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1.0  INPLICATIONS OF DISSOCIATION OF IN-SITU
GAS HYDRATE DEPOSITS ‘

1.1 Introddction

The presénce,of natural gas hydrates in arctic and subsea

reglions 1s~ve11 documented. Hydrate cores have been obtained

"from the Gulfkof Mexico; the western coast of Guatemala, and in
1972, ARCO and'EXXON recovered a hydraete core sample near Prudhoe
Bay, Alaska. In addition, hydrate deposits in the Canadian and
Russisn Arctic are known to exist (Bily and Dick, 1974; Meakogon,
1965).

Gaé hydrates are crystalline compounds (clathratesi of gas
and wate:, which are formed at relatively low temperatures and
high pressures. These hydrates occupy much less volgme than the
'unhydratéa nafural gés and water., ,One huhdred percent methane
saturated hydrates canchnfain up to 181.3 standard cubic feet of
methane in hydrated rofm in Juat one cubiec foot of pure
hydrate. -It is becguse of thnis #ohcentrated form that natural
gas hydrates have geﬁerated such interest as a potential future
energy séurce, énd tnét preééutions must be taken when drilling

through hydrate bearihg formations,

1.2 Drilling Problems

7 Drilling tnrougn hydraterrormation can cause wvell control
proflems due to  severe mud gasifications‘ ir prober drilling
procedures are not followed.r Sizeable gas kicks ahd potentiel
blowout conditions have been—reporteqrin»the litérature (Davidson
et al, 19783 Franklin, 1979). Prdblems of well control due to

severe mud gasification were reported by Imperisl 01l Ltd. (B1ly
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~and Dick, 1974), and Panarctic 0ils Ltd. (Franklin, 1979). Other
“hydrate experienées 1ncludeffizzgd drill cﬁttings an¢‘we11bore
freeze-up and casing collapse (Makogon, i965; Franklin, 1979).
’During drilling through a naturally occuring ﬁydrate zone,
hydrates are exposed to an increased temperature wh;ch caﬁsés
dissociation of hydrates into gas and water, providing gas 1nfiux
into fhe wellbbre. This gas reduces the hydrostatic pressure of
the mud column, further accelerating the hydrate dissociation in
the\ficinity of the wellbore. If the dissociation 1is rapid and
significant, it can .1ntroduce a large gas 1influx from the

dissociated hydrate zone into the wellbore causing a gas kick.

The gas kick control problem has been discussed by Nickens (1985)

and Ekrann and Rommetveit (1985).

Several specific examples of drilling problems encountered

while drilling  through ‘hydrate zones ‘have been discussed by.

Franklin (1979). The two most notable examples he reports are
for wells drilled at Mearne Point on Mellville Island ana in
Jackson Bay. - Problems encountered in the Mearne Poinf well
inéludedz a 22 percent gas éut at 356 meters (1,168 ft.); drill
stem tools became frozen in ;the hole at the same depth; a
sizeable gas kick occured at 895 meters (2,936 ft.); hole
' stabilityiproblems were encountered at a depth of 1,676 metérs
(5.499‘ft.);’ahd.whiie logging at a depth of 1,676 meters, a gas
kick chured and the logging tools were lost doﬁn tné hole.
Ihcidents' reﬁorted at . tpe  Jackson Bay well. were~ Just as
sigﬁificént.~ A 50 bariel kieck was taken at a depth‘of'1,715

feet, Gas flow after each connection to a depth of 4,000 feet
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resulted in the loss of about 5 barrels of mud per connection.

At =@ depth of ‘4,000 feet; three days of circulation with
- increased mud density (14 1lb/gel) were required to sufficiently

stabilize the hole for the running of casing. 1In drilling below

this depth, a background gas cut of 1 to 5'percentvwas noted .

vhi;e drilling, and a gas cut of 10 to 12 percent was reaorded on
connections. |
Currently, two different methods are used to drill through
hydrate containing formatiqps. ~Predominately, cool drilling
fluid with higher mud weight at nign.circulation rates 1is used to
slow or prevent hydrate dissociation in the formation. Panarctic
Oilarhtd., alterhativelj, tried‘to promote the dissociation at
early  times while the drill Pipe 1is in the hole by using 1low
weight muds with proper degassing eduipment_‘at the surface

(Franklin, 1980).

1.3 Production of-Natufal Gas From Hydrates

; The gmount'of naturglrgas bound in hydrate form has been
eatimaﬁed‘ to be in. excess kof 1620 standard cubic feet, an
’OVérwnelming quantity when you consider the ﬁorld'a gonvéntional
gas Tresources are estimated to ‘be 2.9 x 10'5 gtandard cubic
feet, rBecausévthe solidknjdrates are immobile and relatively
impermeablé, they need'to be dissociated into gas and water in
order §o producé natural.gas‘trom the reservoir in a conventional
. gas well. |

Thé stability of natural gaé hydrates is a function of three

variables, namely pressure, temperature, and reservoir brine
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salinity;,“Disaociating hydrates into gas and water required that
one'of these three parameters be altered in such a fashion as to
destabllize the hjdrates. There‘ have been several methods
suggested in the literature (McGuire, 1981; Ho;dervet al, 1982;
Holder aod Angert, 1982; Bayles et al, 1984; Kamath and Godbole,
19853 Selih and Sloan,'1985). These include thermal recovery
techniques such as steanm '1njeetion or stimulation, hot water
injection and fire flooding, depreasurization,-and injection of
chemicals such as methanol or glycol which cause hydrate
destaoilization. .

Holder et el (1982) showed that thermal recovery technigues
are energy efficient from.a fhermodynamic standpoint, i.e., the
“heat required to dissociate hydrates is only =a small fraction
(about one tentn) of the heat that 18 obtained by burning the gas
produced from the nydrates; Of the thermal recovery methods
sugéeated, each has its own merits:‘and demerits.,  In stean
1njection'end fire tlooding, heat losses could be severe for thin
hydrate zones, but could‘be thermally efficient for thicker zones
(greater than 50 feet). 'Fire»fiooding'oould cause dilution of
the the gas produced and thereby reduce its energy value., Hot
‘water injection will yield lower heat losses, but injectivity of
rwater into the ‘hydrate reservoir will govern the applicabiity of
the metnod. The 1njection water temperature should be low enough
~.to -avold exceesive heat losses, yet high enough to avoid
‘unrealisticallyonign injection'rates; »Hydraulicefracturingvcould
be employed to improve ﬁeter injectivity, but could result in

lower heat transfer efficiencies due to channeling effects.
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kIn 5984. Bﬁyles et al presented a steam.cycling model gas
pr;duction from a hydrate reservoir. They found gas production
to véry from 2.5 to 110 milliqn.standard cubic feet per year for
a variety of teaervoi:s. Tne energy efficiency ranged from a low
6: 4.0 téka high of 9.6_combustible energy of the produced gas to
the energy of the injected steam.

Selim and Sloan (1985) presented a model for dissociation of

pure hydrates and found the energy efficiency to be 13, which is

clbse fo tné thermodynamice efficiency. This should have been
expected gsince their model does hot consider heat losses or a

pdfous rock matrix structure containing the hydrates.

Also in 1985, Kamath and Godbole presented a hot brine

stimulation model for gaS'pfoduction fron natural gas hydrates.
For a 100 foot.tnick ny&rate reservoir, they found an overall
energy efficiency rﬁtio of apbroximately 9 to 13 after 1,000 days
for var;ous_brine‘salinitieé. Their study also concluded that
brine injection resulted ,iﬁ higher thermal efficiencies and
therefore nigner gas ’production than steam for the same heat
injection rate. 'Tnis qonélusion 15; ‘however, based on the
assumption that the dissociated zone volume was-~capablé of
handling the predeterminedminjection rate of hot ﬁater;
Holder:and Angert (1982) studied the depressurization scheme
_ of dissociating hydrates. In this method, the sensible heat of
the reaervoir provides 'tne ehergy necessary for hydrate
dissociation. 'in this methdd, the gas pressure adjacent to the

solid hydrate must be reducedb' The'hydrates, whiech produce their

own vapor pressure, will dissociate until their vapor pressure is
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.reéttaine&. In doing this, the hydrates exhib;t'a Joule-Thompson
"effect, becoming colder ’as- they disséciate. | A temperature
gradient is thus~_generated between the hydrates and the
surfounding formation and heat must flow to the hydrates, By
kqepihg’tne pressure low by removing gas, the nydrateé continue
- to &1ssoc1ate, remaining colder than the surrounding media, thus
mﬁintaining the temperature gradient and heat flux to the
hydratea; In their study, a nydrateylayer was aséumed to exist
in association with a conventional gas layer. They found that
the hydrates may account for up to 30 percent of the total gas
production under this scheme.

Use of hydrate inhibitors such as methanocl or glycol has not

been studied in detail, but it may be safe to assume that their

use would be goferned by economics since large quantities of

these relatively expensive chemicals may be required to ensure

sufficient gﬁs production,

1.4 References

Bayles, G.A., Sawyer, W.K., Anade, H.R., Reddy, S. and Malene,
ReDes "A Steam Cycling Model for Gas Production From a
Hydrate Reservoirs™, Paper presented at the American

Institute of Chemical Engineers Winter National Meetin
March 11-14, 1984 held in Atlanta, GA.

Bily, C. and'Dick,1J.WaL.i "Néturally Occuring Gas Hydrates in
the Mackenize Delta, N.W.T." Bulletin of Canadian Petroleum

Geologists, Vol. 22, No. 3 (1974).

.Davidson, D.W., El-Defrawy, M.K., Fuglem, M. 0., and Judge, A.S.:
"Naturel Gas Hydrates in Northern Canada", The National
‘Research Council of Canada, .Proceedings of the Third

International Conference on_ Permafrost, July 10-14, Vol. 1,
PP 937-943, 1978.

Ekrann, S., and Rommelvelt, R.: "A Simulator for Gas Kicks in 011l
Based Drilling Muds", Paper presented at the 60th Annual

(X}




" Technical Conference and Exhibition of the SPE, held in Las
Vegas, Nevada, SPE Paper #16182 (Sept. 1985).

Franklin, L.J.t  "Hydrates in the Arctic Islands", Article 5,

- Proceedings of Workshop on Clathrates (Gas Hydrates) in the

National Petroleum Reserve in Alaska, July 16-17, Menlo Park,
CA, Edited by A.L. Bowher (1979).

Franklin, L.J.: "In—Situ Hydrates -- A Potential Gas Resource",
Petroleum Engineers International, pp. 112-122 (Nov., 1980).

Holder, G.D. and Angert, P.,F.: "Simulation of Gas Production
from & Reservoir Containing Both Gas Hydrates and Free
Natural Ges", SPE Paper 11105, presented at the 57th Annual
Fall Technical Conference and Exhibition of the Society of
Petroleum Engineers of AIME held in New Orleans, LA, Sept.
26"'29 [ 1982 .

Holder, G.D., Angert, P.F., John, V.T. end Yen, S.: Ta
Thermodynamic Evaluation of Thermal Recovery of Gas from
Hydrates in the Earth", J. Pet. Tech., p. 1122, May 1982.

Kamath, V.A. and Godbole, S.P.: "Evaluation of Hot Brine

Stinulation Technique for Gas Production From Natural Gas-

Hydrates", SPE Paper 13596, presented at the SPE 1985
California Regional Meeting, held in Bakersfield, CA, March
27-29’ 19850 ’

Kvenvolden, K.A. and Mcﬂénamin, M.A.: "Hydrates of Natural Gas: A
Review of Their Geologic Occurance", U.S. Geol. Sur., Circ.,

1980.

Makogon, Y.F.: "Hydrate Formation ‘in Gas Bearing Strata Under
Permafrost", Gouzou, Promst., Vol. 5 (1965).

Mathews, M.t "Logging Cnaracteristics of Methane Hydrates", The

Log Analyst, pp. 26-63k (May-June 1986).

HcGuire. Peloes "Methane Gas Production by Thermal Stimulation",
raper presented at the Fourth Canadian Permarrost Conference,
Calgary, Alberta, Marcn 2-6, 1981. D

Nickena,‘H.N.é "s Dynamic Computer Model af a Kicking Well: Part
Y -~ The Theoritical Model, Part II - Model Predictions and

Conclusions”, Paper Presented at the 60th Annual Technical

Conference and Exhibition of <the SPE, held 4in Las Vegsas,
Nevada, SPE Paper #16183, 16186 (Sept. 1985).

~Selim, M.S. and Sloan, E.D.: "Modeling of the Dissociation of an
In-Situ Hydrate", SPE Paper 13597, presented at the SPE 1985
California Regional Meeting, held in Bakersfield, CA, March
27-29, 1985.

