Hydrate Stability Zone Beneath the Permafrost.
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Figure 33: The Effect of Permafrost Thickness on the Hydrate Stability
Zone Thickness in the Permafrost.
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Figure 34 The Effect of Permafrost Thickness on the Thickness of
the Hydrate Stability Zones for Seven Gas Compositions.
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Figure 35: Depth-Temperature Profiles and Hydrate Stability Curves
Beneath the Ocean, |

Cesar Oepth - 457m (1SG0OftL)

1 234 87

Ocean Bottom

Stability Curve

200 || %2 &

Ocean T
O- 0C
O- 2C
a C

C

Earth Temperature

s 3CC /
&
.C
-
O-
©
S e
SCC
Cas Compositions
1 100%CHy
2 SBYCH, 2.07CoHg
bec 3 99YCH; 1.07HSS
4 SB7CH4 1.07C5Hg 1.07HoS
5 997CH .75/C5Hg .257C3Hg
§ S6%CH4 1.5%C5He .507C3Hg
7 85/CH4 1.07C5Hg 4.07H3S
7CC P ————— ——— r oy

o 10 20 30
Temperature, C

71



Figere 36 Depth-Temperature Profile and Hydrate Stability Curve,

Beneath the Ocean, I1.
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Figure 37:
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Figure 38: The Effect of the Ocean's Depth on the Hydrate Stability
Zone Beneath the Ocean. .
Compogltion  100Q7CH4
S0~y —
Oc?g

400 e
E
[ %
g
v 300
0]
e
.C
b=
9% 200
0
L /
e
5]
I /

100 =

/
0 e ,/ . S— X
0] 400 800 1200

Ocean Depth, m

74



Figure 39:
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Table X: Default Values for Hydrate Stability Zone Calcdlations

Permafrost Taickness: 457 m (1500 ft)
Pressure Gradient: 0.433 psi/ft
Temperature Gradient: 0.032 °C/m
Surface Temperature! -10°C

Gas Composition: 100% CHy
Permafrost Base Temperature: 00C

Ocean Bottom Temperature:

The line ends at a symbol (2, ¢, A, + x) which indicates the base of the
permafrost, each line representing a élifferent permafrost thickness., From
this base, three straight lines (dotted, solid and dashed) extend showing
different possible depth-temperature profiles below the permafrost for
geothermal, gradients of .04, .032, and .020 °C/m respsctively, Thus, this
figure shows how temperature profiles in the earth might vary in regions of
permafrost, and the lines show how the profiles depend on different permafrost
thicknesses and geothermal gradients. Based upon the literature, we have
assumed an =ffective average surface temperature of -10°C. This temperature
and the depth of the permafrost base determine the geothermal gradient in the
permafrost and thus this gradient is not an independent parameter.

The solid curved lines in this figure represent the hydrate stability
temperature as a function of depth for different composLtLon gases. |If the
earths temperature is below this curve the hydrates are stable. For axampls,
methane hydrates are stable between 200 meters and 2210 meters if the
permafédot is 914 meters thick and the geothermal gradient is 0.020 °C/m. If,

however, the permafrost is only 305 meters thick and the geothermal zradient
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beneath the permafrost is 0.04 °C/m then. the zone of amethane-hydrate stability
is between 205 and 500 metars depth, about one sixth the size of the stability
zone in the pr'evious axample,

Adding ethane (CZHG), hydrogen sulfide (HZS) or propane (CgHg) increases
the zone of stability dramatically., Taese gases and their compositions were
chosen to cover the most likely range of gas compositions to be found in
hydrate zones although others are certainly possible. Note that propane and
Hog have the greatest effect. Carbon dioxide would have an effect similar to
that of ethane. Conditions do not vary linearly with pressure. Figures 30 is
the same as Figure 29, but with a pressure gradient of 0.433 psi/ft. Note
that the higher the pressure gradient, the grzater the zone of stability.
This gradient corresponds to a hydrostatic head and is the default value.
Figure 31 is the same as Figure 29, but with a pressure gradient of 0.5 psifft
which could occur if the pressure is not hydrostatically determined. Figures
29-30 -can be used to deﬁermine the effect of the earth’s‘ﬁ pressure gradient.