L]

[




2.0 MATHEMATICAL MODEL FOR DRILLING IN THE PRESENCE OF HYDRATES

2.1 Introduction

Tne'twOQdimensiohal trahsient heat transfer model developed
in this study couples the hydraulics and heat transfer in the
wellbore with’hy&rate dissociation (and/or permafrost thaw) for
both arctic and éupsea locations.‘ This model was derived from
the welibore heat tfansfer models of Keller et al 81973) and
Marshall and Bentsen (1982) and the development of & fundamental

hydrate dissociation model.

2.1 Model Considerations and ASsumgtions

Figure 1 represents the physical model on which the computer
mode1 1s based for'ércticvregions.v The model includes options
for a full iellk completion  scheme with any numﬁer of casing
strings, or ,a"simplified' vetsion' which neglects the well
complétion ﬁnd assumes a unitoﬁm,hydraulic radius. For subses
locations, an option is 1hc1udéd which éifner allows or neglects
& riser casihg to the-platform.

The assumptioha 1ncorp0rated in this model for the drilling
fluid and wellbore region include: |
1. Heat transfer within the drilling .rluid' is by axial

convection.’,Condudtibn 18‘négligib1q exc§pt'when circulation

18 sfopped.
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Figure 1: Schematic Diagram of a Well for the Arctic Region




Radial temperature gradients within the drilling fluid are

negligible.

Radial conduction in the drill pipe wall is negligible

compared to the radial convection between the drilling fluid

and pipe wall,

Heat generation by viscous dissipation within the d:illing
rluid is negligibdble. '

Fluid properties, 1i.e. density, thernmal conductivity, and
heat capacity, are independent of temperature.

Within the (formation, there are five distinct zones that

- need to be accounted for: thawed permafrost region, unthawed

permafrost region, solidkformation, dissociated hydrate region,

and solid hydraté region. The assumptionslincorporated into the

model for these five zones include:

6.

Te

8.

9.
10,

o conductivity, heat capadity,’and dénaity, are constant within

1.

12.

Effects beyond the outer »boun&aries of the system are
negligible.

There are né heat éourcesror sinks.

Each zone 1is individually homogeneous and isotpcpid.

Heat transfer in each region is by conduction only.

The thermophysical properties of each zone, i.,e. thermal

~each zone and different across the boundaries separating each

zZone.

»

The formation above and below <the hydrate zone is

impermeable.

‘The gas produced from the dissociaetion of hydrates migrates

rapidly to the well,
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13. The hydrate zohe i8 completely saturated with methane

hydrates.

2.3 Model Equations
' Five partial differentisl equations may be written to
describe energy balances within the system. The heat flow within

the drill string 1is described by Equation (1).

oT

P
8 .021 mepmqm Y + Zﬁrpihpi (T -Tw)

i
= - mepmnrpi T + Qpi

The terms on the left represent the vertical and radial heat
convection, respectively. The 'energy‘ accumulation and source
terns are represented by the rlght side terms, respectively.

Equation (2) represents the energy balance in the drill pipe

wall,
2 .
(o) Tw zrpinpi
w 022 : (rZ - r ) Di w
po ri
2r__h_ -
+ ..BO PO (T =T )
(rz s r2 ) a 'w
po pi
o (2)
oT
w°w 0t

The right-hand term is the heat accumulation within the

wall. The left side terms represent, respectively, vertical heat

11

);

L
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conduction within the wall, radial heat transfer to (from) the
pipe wall from (to) the fluid inside the drill pipe, and radial
, heat trénsfer from (to) the pipe wall to (from) the annulus
fluid.

The energy balance in the flow annulusg is given by Equation

8'021pmeqc neq%n 5—- + anpo po(T -T )

4+ pwr (T -T )

wb Wb
(3)

2 a
pmeq meq( 'rpo) 3t = Y%

k = Cy, for' Dp. DH

The lert-hﬁnd terms  1nclu§e the‘ vet£ical' heat convection
within the fluid, radiairconvection between the pipe ﬁall and
annulus fluid, and radial cényection beﬁween the annuius fluid
and  <the formation (or casing). On <the right-hand.side are the
energy accunulation . term and the ~énergy 'éource ternm,

respectively.

Equation (4) expresses the energy balance 1in tne first grid
'1nside the formation or casing.

2
el Tk
2

BT >
1 .
M YT

L
-

e |
(o d
Lt

0%z

+ wbh'w a k2 o (4)
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1 0Ty
= -a-— .s-i,k = Cy, for, DD, Dh
" :
The left-hand terms are the vertical and radial conduction

terms and the radial convection between the annulus fluid and the

formation, respectively. The energy accumulation term appears on

"the right-hand sidé. The subscript on the thermophysical

properties indicates that  this equation, depending on the
éqmpletionv scheme and debth location, may be applied_ to four
different materials or zones, i.e., casing, thawed permafrost,
solid formation, or dissociated hydrate region.

- The final equation represents the energy balance elsewhere

within the completion scheme or‘formafion.

21 1 a1, 2%T _1_ar
SRR - - L ed = e —.’
bz2 r 9or ‘brz @, ot’

, (5)
k = Cy ~ce' DD, SD, fcr, DH' SH

Thig equation 1is the well known two—dimensibnai cylindrical
coordinate heat conduétion—fequation. The subscript on the

thermal diffusivity indieate& that this equation may be’applied

to' seven different materiéls, f.e., -casing, casing annular

material (cement), thawed permafrost, unthawed permafrost, solid
formation, dissociated hydrate'regipn,-and soiid hydrate regions.

| In order to solve ﬁhese equations we need the boundary
conditions, the wellbore'hydraulicé,la ﬁeans'of determining the

convective heat transfer coefficients for the particular fluiad

v



‘ rheo1ogy and flow regime,. i.e. turbulent or laminar, and the
energy source otermo within the wellbore region. Due to the
linited space available, the wellbore hydraulics will not be
preaented here, but rather, referenced as being the some as
presented in Bourgoyne ef-al (1986) for Newtonian .fluids, Binghom
plastics, and—power,low fluids. The correlations fer dotermining
the oonveot;ve heat transfer coefficients and the' method of
evaluating fhe energy source oerma are presonted in Appendix A.

The appropriate initial and bouhdary oonditions - are
described below. The initial condition desoribes the.initial
temperature profile ao being the geothérmal gradient:

T ?J = 'l'ms-r'gc'z‘1 - (6)

The upper and lower boundary conditions are respectively:
%%-.—o,z:o - (7)

n o |
Te, smax + 1 = T4, jmax + 1 | - (8)

The inner and ocouter radial boundary conditions indicate no

heat flow across these boundaries:

‘%%"rot‘r =0 ‘ | : | ; (9)
§§=o,r'= r, - (10)
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The innermost upper grid temperature is defined as the fluid

inlet temperature:

n - 7‘
T4,% = Tas - (1)

Equation '(12) ) expresses the requirement that the

temperatures be equal at the drill bit depth within the wellbore:

n n n
11, jmax = T3, jmex © Tz, jmax (12)

Because thawing of permafrost and dissociation of hydrates

represent moving boundary problems, boundary conditions at the

moving boundaries separating the thawved and unthawed permafrost
régions and the dissociated and undissociated hydrate regions are

required. These bqundary éonditions are of the same form for

either permafrost or hydrates and so indicated by subscrip;s for
"each region. For the permafrost region, the (first moving

boundary condition expresses‘the:requirément that the boundary be

an isotherm:

Tnp(?fpizfp,t) = Tgp(repaZepst) = Typ . (13)

"This is not true for thekhydrate moving boundary as it 1is a

strong function of pressure and theretoré vertical‘ﬁosition:
Tou(Tensdn +t) = Tsu(TenrZens®) = Ten(Zen) (14)

15
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The second set of moving. boundary conditions are identieal
1n_fdrm and express the requirement that the heat flux entetihg
the boundary less the heat flux leaving the boundary be equal to
the.amount of permafrost thawed or hydrate dissociated:

bTSk(g,z,t)
dr '

R 2
{1+ [22%%;21]} [kgy

C ATag. C Bra.. (15)
Dk(r,z,t) fk
= b ar ) = Pl (2) =
kgp,H

2 3T, (ryz,t)
(14 (28{E2801%) [y Sk '

3T (ryz,t) 3z 4y (16)

~Kpx—3z - = = oyl (2)—53=—) k = p,H

Equations (15) andﬁ(16) express the rate of front advance in the
radial and vertical direcfibna; reapecﬁively.

The data utilized in thiabstudy are included in Tables 1 and
3.

The partial differential eqﬁationavare written in a fully
implicit finite difference form and»the’temperature’distributionﬁ
are solved by a ‘direct solution method involvihg ~the LU
decomposition gpproach., The solhtion of thq-wellbore hydraulics
‘and heat tranafer model indicated thet the thermal gredient in
the vertical direction in,the'wellbbre for the'thickneBS'of‘tne
hYdraté zone  is 'hot ~significant. 'Theréfore, we assumed e
constant temperature ftont»'1n  the ~wé11bo£e aﬁd‘ analyzed . fhé
decoupled hydrate dissociate modél. “The dimensiéﬁless form of

fundamental hydrate dissociation model is discussed in detail.
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TABLE 1

Wellbore, Drillling Fluid and Reservoir Parameters

pfor"

Creor
keor

wat

wat

"

167 (1b/£t3)

.2 (Btu/1b °F)

1.36 (Btu/nr £t °F)
62.4 (1b/£t3)

1.08 (Btu/1b °F)
0.343 (Btu/nr £t °F)
0.5 (Btu/1b °F)

0.0178 (Btu/ft hr °F

57.1 (1p/£45(

0.54 (Btu/lb °F)

0.2274 (Btu/1b °F)

181.3 (SCF/tt’ hydrete)

1.0
0.2
0.8
0.8
0.451 (£t2)

1.0 (Btu/ft hr °F);

‘0.4 (Btu/1b °F)

486.0 (1b/f£td)

: 25.28 (Btu/ft hr °F)

17
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- TABLE 2

Key Process Parameters

Parameter - Range '
Wellbore Diameter, Dub | 6-12 (1nche§)
Hydrate Zone Thickness, Hygg ' - 20=150 (feet)
Mud Density, p, 10-18 (1b/gal)
Mud Viscosity, ik, | 20-100 (ep)
Mud Circulation Rate, q, 100-500 (gal/min)
Bottom-Hole Mud,femperature, Th 40-120 (°F)
Geothermal Gradient, gg 0.01-0.05 (°F/ft)
Sea Deﬁtn; Zgea . - 1,000-8,000 (ft
Mud Inlet Temperature, Tp; 50-120 (OF)

18
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TABLE 3

Base Case !odei Parameters

Zptrb

Tusg

5.921 (in)
6.625 (1in)
8.375 (4in).
10.0 (1b/gel)
45.0 (cp)

200 (gal/min)
0.2

20 (£t)

3,500 (f;)

2,500 (£t)

0.01 (°F/ft)

16 (°F)

350 (rpm)
1875.8 (ft-lbf/min)
20 (f£t/hr)

80 (°r)

19
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'2.4 Fundamental Hy&rate‘Dissociation Model
2.4.1 Dimensionless Variables
The spatial coordinates are normalized as

u = 2&n (r/rw)/ln (relfw), r, < r<r, - (17)

w

and
vez/H, O < 2 <H (18)

Two advantaées realized from theée transfofmatione ares
1. ﬁnén'ﬁ is discretized, the closely spaced grid points result
near the inner boundary where the solution ;hanges rapidly,
and -
2. the rectangular domain (rw <r < re) and (0 < z < H) is
mepped to a square in <the region (0 < u<1) and
(0 < v <1).
Prior to - defining = ‘dimensionleas time, the thernmal

diffusivities of each zoné are determined.

Hydrate Zone:

(p Cp)y = (1-¢) ppCrp + ¢pyuCpy (19)

4)2/3 (5H.- 1) + 1
K, = K_[ ’

e ™ - (20)

where
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by = Ky/Kg (21)
DH = KH/(pcP)H

bissociated Zone:

(pCp)y = (1-4) ppCrp + ¢(p,Cp. S, + p,CP,S,) (22)
The gas density used here ig calculated es
Yg p_(2)
p_= 2.7 R (23)
g ¢ Zg Tflz)

where PR(Z) is the hydrostatic pressure at the hydrate depth,
Pp(2) = 0.435Z + 14.7 (24)

and Tf(Z) is the hydrate dissociation tempe:ature (methane

hydrates),

15360.8 . '
Te(Z) = 5755 = In Btz T 4997 *ep (25)

The gés'compressibility factop is ecalculated using'tne Standing

~modification of the Brill and Beggs correlation for curve fitting

the Standing-Katz z-factor charts (Standing, 1977). -
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g, = K, 8 {02/3(s = 1) + 1}

D R +
G- G5 -0+ 1)
s {62/3(s - 1) +1}
: 573 (26)
{6, - 1" - 0) = 1}
Where 8 = K_/K; and & = Kg/KR.
D, = Kp/(pCp)y _ (27)

Dimensionlees time (Fourier's number) can now be defined for each
region, 1.e. disgociated hydrate zone, solid hydrate zone, and

the overburden and underdburden:

T, o= Dit/rwz, {=D, S, 0 (28)

1

Dimensionless temperatures are defined by
[T(u,v,tni) - Tf(v)]

0,(uy, vy T ) =
i Dy [T, = Tg(v)l (29)

where;‘i = D,S,O

“and Tg(v) 1s given by Equations (24) and (25).
The following dimensionless terms are also defined:
B =rg/r, : | (30)
. ‘ 2

A= [an(r_/r )] (31)
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B o= (rw/H)z (32)

1,2(v)
15360.8 H [T =T (v)]

e(v) =

| _ 0.435
X [6.435(2 -~ vH) + 14.7]

(33)
(v) = 0.435 2
o(v) =gz ==y 57777!
72 (v)
x [ , 5 1
15360.8 H {Tw - T.(v)
ZTf(v)

2¢4.2 Dimensionless Differential Equations and Boundary

Conditions

The dimensionless differential equation describing unsteady-
state heat conduction 1n'an‘1abtrop1c medium c¢an now be expressed

as

—2u baei(u,v,tni) azei(u,v,rn 1)
X 2 * b3
' du : R dv
591(“’7’%1)
- 2pe(v) 3%
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391(“’7’19)

4+ po(v)[1 = 0, (u,v,Tp)] = T (35)
D .
i
where,, i = D’ S, 0
Initial Condition
ei(u.v,O) = [;i“(j)'p-('rf;v”
o w Ta
(36)
O<u<1,0<v<1,‘tD =0,i=s,0 .
i
where,
Tin(v) = (Z - vH = prb) Gth + 30.2 (37)
and
prb SV(BO'Z = Tms)/Gfr (38)
‘Inner Boundary Condition
8,(0,v,7p ) = 1,
b § : - .
; | - (39)

u20,0<v<1,TD >°, «1=D,0
N i ‘
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Quter Boundary Condition

[Tyn(¥) - Tf(v)i

0 (1,vet_ ) =
i Di [Tw - Tf(L)]

(40)

u=1.0(v‘1,"D )O,i=s,0
» - 1

Upper and Lower Boundary Conditions

2 _
30, . (u, vyt ) 30, . (u,vyet. )
Equ 0 Do : 0 : Do
A 2 ot
du Dq (41)

0<u<i, v=1, Ty >0
_ - 0

2 ,

36, . (u,vyt. ) 30 (uy,v,t. )

Equ 0 D0 | ° Do

A 2 , 0tTn
ou ' D0 (42)

0<u<1t, veo, TD. >0
L 0 ,

Moving Boundary Conditions:

1. From temperature continuity considerations,
eD(uf’.’vf’TDD) = eS(uf’vf'TDs) = ef - . (43)

"~ -WHhere Uy and vy are the coordinates of any given point on the

moving boundary.

2. From the energy balance considerations at the moving boundary,
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the Stefan conditions are:

aes(u,v.tn )

du K. .-2u
{1+ ulﬁéu(—aé)zl[gf % 5w 8
36, (u,v,t, ) '
) Equ D DD,] _ Ef (v) du, (1)
A . du CpD [Tw—Tf(v)I dtDn
and
' (u,v;% )
Y] D
-2u dv_, 2 K S S
b 4 S :
[1 - &x (=53) ][g;{ - + e(v)} -
ben(u,f,tnn)
{ sv—— + (W}
(45)

Lf(v) dv,
'Epnu[Tw—TfTVI] d7;)

D

where Lf(v) is the latent heat of fusion of the hydrates and is

determined by

- Lglv) ='¢SH[10743.1 - 1.9204 T,(v)] 3 - (46)

2.4.3 General Solution Method of the Fundamentgl Hydrate

Dissociation Model

The solution of the above problem inveolves determination of

the temperature distribution in each zone and the position of the
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moving boundary .at any time Tpp® B =0, 1, 2,. . ., N=1,

In general, it i=s neceéaary to solve four separate problenms
to obtain the solution at time TDn+1 for the time interval ATDn‘
The first three problems are boundary va;ue problems, the
solutioﬁs of which give the temperature distibution in each of
the zones. The fourth problem consists of two sets of initial
value problgms, the sdlutions of which give two =sets of

vectors u y D= 1,2, ¢« ¢« o4 P and arq’ G = 1,2, « « 5, Q defining

fp
the position of the moving boundary. Here P 18 the number of
grid points that the4interface intersects grid lines pafallel to
the u coordinate and Q those parallel to the v coordinate.

The boundary value.probléms, given in d;ménsionless form by
equations {35) throdgh (4}) and written for each zone, are solved
using an iterative, semi—implicit line successive over-relaxation
technique (LSOR) (Crichlow, 1977). In applying this technique to
a particular grid liné in .the hydraté zone, the . temperature
distribution is determ;ned, fi:st for the' dissociated- zone,
followed by the solid hjdrate zone, and then the temperatures
along the'wnole griad line are relaxed. |

The twok sets of 1h1t1ai valué problems given in
dimensionlesa form by equations (44) and (45) are solved by the
trapezoidal method.

To advance tne solution .from 7DA to tD£+1, the algorithm
presented by Sengul (1977) is used with alight modification. The
major difficulty in obtaining a solution is the evaluation of the
initial value problens because it requires an estimation of the

temperature gradients at the moving bouhdary. To evaluate these
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temperature gradients, the' tempefatures o: the grid points on
either side of the interface and the temperature of the moving
boundary are fitted tola polynomial using a ieast squaresbmethod
(Gerald and Wheatiy; 1984). The degree of polynomial fit to the
tenmperature profiles 1is glibwed to iary from degree 1 to ¢egree
9. The optimum degree of <the po;ynomial is selected by
increasing the degree of the polynomial, Beginniné with degree
one, 80 long ag8 there is a significant decréase in the variance
(Gerald and Wheatly, 1984).

Once these bolynomials have been determined for the
temﬁerature profiles in each of the dissociated and solid hydrate
zones 1in vthe u direction and in the v direction, Richardson
Extrapolation (Cheney and Kincaid, 1985) is used to determine the
first de:ivative of 'fhe polynomials, 1.e. the temperature
gradiénts at the moving boundgry. The detials of the solution

‘method are discussed elsewhere (Roadifer, 1987).
/ S

2.4;4 Gas Influx Calcuiations

Once the above p:obléh has béenk solved for some time
period; At, a simple material balance is used to @aleulate the
gas influx into the wellbore. |

‘The volume of hydrate dissociatedbis given by
v, = wem, {[r,(t + at)12 - [r (£)12) (47)
H H £ f

The moles of methane. gas originally contained in this volume

is
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Pen = 379.5 H (48)

The moles of methaneA gaa "the dissociation volume ‘would

contain at wellbore conditions is

- PFVHS

nowB = Z R T, (49)

2.5 Sdmmary and Conclusions

A comprehensive wellbore hydraulics and heat transfer model
ahd a fundamental hydrate dissociation kmoqel has been
developed., ‘The,podel devglopment allows the detailed,eiamination
of tne4effects of a wide range df drilling parameters on the
wellbore pressure, vwellbore temperature and, conseduently,
"hydrate dissociafion réte fof arctic terrestrial, arctic subsea

and subtropic subsea locations.
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NOMENCLATURE

geothermal gradient within permafrost (°F/100 ft) v:

ndp

freezing pocint depression of hydrates due to dissolved
golids

specific heat (Btu/1b°F)
diameter (inches) or thermal diffusivity (£t2/nr)
frictional energy losses (Btu/ft hr)

rotational energy (Btu/ft hr)

"positin of the interface

geothermal gradient (°F/ft)

A}

geothermal gradient below permafrost (°F/100 ft)

convective heat transfer coefficient (Btu/hr°F ftz)

zone thickness (feet)

thermal conductivity (Btu/ft hr°F) ' -
latent heat (Btu/1lb)

number of space intervals in both tpe u and v directions

nﬁmber of grids 1nrthe underburden in the v direction

total number of time steps

Reynold's number

Nusselt number

nunber of intersections of the moving boundary with grid e
lines parallel to the u coordinate

pressure (psia)

Prandti number

natural log of pressure

flow rate (gal/min)

heat energy source term (Btu/ft ar)

gas influx rate (scf/min)
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Q =
QP =
r’ =
e =
re =

‘r, =
s =
S =
St =
t =
T =
prf =
Tin =
u =
up =
v =
v _ =
v =
Ve =
z =

number of intersections of the moving boundary with grid
lines parallel to the v coordinate

formation penetration rate (ft/hr)

‘radius (feet)

radius to the outer boundary

radius to the moving boundary (front)

dimensionless variable defined as AtD/(Au)2 = AtD/(Au)2
wellbore rﬁdius '

Surface

Stanton number -
time (hours) |

temperature (°F)

temperatﬁre at the base of thne pernafrost

initial temperature distribution ' .-

normalized radial directoin

dimensionless radigl position of the méving boundary

normalized vertical direction

Volunme

velocity (£t/s)

dimensionless vertical position of the moving boundary
(below inflection point)

o

Greek Symbols

a =
[+4 =
B =

thermal diffusivity (£t2/nhr)
curvilinear coordinate transformation variable

hydrate gas content (sCF/ft> hydrate)
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B = dimensionless variable defined in Equation 30 z
Y = curviliﬁear coordinate trahsformation variable
€ = dimensionless variable defined by Equation 33
) = 1. angle
= 2 dimensionless temperature
) = dimensionless variable defined by Equation 39
o = dimensioniess'variable defined by Equation 41 _-
p = denmsity (1b/£t>)
m = viscosity (cp)
¢ = porosity E
T = dimensionless time (Fourier's Number)
T = torque (ftvlbf/min.)
¢ ' = domain
w = angular velocity (rpm) -
w = relaxatioﬁ parémeter_
Superscripts
n = time level

‘Subscripts

a
BH
o
ce
D
DH
Dp
e

for

annulus

bottom hole

‘easing

cement

dissociated (thawed) zone
dissociated hydrate'zoné
thawed permafrost zone

extent of reservoir (formation)

formation
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£H

fr

. 4in

Jmax

meq
mi
ms

o/u

pi
pfd

po

SH

Sp

nydrate'diasociation front

nap

permafrost thaw front

hydrate

radial grid index

initial

vertical grid index

bottom-most grid

index of iteration

region indication (1.e. casing, - cement, thawed

permafrost, unthawed permafrost, formation, dissociated
hydrate, undissociated hydrate)

.
[

diécrete index of v direcfion
discrete index of v direction
equivalent annulus mud . |
nud in | '

mean annual surface

overburden or underburden zone

number of points where the moving boundary intersects the
grid lines in the radisl direction

pefmafroat

inside dri;l pipe

rermafrost base ' .
outside drill pipe |

number of points'where the moving boundary intersects the
gride~11nes in the_vertical direction v

sclid region
s0lid hydrate
unthavwed permafrost

drill pipe (collar) wall
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wat = ﬁater

wb = wellbore

2.7 REFERENCES

‘Bourgoyne, A.T. Jr., Chenevent, M.,E., Millheim, K.K., and Young, -

F.S. Jr.: Applied Drilling Engineers, SPE Textbook Series,
Vol. 2, (1986).

Cheney, W. and Kincaid, D.: Numerical Mathematics and Computing,
Brooks/Cole Publishing Company, Monterey, California, 2nd
Edition (1985).

Crichlow, H.B.: Modern Reservoir Engineering ~ A Simulation

- Approach, Prentice-Hall, Inc., Englewood Cliffs, NU (1977).

Gerald, C.F. and Wheatley, P.0O.: Applied Numerical Analysis,
Addison-Wesley Publishing Company, Reading, Massachusetts,
3rd Edition (1984).

Incropera, F.P., and Dewitt, D.P.t Fundamentals 6f Heat Transfer,
John Wiley and Sons, New York (1981).

Keller, H.H., 'Cduch,v E.Je.y, &and Berry, P.M.: "Temperature
Distribution in Circulating Mud Columns®, Societ of
Petroleum Engineers Journal, pp 23-30, (Feb. 19755.