Figure 32 shows the effect of geotihertaal gradient on the hydrate zone
thickness below 457 ameters of permafrost. It shows that the geothermal
gradient is an extremely important variable in deteruining the zone of hydrate
stability The results are shown for the three different pressure
gradients. Figure 33 shows how the hydrate thickness in the pertaaf rost varies
with permafrost thickness. There is essentially a linear relationship because
most of the permafrost can form hydrates after about 200 meters of depth.
Consequently, .as the permafrost thickness increases so does the zone of
stability in ther permafrost. There is a compositional effect. Figure 34
shows how the depth of the permafrost affects the thickness of the hydrate
stability zone beneath the permafrost. This relationship is highly non-linear

and teads to level off as the permafrost thickness gets large.
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Figure 35 shows the Depth-Temperature Profile in the eartrh--for different
ocean bottom temperatures (0, 2, 4, 6 °C). Overlain are the temperature-depth
stabilicty profiles for gases of several different compositions. For any given
pair of earth-temperature and stability curves, hydrates ars stable from the
ocean bott011ll to the depth at which the two curves intersect. For example, a
gas containing 2% ethane and 98% methane will form hydrates to 110 meters
depth if the ocean bottom temperature is 6 °C and to 305 meters depth if the
ocean bottom temperature is OoC. Even though <the F-T conditions are
appropriate. it is very unlikely that hydrates would be prasent; right at the
ocean bottom since the ocean would wash them away. Figure 36 is the same as
Figure 35 except the ocean depth is 914 meters. Figure 37 is the same as
Figure 35 except the ocean depth is 1219 meters. Note that the zone of
stability increases as ocean depth increases. This is because the increased
pressure increases the temperature required to melt the hydrates. In all
calculations the pressure gradients used are 0.433 psi!ft. The depth of the
o6cean lll1st be added to the depth beneath the ocean bottom to calculate the
insitu pressure.

Figure 38 shows the effect of ocean depth on the thickness of the hydrate
stability zone under the ocean bottom. It depends upon the temperature at the
bottom of the ocean (0, 2, 4. or 6 °C were used). The deeper the ocean and
the colder the ocean bottom. the greater is the zone of hydrate stability.
Figure 39 is similar. It shows how gas composition affects the thickness of
the hydrate stability zone.

This part of the report has covered the effect of gas composition.
geothermal gradient. permafrost thickness and pressure gradient on the
thickness of a hydrate stabiltiy zone in parmafrost regions. It also show{i

the effect of ocean bottom temperature. gas composition and ocean depth on a
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hydrate stability zone beneath the ocean. These variables are~considered to

2oy
be among.the-moxe 1mportant in daterminiang the potential that a particularc

region has for containing hydrates and they need to be measured in any
/

geological investigation of a region.
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8. Advice and Consultation

During the months of September and October. efforts wers spent on Item 8
(advice and consultatior{) wlth regard to experiments on the methane-hydrate
_core sampls: that was obtained from Denny Sloan at the Colorado School of
Mines, 1t was noted that this core appeared to be much more stable (stability
means that the hydrates do not decompose rapidly when axposed to an ambient
environment) than the synthetic cores produced in my LaboracorLas at the
University of Pittsburgh. One reason for this greater stability is the
greater compression that these cores have undergone. The synthetic laboratory
cores are formed at pressures near 1000 psia while the natural cores were
formed at pressures near 3200 psLa, Similarly. the porosity of the synthetic
cores is about 40-50%. while the porosity of the natural core is probably less

(about 10-30%. | would guess).

T2
A second and probably more significant difference 1s the pUrltf of the
Sih C Aa.
qa-t—a-rz‘t‘ and natural cores #& probably considerably different. In the natural
Ao B0 e fmono Pries” -

cores. nearly 100%Lof the water is converted to hydrate. For the core at
METC, the amount of water converted to hydrate is not known and it is my
recommendation that it be measured. The measurement should determine the mass
of water (MHZO). the volume of gas at standard conditions (V). the mass of

sediment (Ms). The mass of water in the hydrate phase (My) will then be:

(6.15)(18)V

55 400 V = cc of gas (8-1)

The percentage of water in the hydrate phase will be:

% Hydrate = B (100) (8-2)
MHzo
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Additional advtce has been provided orally during visits to Morgantown over

the past year.
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