Lakshminarayanan, M.S., Lalchandari, R., and Raja Rao, M.:

"Turbulent Flow Heat Transfer in Circular Tubes", Indian

Journal Tech., Vol. 14, pp 521-525, (1976).

Marshall, D.W. and Bentsen, R.G.: "A Computer Model to Determine

the Temperature Distributions in a Wellbore", Journal of

Canadian Petroleum Technology, pp 63-75, (Jan. = Feb.,
1982). . ) - _ :

Roadifer, ReDey "A r-z Unsteady State Simulator for a 'Stefan
Problem with Variable Thermal Conductivity", M.S Thesis,
University of Alaske, Fairbanks, Alaska 99709 (1987).

Sengul, M.: Numerical ~Solution of Heat Conductidn’ with Phase
' Change in Cylindrical Systems, Ph.D. Dissertation, Dept. of
Petroleun Engineering,, Stanford University, California

(1977) .

Standing, M.B.: YVolumetric and Phase Behavior of 011 Field
Hydrocarbon Systems, Society of Petroleum Engineers of AIME,

Dallas, Texas pp. 121-122 (1977).

e i e ——————— e A e e p— T s e s e i g

(Y] p.




2.8 APPENDIX A

A. Determination of Convective Heat Transfer Coefficient

For laminar flow of any type of fluid, i1i.e. Newtonian,

Bingham Plastic, or Power Law, the Newtonian value of 4.12 for

the Nusselt is number used:
Laminar: Ny, = 4.12 A ' (12)

Forvturbulent flow of'Newtonian flﬁida or Bingham Plastics,
the Seider-Tate equation is uséd with the following term
(p/pw)°‘14'set equal to 1 (Incropera and Dewitt, 1981). For
Binénam Plgstics, the piastic viscosity‘is used to calculate the

Reynold's and Prandtl numbe}s.
Turbulent: Ny, = 0.027 Np0*8pr0:333 , (21)
Marshall ‘and Bentsen (1982) recommend the wuse of a

correlation developed by Lakshminarayanan et al (1976) for power-

law fluids in turdbulent flow: .
St = 0.0107 Np,~0+33pr=0.67 -~ (31)
In eannular flow, the hydraulic diameter of the annulus
should be used in these correlations} and the equivalent fluid

properties accounting for the drill cuttings and fluid influx

into the wellbore should also be used.




Be. Determination of Energy Source Terns

~ The source of heat generation within the wellbore system is
a result of the rotational energy due to the work required to
rotate tne.drill string, vigcous energy due to frictional ‘losses
within the drill pipe, drill bit and annulus, and the work done
by the bit. |
The thermal energy generated due to rotation and work by the
drill bit 1is calculated by assuming that all of the mechanical
energy .input by  the rotatiﬁg drive is8 converted to thermal
energy.l This energy 1is then divided 60% to the drill pipe and
A0% to the drill' bit. The rotational energy input may be

calculated by Equation (44):
Erot = 0.4844 wT (4A)

The total thermal energy generéted due to frictional

pressure losses in the system may be calculated as

Egp = 104843 AP, q_ (51)

This energy 1is then divided among the drill string, drill

bit And annulus by the ratios ‘of their respective frictional

‘pressure losses.
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3.0 DEVELOPMENT OF GUILDELINES FOR DRILLING
IN THE PRESENCE OF HYDRATES

P:iqr to establishing guidelines for drilling through
hydrate containing formations, a parametric study of the
‘reservoir pgoperty and drilling parameter. effects on hydrate
dissociatidn is required. In addition, potential hydrate
precautions can be taken to avold the problems associated with

drilling through those zones.

5.1 Hydrate Stability Zones
With the knowiedge of geothermeal gradients, pressure ~ depth

- temperature diagrams'can be constructed to identify the depths
at which ges hydrates may be present, Several <thermodynamic
studies on the measuremeht of pressure-tenperature relationships

for different gas hydrates have been reported in the literature

(Deaton and Frost, 1946; Kobayashi and Katz, 1955; Holder, 1976;

Wu et al, 1976; Kamath, 1982; Holder and Hand, 1983) and serve as
the basis for determination of hydrate stability. Kamath et al
(1987) naveistud;ed the effects'ot various parametgrs on hydrate
stability in regions of>perm§frost. The knowledge of mean annual
grouhd temperature, geothermai gradiént, pressure gradient and
‘gas7composition is réduired to fully evéluate potential»iones of
hydrate occﬁrrence.‘ Other faétorg inrluencidg hydrate stability
includé salinity of bore_:luidé, pore pfessure con&itions and
s0il particle effects. Godbole et al (1987) extended the work of
Kamath et al (1987) to devélop a nomogram (Figure 1) to determine
the depths of potential hydrate zones for the wide range of

conditions that exist on the North Slope of Alaska and can
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be expected to occur in othér arctic regions. '
Using data from McCleod and Campbell (1961) fof sea

temperatures, Roadifer et al (1987) extended the work of Godbole

et al (1987) and Kamath et al (1987) to develop two additional

- diegrams (Figure 2 & 3) for determining depths of potential

~hydrate stabllity zones:- in both arctic éubsea and subtropic:

subsea locations. The bnly requirements for using these diagrams
are the sea depth and én estimation of the geothermal gradient
: beloy the sea floor. The twdrmain assumptions made in developing
diagramsv are: the presadre gradient is hydréstatic; ahd, the

nhydrates are composed of vater and methane only.

3.2, Reservoir Parmetric Study

Using a twé—dimensional (r-z) ecylindrical coordinate thermal
hydrate dissociation s%qﬁlator,»noadifqr‘et.a1 (1987) performed a
parametric study of the effects of»vgrious reservoir and wellbore
parameters on hydrate disséciation ratés in arctic regions
underlain by perhafrqst. ‘ Parametersi studied included: m;ap
'annual surface teﬁperature; depth to permafrost base; geothermal
gradieht-witnin permafrost; geothermal gradient beloﬁfpermafrost;
v hydrate ane depth; hydrate zqnerthickness;'reservoir,porosity;
'wellbo:e radiﬁé; - bottomhole = temperature; and equivgient

circulating mud density effects on gas influx,
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Figure 2: Zone of Hydrate Stability in
the Arctic Subsea Region
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5241 Geothermal Conditions

While important for'establishing potential hydrate stability

'zones,v»the geothermal parameters, i.e., mean annual surface

temperature, depth to permafrost base, and geothermal gradients

‘witn;n~and below the permafrost, were found to have negligible

effects on  the nydrafe dissociation rate. This was seen to
indicate that heat <transfer occurs predominately 1in the
dissociated hydrate zone with the sensible heat required to raise

the solid hydratés to dissociation temperature being negligibdle,

3.,2.2. Hydrate Zone Depth

The effecf of the hydrate zone depth on the rate of hydrate
dissociation 1is 111ﬁstrated in‘Figure 4. The non-linearity of
the relationsnip Vis explained by the _nbn—lingar effect of
pressure on the hydrate dissociation temperature, ,1'6" a
hydrostatiq pressure gradient was assumed and the hydrate
dissociation temperature variegl inversely to a logarithmic
function of pressure. Because the hydrate dissociation
temperature 1ncreasée with an increase in bréssure (déptn), the
rate of heat transfer, and tner§fore, hydrate dissociation rate

decreases for a fixed wellbore temperature.

3.2.,3 Hydrate Zone Thickness

Hydrate zone thickness shows negligible effect on the rate
of hydrate,disaociétion prpbablj due to negligible heat transfer
from the overburdeh and underbﬁrden for the thickness range

congidered. The total hydrates dissociated, however, and
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Figure 4: Effect of Depth of Hydrate on Dissociation Rate
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therefore, the surface gas realized are affected directly by the

hydrate zone thickness as indicated in Figure 5.

3.2.4 Porosity
The relationship between porosity and hydrate dissociation

rate as indicated by'the surface gaé rate is shown in Figure 6.
While significant, thie relationship is slightly exaggerated due
to the expanded y-axiq scale. The maximum difference in hydrate
diésociation rates is about 22 percent between the lowest rate at
45 percent porosity and the high at 20 percent po:osity;

' The 4increase in the hydraté dissociation rate with' a
decréaée in porosit& (down to approximately 20 percent) is due to
an.increase in the thermal conductivity of the dissociated zone
which, because ﬁf the fixed wellbore temperature, results in an
increase 1in the heat tranéfei ratebtrom the wellbore into the
dissociated zone.

‘At the same time, however, the sensible heat require¢ to
heat the. reservoir  rock also 1dcreases, but at a different
rﬁte; Thé naximum dissoqiétibn rate occure when for a given
reduction in porosity the increase in the heat trandfeé raté Just
equals ’the additional sehaible heat required to - heat the
irese:voir foek. For pordsities'lower thaﬁ this'maximum the
additiohal héat required to heat fhe.reservoir rock is greafer

" than the additional heat supplied to the system.

-3¢2.5 Drilling Parameter Analysis

The rate of hydrate dissociation depends strongly on the
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“wellbore temperature and the pressure exerted at the hydrate --
dissociated zone interface (both the dissociation temperature and

latent heat of dissociation are functions of pressure). The

relatichéhip between these <two variables and <the hydrate

dissaciation rate (as shown by the surface gas rate) is shown in
Figure 7. It should be noted that in addition to affecting the
hydrate disscciation rate, -the welibore pressure als§ affects fhe
gas influx rate from the formation into the wellbore. The
pressure effects noted in Figure 7  include both the dissociation
rate éffect and the gas influx effect.

The.effect of pressure on the gas influx rate can be implied
fron Figure 8 wnicp includes only this effect for vafious nud
densities. Thié riguiefindiéates that the pressure effect on. the
gas influx rate'is hihimai, causing only a minor reduction in the
gas influx rate with increased mud density and, therefore,

pressure.

'3.2.6 Wellbore Radius

In addition to the wellbore temperature and pressure, the
wéllﬁo:e radius also affects the‘hydrate dissociafion rate as
"indicated by Figure 9. >The effect of the wellbore raﬂius on the
hydrate dissociation rate 1is 'dué to an {increase in the heat
transfer rate with an'incregéerin»the wellbore radius. While
'vari;tions in this parameter are u;ually not at the diééretion of

the dfilling engineer, the wellbore radius does have a

significant effect on the hydrate dissociation rate.
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Figure 7: Effect of Temperature and Pressure on the
Hydrate Dissociate Rate
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3.2.7T Pressure

The drilling and mud engineers have control over three
variables which affect thé preasure/exerted against the formation
‘1nrthe wellbore. These variables are the mud density, viscosity,
and,circﬁlation rate. The absolute benefits and disadvantages
‘(eg., economics, cutting, removal, etc.) of varying each of these
parameters are vbeyond the scope of <this study, but they are
covered adequately 1in most a#y drilling or mud engineering
’text; We only concern ourselves here with fhe relative effects
each of these parameters has on the wellﬁore pressure.

Incfease in eany oné of these parasmeters will increase the
wellbore preésure.’ Increasing mud weight has the direct effect
of 1nc:easing the hydros?ratic pressuré and though less obviods,
the frictional' pfesaure drop.. The circﬁiation rate and mud
" viscosity only affect tne fiictional pressure drop;

Figure 10 shows the relative'effecté of)mud density and
‘eirculation - rate on the bottomnbleb pressure. The figute
‘indicates that a  drast1c increase 1in  the circulation rate is
-réquired tbbachieve thé,aame’pressure as ihe oﬁe‘attained by
small increases in mud weight.

Theie~1s an'addit;onal advanta;e, howéver, to 1ncré;sing the
circuiétion rate. Wheﬁ'the nydrafes'dissociate into éas:énd
wafer, some of’the gas will'éntet~the wellbore, thus reducing the
hydtostatic pressure of the mnud column. _The amount of gas
;eiisting in the mud column will be reduced and,-tnerefore,‘the
nydrosfatié préasure maximized if the gas entering the wellbore

is eirculated out as fast as possible. A quantitative analysis
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ef this phonomenon has not been performed at this time.

Figdre 11 compares tne' effects of 1increasing the mud
'viscositf, and the mud density. Noted here 1is <that large
variations in viscosity are required to achieve the same wellbore

'pressure as moderate 1ncreases in the mud weight.

3.2.8 Temperature

The wellbore annulus temperature profile is a function of
many yariables. As with‘ the wellbore pressure, we concern
ourselves here only with those parameters that may be controlled
directly»by the drilling or mud engineers. A discussion of other
.variebles is available in;the literature (Edwardson et al, 1962;
Tragesser et a;, 19673 Holmes. and Switt, 1970; -Keller et eal,
19733 Marshall ands 3entsen, 1982; Cofre et. al, 1984; and
Thompson,s1985).‘ .

The - primary parametersr of eoncern 'ere the nud inlet
teﬁperature, density, circulatioh bate. and whether or not the
hole vhas .been, cased. Figure; 12 shows a eomparisen of the
‘bottomholestemﬁeratures>generated due to-inlet nud temperature
for an uncased well and a well cased to»tne‘permafrest base. Two
notewortny‘erfeetsbare,seenrin this plot. First, the change'in
#ne bottomhole temperature 1s°mueh less thanethe chenge in the
nmud inlet temperature,. - 'Seeond, casing the permafrost zone
,results in significantly higher bottomhole temperatures.

The ramifications of these results depend on the particular

method of hydrate eontrol being used, 1.e., limiting or promoting
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Figure 11t Effect of Mud Density and Viscosity on the
: ~ Bottomhole Pressure '
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BOTTOMHOLE TEMPERATURE (DES. F)

Figure 12: Effect of Casing~and'nud.1n1et Temperature
on the Bottomhole Temperature
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“hydrate dissooiation.‘ If the goal is ‘to 1limit hydrate
,dissooistion; cssing shouid not ‘be run until the potential
,nydrate ‘bearing depths have been drilled, assuming this will not
~cause significant new problems in the permafrost region. In
.subsea looations, the corallary to thisiis not to use a riser
'casing so'tnevcooling etfect of the sea can be taken adtantage
of. If <the goal 1sb to’ promocte hydrate dissocistion wh;le
drilling, the current psactice of casing off the permafrost zone
as soon as it has been penetrated should be followed.

The effect of nud density end circulation rate on bottomhole
temperature is a muoh more complex problem as indicated by Figure
13. To understand the implications of this figure, a discussion
of the heat’ transfer mechanisms present in the wellbore 1is
required, | . |

Witnin tne‘welibore,'heat transfer occurs due to vertical
convection down the drill‘ string ‘snd up the annulus, radial
convection between fluid, pipe wall and formation, and lastly due
“to hest generation, When the mud circulation is increased,
verticsl conveotionvincreases,.tending to inoresse the bottomhole

temperature; because the boundary layer convection coefficient

increases, rsdial heat conveotion increases, tending to decrease'

;the bottomnole temperature- lastly, the frictional pressure drop
1ncreases, resulting in nigner heat generation and an increase in

temperature.

An’exsmple’will'help to clarify these mechanisms. Consider

the case of the 14 1b/gal mud in Figure 13. At a circulation

rate of 100 gal/min, the flow regime is laminar in both the drill
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133 Effect of Mud Density and Circulation
Rate on the Bottomhole Temperature :
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| etring and the annulus. When the. flow rate is increased té 200
| gel/min, the flow'inside'the drill string becomes turbulent, and
the convective'heat transfer coefficient increases from 8.4 to
‘146 (Btd/ftz-hr-F). The flow in the annulus, however, has
reméined lamihar with no change in the convective heat transfer
_coefficient. The heat transfer, therefore, has remeained éonstant
 betwe§n the formation and the annﬁiar fluid, whereas heat

transfer has increased markedly between the cooler annular fluid

and warmer drill string fluid, resulting in the observed

temperature drop.

increasing ‘the flow rate to 300 gal/min results in an
additional 1ncrea§e in the drill string convection coefficient
(to 200 Btu/ft2-hr-F, a 38% ih¢rease), but 1is countetécted by a
38 percent incréase in’t£e~heatjgener§tion or source tern (from
40.3 to 55.6 Bﬁu/ftéhr)  and an. increase 1in the vertical
convection. This results in a alight'increase in the bottomhole
temper#ture. As the flow rate is increased to 400 gal/min, the
bottomhole temperature is dramétically reduced. The reéson for
this sharp drop is quite‘sipple;_fhe fldw regime 4in the annu1us
has become turbulent, resulting in an increase in the ;éllbore
»coﬂvectivé heat transfer coéfficiénf frdm 28 to 348 (Btd/ftz-hr-
F) and' a correspondihg ~increase in the “heat losses to the
formation. - As the‘flqw ratevis'again 1ncreased, the effects of
vertical = convection ahd heat generation once again become
significant; |
| Tnevﬁbove discussion pfo#idés guideiines for selectionvof a
flow regime for the drilling fluid. If the goal 1is to prevent

hydrate  dissociation, the drilling fluid should be in the
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‘turbulent flow regime 1in the annulus. If the goal is to promote
”nydrate dissociation, a laminar flow regime 1is desired in the

annulus.

3.3, Selection of Parameters

‘The rélative effects of many drilling and mud parameters on
the wellbore’pressurea_and temperatures (and therefore nydrate
dissociation rate and gas influx rate) have been shown and
diséussed. The precise combingtion of these parameters to be
used to achieve the desired results cannot be stated as each_new
iell”ié un1qu§ and controlled by many factors, e.g., economics,
legel restrictions, equipment availability, etc. What can be
stated, howeveg;'ia thé;temperature’and préasure necessary to
keep hydrate dissociatioh"withih‘ the -limits of the drilling
equipment, or vice _véraa,’ deéign eriteris for the surface
degassing equipment,- can be _established for the maximum
tenperatures and minimum ﬁreesures expected to occur'over the
- 'hydrate zone. These results aré preaented 1ﬁ noﬁoéram fore in
Figuie 14-16, which represent three different uses of the
nomogfam.—: Example uses of the: nomogram are preeented in the

éppendix.
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EXPERIMENTAL STUDY OF UNCONSOLIDATED GAS HYDRATE CORES

L.

Objecﬁve:

The experimental research on unconsolidated gas hydrate cores has the
following major goals: | , | _
é. VDeve‘lopmen't of experimental techniques to form gas hydrates in _the
~ unconsolidated sand‘cores. A
b. Méasuiement of pérmeability of gés through these unconsolidated gas hydrate

cores as a function of hydrate saturation.

¢. Study of hydrate formation mechanism.

d. Study of dissociation of the hydrate cores under various conditions such as
depressurization, hot brine and steam injection and measurement of gas
production rates. | | |

e. Study of hydrgte dissociation mechanism under above conditions to determine

conduction and convection heat transfer and mass transfer phenomena.

Pwﬁve:

So far, very few studies have been done on hydrate formation and dissociation

in porous media, and no iexpreriinental‘ data is available on gas production rates ‘

- during injection of hot brine, steam, or depreséurization methods to dissociate

hydrates in the porous media. A better‘ understanding of heat and mass transfer

‘effects would be helpful in modelling hydrate production .methods 'so that some of

these techniques can be developed commercially. Data gathered in this study will

~ be helpful in evaulating these production methods.

f “Work Performed During TheFlrst Year'

Although this task had no deliverables for the first year and, according to the
work plan provided in the proposal, experimental work was proposed to begin in the
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second year, we did start experimental work which is reported in this section.

- During the first quarter 61’ the first year, we completed the design of our

experimental set up and ordered the equipment components. During the second -

‘quarter, we began receiving the equipment components. Late in the second and

third ‘quarters wé 'cdmpleted the aSsembly of all the equipment components and
necessary piping and fittings. After completion of the experimental'set up, we

‘completed preliminary testing of various components, calibration of flow meters,

wet test meters, pumps, bressdre and temperature measurement deviees, and
measurement of volumetrics of various components.

In the last quarter, we began the experimental work. Initially, we tested

~several methods of forming hydrate cores to suit our experimental needs. Then we

conducted several runs to measure permeability of gas through hydrate cores as a

~ function of hydrate saturation. Currently, we are in the process of gathering more

experimental data on hYdrate’ permeability measurements. The next section
provides the experimental set up description, experimental methods employed, and
problems ‘ehcountered during daté gathering. ‘

Experimental Set-up

: ’Figure 1 shows the schematic diagram of the experimental apparatus for

_hydrate core formation and ,,dissociation' experiments end permeability

measurements. Table 1 provides a list of the equipment.

- The hydi-ate core holder is a speciany designedunit rhanufaetured by Setra,

‘Inc. The core holder has an ‘internal diameter of 4 inches end a length of 12
| ‘inches. It has two flanges on the top and bottom. The core holder has a methanol

jacket through which cold methanol is circulated continuously to maintain the core
holder at a desired temperature. On one side 6f the core holder are three pressure

taps at 3, 6, and 9 inch distances from the bottom. Pressure transducers




1. . Temperature Controller
L. Methano! Bath .
3. Refrigerstion Colls
4 ‘nuur‘r it
3. Digital Temp ostor
8. ' Core Holder

1,0,9.  Premure

10. T Methanol Bath
11,  Premsure Indicator
13. Qs Flow Metar
13, QGas Cyllnder ‘
16.  Wet Test Flow Meter
1S. Water Tumk
18. Gas Water Saperstor
17. - To Vacuem Pump
18.  Premure Gavge
10, - Beck Pramure Regulator
10. Molst Tyep
21.  Temperature Control
31.  Ges Mow Mater
23.  Gas Plow Controt
24. ' Oas Compressor
2S. Water FMlow Meter
- 30, . Weter Pump

Figure 1: Schematic Diagram of Experimental Setup for Hydrate Core Experiment.
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TABLE 1

List of Equipment for Experimental Sfudy of Hydrate Cores

Model No
3270
BA-3275-00
PK-301-2KGV
PRC-3500-P#
BP-1-V
RTE-4

CM
63115
17-T-40
3G

~ AGD-15
- 1397
AC-523
651
DV-6
205-002

Equipment Received

Mass Flow Meter
Flow Controller '
Sample Cylinder
' Pressure Transducers
Pressure Monitor
Back Pressure Regulator

Bench Top Refrigerated.
~Bath Circulator

| H‘eise Pressure Gauges

Wet Test Gas Meter
Water Gas Sample
Core Holder
Const Metric Pump
Gas Compressof

‘ Vacuum Pump
Air Compressor
Resistance Thermometer
Vacuum Pump Gauge

Flow Meter/Water

Comgaﬁz :

Cole-Parmer
Cole-Parmer
D.B. Robinson
' OMEGA Eng.
OMEGA Eng.
TEMCO

Neslab

Heise
Percision Sec.
- Jerguson

Centra

LDC Milton Roy

Haskel
Welch

- National Air
- OMEGA Eng.

HaSting
" Headland



. are hooked up at these 'threé pressure ports to monitor pressure drops within the
coré during permeébﬂlty ’experiments. On the opposite side, there are three
: thefmocouple ports through which thermocouples are insei'ted to measure
temperature profiles within the core. The top flange of the core holder has three
ports for gas outlet, watér inlet and temperature sensor. The bottom flange has
one port for gas inlét. With enticipation of plugging of core due to hydrate
formation céusing no gas flow and increase in inlet pressure, we decided to use a
specially designed system for gas inlet. This specially designed gas inlet system
consistéd of three gas spargers located at three different positions within the core
and hooked up to gas inlets through three concentrie tubes. This system allowed
inlet of gas at three different locations of the core so that if the bottom sparger
plugs up due to hydrate formation the tbp_ one can Allow gas flow This gas inlet
assembly was discontinued. in the latér experiments due to change in experimental
procedures. , |

Bench top refrigérated ‘bath cirrculatorv (Model RTE-4) manufactured by
Neslab, Ine., is used for cooling methanol, coﬁtromng the temperature of methanol
and circulating it through the jacket of the hydrate core holder at desired
temperatures. Three pressure transducers (Model #PK-301-2KGYV) are hooked to

core holder pbrts at the side and connected to digital pressure. monitor (Model

#PRC-3500-P3), al manufactured by Omega Engineering, and have a range of 0-
2000 psia pressuré. All threer blatinum resistahée thermometers afe inséfted at
three temperature portsv of the core holder and connected to d1g1ta1 temperfure
indicator (+ 0,1°C divisions). |

The gas inlet line has a gas filow meter (0-1000 cc/min, Model #3270, Cole
‘Parmer) and a gas flow conitroller (0-100% range, Model # BA-3275-00, Cole-
' Parmer,. 0.1% flow accuracy). The inlet gas line was passed through a series of

coils inserted in the methanol bath for precooling of inlet gas prior to ecore holder.
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The gas outlet line also has a gas flow meter to measure the outlet gas flow during
- permeability measui-ements. (In addition, a wet test flow meter was also hooked up
to the gas outlet line.)
To achieve eentinuous gas flow in the core hold-er, without loss of significant
: amotmts of gas, a gas ’eompressor was cennected to the gas outlet line. Thisisa air
driven gas compressor (Haskel Model #AGD-15) and is dri#en by an air compressor
(100 psi air eupply pressure). The compressed outlet gas is recyeled back to the
core holder. This compressor and recyeling procedure was discontinued in the later
experiments due to severe pressure and gas flow fluctuations in the inlet line. Also
installed in the inlet and outlet line for gas are the Heise pressure gauges (Model M,
0-2000 psig). |
' The water inlet line of the. core holder is hooked to a constant rate high

pressure water. pump (0-1.6 lit/min capaecity, LDC Milton Roy Co.). This pump is -

used for injecting hot brine er water in vthe 'hydrate core holder during dissociation
experiments. The hot water or brine supply to the pump comes from a high
pressure vessel termed as hot water or brine tank In this vessel the brine is heated
to a temperature by an immersion heater controlled by a temperature controller
ksuch that the sensor inserted into the liquid phase of the core holder senses a
constant desired temperature. To determine material balance on gas preduced
- during hydrate dissociation‘ end water injecte_d, a liquid level of the brine (or water)
in the tank is measured by'e“‘liqt'xid level indicator (Jerguson Gauge). This also acts
as a gas water separator for a lipe that allows the ﬂow of diéseciated gas and water
from the core holder and is eonnecte‘d to a back pressure regulator and wet test
meter to measure gas produetion rate:s during diésociation experiments. All system
perts could be evaeuated independently by a vacuum pump.

| The thermocouples, pressure .transducers, water pump, methanol bath, wet

test meter, gas flow meter, and gas flow controllers were calibrated prior to the
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8,

start of the experiments.

‘Experimental Techniques

a.

'Hydrate Formation:

We tried several methods and variations of hydrate formation. These methods

- are summarized as follows:

Method 1:

. In this method we used a gas sparger system within the core. Initially,
20 mesh Ottawa sand was charged by the core holder and then packed using a

: vibrator assembly; The porosity was determined and then the core was

saturated completely with water. After closing the core holder and

evacuating it for 15-20 minutes, the temperature of the core holder was

' dropped and held at. a 'éonstant,value of 2 to 3°C. Methane at an inlet

pressure -of 1,000 psi (6.7 MPD) and flow rate of 50-60 cc/min was
continuously supp]ied from the bottom of the core holder. The compressor
assembly was also used in this method to recyecle the outlet methane gas back
to the core holder. - In this method we did succeed in the formation of
hydrates in the pores of the core and, we also observed in one experiment,

plugging of the sparger opening due to hydrate formation. ~In this case we

~changed the gas supply to the next sparger to contmue the.ﬂow. Several
n'problems encountered led us to discontinue thls method. One problem was
that due to the upward flow of gas, the water from the core was displaced by

: the gas and large amounts ‘of hydrates also formed on the top (outside of the

core) which was undes1rab1e for the experimental measurements. Other
problems were that the sparger assembly caused problems of cleaning the core
and charging sand and compaction.

Another variation of this method was to remove gas sparger assembly

néy




and injecting gas frdm the top instead of the bottom. However, this method
also was discontinued due fo entraininent of water in the lines and in the flow
 meter which resulted in erroneous gas flow measurements.

Due to problems of water entrainment in the lines, we decided to switch
to another variation of this method. In this variation, we installed
semipermeable plates on the gas outlet line so that no water can flow through
the lines but allow gas to flow through. Although this method was partially
successfulk in not allpwing water beyond semi-permeable plates, the problems
of material balance were encountered due to large amounts of ivater t.hat
were displated from the core holder and remained in line between core holder
and semiperméable plate. - Thus, this method can be successfully used by
placing the semipermeable plate within the core holder itself. This will
provide all of the water ifrthe core to remain withixi the core. This variation
will be tried later during the next quarter.

Method 2: | |

In this method, we used finely divided erystal of ice (frost,
approximately 400 micron size) instead of saturating the core with water,
“The sand and t:rost were thbroughly mixed and compacted. This is the same
method es discussed by Kamath (1984). Prior to charging sand and frost, the
~ core holder w&s cooled to -15°C so that no melting of the frost would take

o place during‘charging. It is very essential to maintain the quality of.frbst to

be high (i.e. no wet frost). This method was very énccessful in terms of
hﬁdrate ‘fdrmation rates. Again we tried several éariaiions of this method so
. that we could meke reliable measurements of permeability of the core.

One VariAtion; was to »continuoﬁsly inject gas at a desired rate. This
method was discontinued due to problems of pressure and flow fluctuations

from the compressor. Instead of recycling the gas we tried a continuous fresh

iy
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- supply of gas so that pressure and flow ﬂuctuations could be eliminated. This

procedure required a large consumption of gas and also posed problems of
material balance. We also varied the direction of the gas injection. Instead
of upward gas flow we used downward gas flow.

The most economical, as well as successful method, was -forming

hydrates in batch gas injection process. The procedure was exactly the same

as described by Kamath (1984). The only modifications were 'perrheability
measurements as described later.

Permeability Measurements:

In erder to measure permeability of gas through the hydrate core we
implemented the following method:

After charging frost and sand, compacting the core and evacuation, the
core holder pressure was raised to 600 psia and at constant temperature of
0.5°C. The initial gas perme_ability when no hydrates are formed was

measured by continuously flowing gas from the top at a rate of 400-500

cc/min for 15 minutes. During these 15 minutes of gas flow, at every minute, .

the gas flow rate and pressure drops were measured. From these readings,

initial core permeabmty was determined using Darey's law. Precautions were

taken to make sure the gas flows were within the range for which Darey's law -

is valid. After that, the gas flow was stopped and systems pressure was raised

“to. 700 psia. ‘Hydrates were ellowed to form as observed by pressure within

-the core: dropping with time. When pressure dropped to 600 psia, the amount

of conversion of frost to hydrates was determined.

- Preliminary Results

We observed significant ‘inereases in pressure drops and decreases in

permeability due to hydrate forination. Typically, starting wtih 700 MD

9
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initial core pefmeability at 70% hydrate saturation the perméability dropped
to 3-4 MD. N
Tables 2 and 6 give the experimental conditions of our experiments.
'Figure 2 shows various runs for which hydrate conversion (or saturatiorg)
versus time is plotted. Figure 3 shows perméabiljty of the cbre versus hydrate
saturation. | | | '
ﬁote that, although the initial permeability varies from run to 'run
depending upon the properties of the core, the ratio of core permeability at

any hydrate saturation to initial permeability can be correlated as a function -

of hydrate saturation.
Currently, we are in the process of collecting more data and obtaining
more reliable, reproducibility of the data.
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RESULTS OF METHANE HYDRATE FORMATION RUNS

METHANE HYDRATE PORMATION RUN # |
DATE RUN STARTED:10-19-1987
- DATE RUN ENDED:10-22-1987
GRAMS OF H20=  819.400
GRAMS OF SAND=  831.800
HEIGHT OF THE CORE= 22.35CM.
ROOM TEMPERATURE= - 21,0000DEG.C ;
TEMP.OF GAS LEAVING WET TEST METER=  16,7000DEG.C
BAROMETRIC PRESSURE~ - 742,800MM.HG
VAP .PRESSURE OF WATER AT TWTM= 14.100MM.HG
ICE TO SAND VOL.RATIO= 2.782 ’
ICE T0 SAND MASS RATIO= 0.985
PERCENTAGE VOIDS IN THE CORE= 32,962 )
. GMOL.METHANE FOR 100 PERCENT CONVERSION=. 7.909881
HYDRATEZ FORMATION RUR INPUT DATA -

™eE Pl “P3 PL ™ FR™ . TI8TD TIRTD FIREAD VW™
(HR) (PSIA)  (PSIA)  (PSTIA) -~ (PSIA)  (PSI1A) (DEG.C) (DEG.C)  ==—- (LIT)
.00 593,00 . 594,00  595.00 593,00 = 594.00 -0.20 . ~0.80 0.00 0.00
0.17 586,00 58,00  587.00 585.00 586.00  ~0.20 ~0.80 06.00 0.00
0.18  586.00 584,00 . 587.00 - 585,00  586.00 <0.20 -0.80 18.60 0.33
0.20 582,00 582,00 584,00 - 582,00 583.00  -0.20 -0.80 17.30 0.66
0.22 580.00 578.00 S81.00 - $79.00 . 581,00 ~ <=8.10 -6.80 l6-;° 0.98
0.27  575.00  572.00  576.00 574.00 575.00 o-40  -l.19 26.79 .
0.30 573.00 568,00 574,00 572,00 573.00 5. -1.10 1650 3,42
0.33 572,00 566,00 572.00 570.00 571,00 -0.40 -1.10° 6.00 3.82
0.42 794,00 792,00 796,00 793,00 795.00 ~0.30 -0.80 0.00 0.00
0.75 767.00 764,00  770.00 - 766.00 768,00 =-0.30 -0.80 0.00 .00
6.92  756.00 ~ 751.00 - 760.00 - 757.00 . 759,00  -0.30 -0.80 0.00 0.00
1.42 718.00 709,00 © 721.00 . 717.06 719.00  0.30 -0.90 0.00 0.00
2.8) 612,00 614.00  645.00  655.00 616,00 0,40 -1.00 0.00 - 0.00
3.42. 586,00  586.00  645.00  654.00 583.00  g.s0 -1.00 0.00 8.15
4,00 554.00 - 556,00 - 642,00 - 650,00  653.00 g 40 -1.00 17.10 9 20
4.0 554.00 556,00 642.00 650,00 . 653.00 . 0.40 -1.00 17.50 11.30
4.10 © 530.00 530.00 642,00 612,00 - 632,00 g 49 -1.00 17.50 12.40
%.13 526,00 . .524,00 642,00 - 592,00  631.00. p.3 -0.90 0.00 16230
4.33 610,00  585.00 - 642,00 576,00 - 644,00 g 39 -0.90 000 ¢.00
4.32 . 783.00 783.00 783,00 ~ 783,00 - 783.00 = g 3 -0.90 0.00 0.00
4.92 746,00 746,00~ 744.00 - 614,00 - 741.00 9.0 0.40 0.00 0.00
12.58 198,00  400.00 301,00 460,00 - 393.00 . 9,50 0.00 0.00  14.10
15.42  401.00 402,000  %04.00 - (461,00  300.00 4,50 .40 0.00 31.60
15.3 602.00 »03.00 403,00 - . 402,00 »00.,00 3.00 3.80 36.00 31.60
15.92 570.00 572.00 502.00 443,00 519,00 3.20 3.70 36.00 32.25
15.95 5606h.00 568.00 +37.00 447.00 314.00 2.80 3.20 16.00 32.80
15.95 . 564.00 - 505.00  495.00 448,00 © 362,00 3,00 1.60 36.00 33.03
16.02  583.00 . 504,00  494.00 445,00  3m0.0C - 4,40 9,10 0.00 33.40
16.33  975.00 - 975.00 570,00 - 459.00 = $05.00  2.70 2.50 - 0.00 0.00
18,42 986,00 386,00 813,00 . $33,00 795,00 ~ 0.70 1.20 0.00 * 0,00
19,17 968.00 - 968.00 - 817,00 483,00  765.00 =0.40 -0.40 0.00 36.81
19,45 602.00 - $02.00 - 603.00  456.00 - 580,00 -0.70 -0.10 34.50 38.65
19.58 596.00 596.00 598.00 .. .450.00- 356.00 -0.20 0.10 31.00 39.65
19.61 594,00  593.00 595,00 - 448,00 = 546.06 ~0.60 -0.20 27.00 40,60
19.65  $91.00  531.00 © '$93.00 446,00 341,00 ~0.40 0.10 41.00 41.50
19.69  588.00 ' 589.00 ~ 590.00 - 445.080 535,00 - 0.10 -0.20 0.00 0.00
18.92  702.00 ~ 702.00 - 703.00 - 440,00 532,00 ~0.20 =0.40 0.00 0.00
21.42 681,00 -682.00  €83.00 . 509.00 533,00 ~-0.40 -0.70 0.00 0.00
22.58 670,00 . 671,00 675,00 - 509,00 - 558,00 ~ 0.00 ~0.20 0.00 0.00
23.33 . 663.00 - 664,00 667,00 : 509.00 556,00 .10 =0.30 . 0.00- 3.50
23.42 600,00 600,00  $03.00 - . 509.00.  555.00 <0.30 -0.80 28,70 10,50
23,50 591,00  592.00 594,00  509.00 ~ 554.00 <=0.10 -0.40 18,90 11.22
23.5) - 589,00 ~ 590.00 . 593,00 - '509.00 = 554,00 ~-0.30 -0.60 35,10 11.82
23.57 530,00 592,00 - 593.00° . '509.80 - 553,00 -0.20 = <0.30 34,00 12.22
23.60 - 592,00 594,00 ..597.00  $09,00° 551,00 =0.50 «0.60 31.00 12.42
23.63 595,00 596,00 - 600.00  509.00 550,06 -0.60 0.30 0.00 0.00
23,67 766.00 768,00  771.00 509,00 550,00 -0.20 - -0.30 0.00 0.00
24.67 754,00 - 755,00 758,00  508.00 - 548,00 . 0.40 0.10 0.00 0.00
25.92 747,00 - 748,00 - 752,00 508,00 - 543,00 0.00 -0.30 0.00 0.00
27.42 740,00 741,00 743,00 - 507.00 . 519,00 -0.10 ~0.40 0.00 0.00
29.17 734,00 - 734,00 - 737.08 = 507,00 504,00  -0.20 -0.60 6.00 - 0.00
39,92 707,00 708.00 - 711.00 505,00 ~ 472.00 -0.20 - -0.60 0.00 0.00
45.42 . 698.00 700,00 701,00 ~ 505.00 499,00 --0.20 -0.60 0.00 0.00
45.8) 740,00 . 740,00 742,00 505,00 503,00 -0.60 -0.70 0.00 19.18
46.33  593.00 600,00  603.00  505.00 514,00 0.0 ~0,40 16.50 - - 21.70
46.55 585,00  586.00  588.00 - 505.00 505,00 =0.40 0,70 15.60 22.16
46.58  584.00 585,00 587,00 . 505.00 504,00 <-0.40 -0.10 16.60 22.78
46.62  582.00 584,00  586.00 505,00 504,00 0.00 0.30 6.00 22.79
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RESULTS OF HYDBATE RUN

me

PRAR TRAR QBAR CORV - rrwp oo GMOLL Suee e LT Twnr

©(HR) (PS1A)  (DEG.C)  (cc/MI®). (%)

6.000 - 593.500 0.000 0.000- 0.000 - 2.3000 TR0 3.8200 . LIAN o nLiA o adenn 4,
0.167 585,000 0.000 0.000  0.655- 9.1670  1.5200  1.3%3;  3.09%0 0 4.000% 1.0:% 2,
0.133. 535.000 0.000  207.5%3 0.772 0.1830  ).5292  3,3A5%T 3,323 .01 2.a6ll 4.

- 0.200 . 582,000 0.000  198.532 1.100 ¢,2000  3.6368  3.5498  0.02!5  9.0119  7.3573 T.mas
0.217 579.000 ©.000 191,988 1,423 0,2170  3.6441  3.5315  ©0.0208  0.0135  £.1126 o
0.267 573.500.  -0.250  567.605 1.680 0.2670 = 3.6341 3.5012  0.0457 ©,0557  0.1329 1.8602
0.300 570,500  ~0.250 370.151  -2.225 0.3000 3.6588  1.4829 0.0454 0.0207 O0.1760  2.2247
0.333 569.000 - <0.250 403,221 2.579  0.3330 - 3.6777  3.4737 0,0454 0,0266 0.2040  2.5787
0.417 793.000  -0.250 0.000 2.579 0.4170 5.0452 4.8412  1,3675 0.,0000 0.2040  2.5787
6.750  765.500 -0.050 ¢.000 4. 764 0.7500 $.0452 4,6699 0.0000 0.0000 0.375) 4.7445
0.917 753.500  -0.050 0.000 5.670 - 0.9170 - 5.0452 - 4.5967  0.0000- ©0.0000 0.4485  5.6700
1.417 713.500  -0.050 0.000 - 8.755 1.A170 . 5.0452  4.)527 0.0000 0.0000 0.6925  8,7550
2.833 613,000 0.200 0.000 ~ 16.549 2.8330 . 5.0452 3.7362 0.0000  0,0000 1,309 16.5492
3.417 586,000 0.200 0.000  18.630 3.4170  5.0452  3.5716 . 0.0000 -~ 0.0000  1.4736 18,6297
4,000 . 555.000 0.200 0.000 ~ 21,018 4.0000  5.0452  3.3827  0.0000 0.0000  1.6625 21.0184
4,033 . 555.000 0.200 367.214 20,728 4,0330 . 5.0222  3.3827  0.0213 = 0.0443  1.6395 20.727¢

" 4,100 530.000 6.200 618,030 21,810 . 4.1000  4,9554  3.2303 0.0218 - 0.0835  1.7251 21.8098
4,133 ' 524.000 0.200 381.813 - 21.961  &.1330 = 4.9308  3.1937 . 0.0218  0.0464  1.7371 21.9611
4.333 - 597.500 0.200 0.000 21,961 14,3330 = 5.3783  3.6417 0.4480  0.0000 1.7371 21.9611
4,417 783.000 . 0,200 0.000  21.961 4.6170 ~ 6.5094 4.7723  1.1306  0.0800  1.7371 21,911
4,917 - 745,000 0.200 0,000 24,812 '4.9170  5.5094 - 4,5468 0.0000 0.0000  1.9626 24.8121

12.580. 399,000 0,650 0.000 . 51.600 12.5800 - 6.5094  2.4279 - 0.0000 ~0.0000  4.0815 51.6004

15.420 401,500 0.750 0.000 - -51.419 15.4200 - “6.5094 = 2.4422 0.0000  0.0000 . 4.0672 51.3194

15.500 602.500 4,950 0.000 51,419 '15.5000  7.6767 . 3.6094 ° 1.1673  0.0000  4.0672 51.419%
15.920 = 571.000 3.900 0.000  53,641-°15,9200 7.6767 -~ 3.4337 - 0.0000 - 0.0000  4.2430 .53.6412
15.950  567.000 3.950 404,461 54,173 .15.9500  7.6940  3.4090  0.0448  0.0275 - 4.2850 54.1728
15.980 © 564,500 3.500  380.839  54.566 15,9800  7.7156 - 3.3995  0.0448 - 0.0232  4.3161 = 54.5661
15.020  563.500 3.800  305.250 . 55.132 16,0200  7.7507  3.)898  0.0448  0.0097 -4.3609 55.132)
16,330 975,000 7.250 0.000 ~ 55,132 16,3300 10.1540 ~  5.7931  2.4033 0.0000  4.3609 .55.1323
19.420 = 985,000 1.100 0.000 - 50,318 18,4200 - 10.1540  $.3434  0.0000 0.0000  4.8106 60.8179

19,170 368.000 1.450 0.000 < 61.793 ~19.1700 10,1540  5,2663  0.0000 ~ 0,0000 - 4.8877 61,7927

19.450  $02.270 0.500 0.000 62.414 19,4500  8.6020 - 3.6651  0.0000  1.5520  4.9369 62.414)
19,530 596.000 3.1000 aT3,103 - 62,371 19,5800 8.5673 3.6339 . - 0.0429  0.0776 4.9335 62,3708
D0 13).%00 0.330  a52.23n- 62,577 19,6100  8.5637  3.6140  0.0386  0.0422  4.,9497  62.5766
19,550 331.00C 5,100 312,39 52,629 19,6500  8.5573  3.6034 . 0.0336  0.0401 - - 4.9539 _ 62,6290
S ! 0,350 395,353 63,028 19,6900  8.5703  3.5849 . 0.0510  0.0379  4.9855  £).025)
1,50 Taiw §.s70 0,000 3,023 19,9200  9.2602. 4.2747  0.6898.  0.0000  4.9855 5©3.028)

Coaa T 3.300 . #4,539 21.4200 . 9.2602  4.1537  0.0000 - 0.0000  5.1065 54.5385
T : 3,557 22,5800 . 9.2602  4.0904 . 0.,0000 0.0000 . 5.1638 65.3588
) S3.0431 2303300 ¥.2602  4.0410  0.0060  0.0000 . 5.2192 65,9529
--..3% 23,4200 8,9018  J.bai» . 0,0000 - 0,35846 - 5.2542 66,4257

<.Ime 23,5000 8.8532 . 3.6117 - 0.0357 - 0.05s) . 5.24l4 66,2644

++.722 23,5300 . 8.8712  3.5936 . 0.0484 . 0.0304  5.2776 66,7217
23,5700 8.8896 - 3.6054 - 0.0437  0.0253  5.2842 66.8050

23.6000° 8.9150  3.6136 - 0.0423 . 0,0169  5.3014 67.0225

23,6300 . 8.9476  3.6328  0.0411 . 0.0084  5.3148 67,1919

23,6700 9.9870 . 4.6722 - 1,0394 - 0,0000  5.3148 67.1919

24,6700  9.9870 - . 4,5978 0.0000  0.0000 .  $5.3893 68,1333

25.9200 - 9.9870  4.5468 < 0.0000 ~ 0,0000 . 5.4402 68.7777

27.4200 . 9.9870  4,5108 - 0.0000 0.0000  5.4762 69,2327

29,1700 - 9.9870  4.4728  0.0000 0.0000 - - $.5142 . 69.7126

39,9200  9.9870.  4,3137 - 0.0006  0,0000 5.6733 71.7243

45,4200 ° 9,9870 ' 4,2619 - 0.0000 0,000 5.7251 72.3795

45,8300 10.2370  4.5119  0,2500 ~ 0.0000 - 5.7251 72.3795

46,3300  9.4283 - 3.6586 - 0.0000  0.8087  5.7697 72,9436

46,5500 9,3426 31,5692  0.0205 ©.1062 - 5.7734 72,9895

46,5800 - 9.3426  3.5657 - 0.0194  0.01%94  5.7763 73.0338

; 46,6200 - 9,3384 3,5566 - 0.0207 - 0.0249 . 5.7812 73,0961

VU 46,6500 9.3367 3.547S 0.0000 . 0.0017  $.7832  77¥,.1897

14

nan

A




e T T T = L)

SECTIONG .

KTIVLTA OF NYTRATR RN

TR PMR TMR QMR GV o , . e s
m) (P (DES.G)  cecnam (R aBla N e v

0,000 §93.500 0.600 0,000 0,000  °.n8 n Y.d204 1, 1A A ean. 4,50
0.167 $35.000 0,000 0.00  C.655 g, 148 ‘,¢§§§ VU6 gudger  dusesr t.artd
0.183  $85.000 0,000 207,403 071 0,1830 1,333 LW dan: uM 0 dokn e
. 0,200 §82,000 0,000 190.532 1,000 0.23000 3,636  3.540A 0,830  2.8139 .S Leaie

0,337 ';’-°°° 00000 191,448 1420 0,2170 3,646 3.8315  0.0308  0.0138  C.i'% . c..e
0.257 ’,3-300 «0,350  §67.603 1,480  0,3670  3.6340  3,5012  Q.0457  0.0587  Q.133% [.éke.
€.300  $10.500  «0,350 370.151 2335 0.3000  3.0888  3.A33%  0,0M%4  0.0207  0.768 2,22
0.333 569,000 «0.250 483,323 2879 0.3330  JEIIT 35,4737 G.0ASA  0.0%6F  0.3080  2.87%7
0.417 793,000 «§,250 0,000 2.51% 0,478 1.0442 A.0418 1.3873 €.0000 0.2040 2.4107
0,730 15,300 0,080  0.000  A.PAh 07500  5.0453  A.6499  0,0000  0,0008 0,373  4.74es
0,917 153,500 - 40,080 6,000  $.670 0.0176 8,045 48967  G,0000  0,0000  O.AA38  g.e70C
L0177 MIE0 .00 0.000 8.788 ;.n::o s.ensz 4,3537  0,0000 06,6000  Q.8935  8.7330
2.001 613,000 0,300  0.000 16,543 2.4330 L0052 $,0363  0.0000  0.0000 }.aouo 65493
3,07 586,000 0.200 0.000 14,630 z.t 79 :.onsz 3716 0.0090 +0000 W73 0630?
‘ W , ,.3' m 1.4638 1.418

ooa  §55.000
4,013 $55.000 0,200 07,314 . 2.p28  4,0320 . 8.0222  3,18%7 _O:ﬂﬂl 0.0843  1.4193 W3
o i g

6300 1
4,333 $97.500 0.200 0.000 21,861 44,2338  5,3788  3.6M17 0.0  6.0000 =-;g;; :}.:2:1
. . i

4,917 744,000 0.200 0,000 34,819 49170 A 1004  A.S468  0,0000  0.0000  1.9826 24412
13,800 399,000 Q0.650  0.000 91,600 2.8400  6.50%  2.4279  0.0000 0.0080  4.081S 31,6004
15,430 401,500 0.250 0,000 51,419 19.4200 6.5094 2.4422 0.0000 @,0000 84,0873 $1.41%
15.900  ¢02.400 4,950 0,000  SL.019 15,3000  7.0787  3.600h L3673 00080  A.0672 81,409
15,920 871,000 3,900 0,000  §3.04) 15,9200  1.6767  3.4237  0.6000  §.0000 :.;:gg '3!‘}?55

. .

15.960 364,500 3,500 380.839  Sa.tnb 19,9800 0864 3,0998 0.0448 €.82327 A, 3161 34,544
1¢.020 §0).800 1.800 105.250  €4,093 16.0400  1.7807 3,090 0,080 0.0097  4,060% 33, 110)
$,7934 g 4,609  93.132)

14,920 499,000 3,000 G.000  o0.slf 13.4200  (O.1540  S.3434  0,0000 6,000  A.8106 40.2179
19,170 408,000 lead0 0,000  mio?3) 19,1700 10:1540  $.2683  €,0000  0.0000  4.8877  4).7937
110000 W03 0,000 0,000 wl.ald 19,4500 8.6020 3,681 - ©.6000 1 3530  4.9069 62.314)
H3i0 $90.000 Baad o SN0 wladTt 19,5800 $.673  3.6039 0,042 Q,0776F  §,933% 92,708
HEIE SR PR 0,040  o83.00n  Rfa7T 19,4100 05637  3.6140  0.0386  0.0M31  &.9497  M2.37ss
'1.-¢o 10,000 4,360 siloems  md,e2¢ 19,6500  B,3671  3,6004  0.0338  0.0401  4.9339  wl.aluc
- 0 "1 0140 eumd 02,0287 (9,090  B.8103 1.9349  Q.0510 60,0379 &,9888 41,019y
et M ettt 0.000 w2038 [9,0300  9.2002  A.2747  0,6888  0,0000 4.9835 ).03%)
. ) L) 1M aa 889 21,4200 89,2502 A 0837 0,0000  0.0000  $,1864  #e.3348

: : WL ed,Lbe 22,5000 9.2002  A,0904 0,0000  0.0000  S.1698 84,198

e,

»
-
om
bl
-
e
-
D d
-
o
o
[
-
.-
[
-—
-
-
[
-
-«
-
-
-
&
-
L od
o
[~
o
[
-
L]
[
b
L
[
-
-
b
a
~
-
=

-
-»
-
o
-
(-]
-
-8
[ ]
-
[= 3
=
L]
-y
-
8
-
[~ ]
[
-
-3
o
<
-
-
-
-
-
o
-~
-
-
o
e
o
L -3
-
o
-
[ 3
L)
-
b
-
3
a8
[ =4
-
o
o
[+]
o

46,3300 94253 6304 0.00 0.8087 $.3097 73,8438
. 46,4900 0.0436 1.06M 0.0395 0.1062 5,03 77,089
v . 4,50 9.3434 30487 0.6194 0.01% $.,7769 11,0322
L M AR,6200  9.3286  J.B366 040207  0.024% L2088 13.0961
) 48,4300 12.53%! J.5408 0.0000 0.001? $. 7092 12,1897

Car s Baee

.« e
.
o & 3.
-
»
-

e

. Yoot T mlaae) 300000 il A0A10 0.0000  G,0000  $.3183 45,
e o, o thedy 13,4200 8,5018 JoeePe 20000 00384 5,254 es,elT
Lo Ol Theele o adme 13,8000 608332 J.60LT 6,057 0,84« 5,014 bd,des
cr L CL. et et 18100 6,712 D006 00888 0.0106  §.2178  as.7l10
W . el T enald 20,8200 G089 D054 Q.0AL7 60,0051 §.3841 44,050
St s L 20,6000 B.B1S0 3,636 Q.0MD)  O.0188  §.3014 42,0225
L SUEITTl Tl 20,0000 €UA76 36328 Q0ALL 0,008 §. 3148 o1.1819
oo Teva et UM 33,6100 9,6870 46721 1.00%h C 0.0000  S.3148 621913
e ST LT Tl heT00 6,080 68973 0,0000 00000  5.3883 88,1333
AT ot oo 1,001 28,0500 S.9370  ASASE  0,0000  0.0000  5.4403 64,1157
P ' S,80 32,0700  9.9870 A 0108 0.0009 0.0000  S.Ar61 %2
R R P RS MY 20,1000 9.0070 44728 0,0000  0.0000  S.BBA1 68,7128
LIS e Lea LR 19,9200 9,987 417 o.aaon - 040000 846783 rL.7243
Saedt ve o, o ot o T3y ABAN00 0.0E70 42619 0,0000  0.0000  §.7351  72.379%
S IR TNl 658200 10,227 4,010 0-1$°¢ 0.6000  §,7381 72,979

. L ] ey

XY RYY ¥

. e -,
.
-
-
- .o
-

5

14




METHANE HYDRATE PORMATION BUN # 2
DATE RUN STARTED:10-25-1987
DATE RUN ENDED:10-27-1987

. GRMMSOP H20= 861.100 Ve

GRAMS OF SAND= . 881.000 /
HEEIGRT OF THE CORE= 29,21CM. )

ROOM TEMPERATURE~  -20.8000DEG.C

TEMP.OF GAS LEAVING WET TEST METER=  16.8000DBG.C
BAROMETRIC PRESSURE= = 743,300MM.HG

VAP .PRESSURE OF WATER AT TWIM= 14.071MM.HG

"1CE 10 SAND VOL.RATIO= 2.761
- ICE TO SAND MASS RATIO 0.977

PERCENTAGE VOIDS IN THE CORE- 45,983
GMOL .METHANE FOR 100 PERCENT CONVERSION=  8.312421
HYDRATE FORMATION RUN INPUT DATA

TIMNE rn 2] PL ™ ”n TIRTD TRTD FIREAD V™
(HR) (PSIA) (PSIA)-  (PSIA) (PSIA) (PSIA) (DEG.C) - (DEG.C) ————— (LIT)
0.00 750.00 750.00 749.00 750.00 741.00 -0.60 -0.60 0.00 0.00
.03 738.00 137.00 137.00 735.00 730.00 -0.60 -0.60 3.9 0.62
6.07 727.00 726.00 725.00 727.00 720,00 ~0.60 ~0.60 €.10 1.40
¢.10.  718.00 718.00 715,00 -~ 716.00 709.00 -0,50 0.60 4,50 2.00
0.17 690.00 690.00 689.00 690.00 688.00- ~0.50 ~0.60 7.80 5.20
0.18 678.00 678.00 678.00 676.00 678.00 -0.50 -0.60 6.90 6.3
0.35 668.00 668.00 667,00 668,00 665,00 =0.350 ~0.60 6.80 7.39
2.07 438,00 ©438.00 - 435.00  437.00 438,00 ~0.40 -0.30 0.00 0.00
2.12° . 610.00 610.00 609.00 - 611.00 467.00 «0.40 -0.30 - 0.00 1,39
2.19 625,00 625.00 %26.00 628.00 $26.00 ~0.40 <0.30 4,10 8.72
.22 623.00 62).00 523.00 625.00 539.00 ~0.40 ~0.30 3.80 9.06
2.29 622.00 622,00 619,00 621.00 538.00 ~0.40 -0.30 3.70 9.41
2.32 597.00 597.00 595.00 - 597.00 - - 560.00 =0.40 -0.30 11.60 12.54
2.34 581,00 . 581.00 ~580.00 : 583.00 561.00 -0.40 =0.30 10.90 14.10
2.36 569,00 569.00 567.00 - 568.00 561.00 - ~0.40 ~0.30 9.80 15.72
2.39 660.00 660.00 661,00 663.00 571.00 -0.40 - -0.30 0.00 16.11
6.39 556.00 556.00 445.00 4$31.00. 441,00 «0.20 -0.60 0.00 16.11
6.41 543.00 543.00 461,00 437,00 446.00 «0.20 =0.60 5.90 17.34
6.44 532.00 543.00 468.00 440.00 450.00 -0.20 -0.60 5.60 - 18.30
6.51 524.00 524.00 471.00 442.00 452,00 -0.20 -0.60 5.50° 19.14
6.52-  508.00 508.00 475.00 445,00 455.00 -0.20 - -0.60 14,40 21.10
6.56 480.00 480.00 474,00 445 .00 455.00 «0.20 -0.60 17.60 24,20
6.79 650.00 650,00 543.00 492.00 519.00 <0.20 -0.60 0.00 0.00
17.90 392.00 393.00°  390.00 407.00 392.00 c.10 0.20 0.00 0.00
18.00 696,00 697.00 695.00 421.00 $72.00 6.80 5.90 0.00 0.00
20.25 576.00 575.00 562.00 - 520.00 525.00 3.00 1.10 0.00 24.20
20.36 558.00 558,00 562.00 $19.00 519.00 2,30 0.70 6.00 26.41
20.39 554,00 555.00 $62.00 $19.00 518.00 2.0 0.70 - 6.00 27.22
20.43 $50.00 $51.00 562,00 519.00 " '517.00 2.30 0.70 6.00 28.35
20.50 . 549.00 549.00 562.00 518.00 516.00 2.30 0.70 0.00 0.00
20.68 792.00 792.00 589.00 516.00 583.00 2.70 1.20 0.00 .  0.00
29.80 718.00 718.00 662,00 469.00 706.00 -0.40 ~0.70 0.00 28.50
29.83 - 714.00 713.00 662.00 469.00 706.00 - -0.40 -0.70 6.00 30.10
29.87 = '704.00 103.00 662.00 469.00 706,00 © - 0,40 -0.70 6.10 31.72
29.9%0 696.00 - - 696.00 662.00 469.00 . 706.00 «0.40 -0.70 5.90 32,99
29.95 692.00 - 692.00  662.00 469.00 - - 706.00 ~0.40 -0.70 0.00 0.00
- 42.03 669.00 670.00 653.00 " 466.00 479.00 -0.50 ~0.70 0.00 0.00
46,03 - 664.00 665.00 652.00 466.00 -  679.00 -0.70 -0.90 0.00 32.99
42.05 650.00 652.00 . 652.00 .. 466.00 .  679.00 -1.50 -1.40 27.90 34.84
42.08 647.00 648.00 652.00 466.00 -~ 679,00 =0.J0 -1.00 28,80 35.73
42.12 645,00 645.00 - - 652.00 466.00 679,00 -0.50 -0.80 30.00 36.62
45,20 - 600.00 600.00 652.00  ~ 466.00 674.00 - ~0.50 -0.80 0.00 42.12
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RESULTS OF HYDRATZ RUN

" comv TME QO GG

58.832

mne PBAR TBAR QRAR GMOLIN GMLOUT GMOLH CONV
() (PSIA) (DEG.C)  (CC/MIN) (%)

0,000 750.000 -g.100 0.000 6.000 - 0.0000 4,2738 4,2788 0.0000 0.0000 0.0000 0.0000
0.033 737.500 -0.100 173.693 ‘0.602 0.0320 4,2575 4,2075 0.0049 0.0262 0.0500 0.6017
0.066 - 726.500 -0.100 212.8%6 1.022  0.0660 4,2297 4.1448  0,0051 0.0329 0.0850 1.0222
0.099 . 718.000 ~0.050 . 173.149 1.378 0.099%0 4,2100 4,0955 0.0056 0.0253 0,.1145 1.3775
0.166 650,000 «0,050  810.547 1.792 . 0.1657 - 4.0848 3.9358 0.0097 0.1350 0.1430 1.7519
0.182 678.000 0,050 310,393 2.1%5  0.1824 &,0465 3.8673 0,0086 0.0468 0.1792 2.1554
0.350  668.000 «0.0%50 302.607 2.395 10,3500 4,0094 3.8103 0.0085 0.0456 06.1931 2.3954
2.070 438,000 0.150 0.000 18.200  2.0700 4,0094 . 2.4965 0.0000 0.0000 1.5129 18,2002
2.120  610.000 0.150 0.000 18.200 - 2.1200 . 4,9898 3.4769 0,9804 0.0000 1.5129 18.2002
2.190 - 625,000 0,150 342.865 16.558 2.1%00 4.,9388 . 3.5624% 0.0051 0.0561 1.3764  16.5581
3.220 623,000 6.150  106.830 16.530 . 2.2200 4.9292 3.5510 0.0047 0.0143 1.3782 16.5796
2.290.  622.000 0.150  108.496 16,526  2.2900 4.9190 3.545) 0.0046 0.0148 1.3737 16.5260
2.320. 597.000 0.150 820,491 16,826~ 2.3200 . 4.8014 = 13,4028 0.0144 0.1320. 1.3986  16.8256
2.340 581,000 0.150 - &444.611 17.294 2.3400 4.7492 3.3116 . 0.0136  0.0658 1.4376 17,2943
2.360 = 569.000 06.150 451,123 . 17.442 2.3600 64,6931 3,2632 0.0122 0.0683 1.4498 17,4418
2.390. 660.000 0.150 . 0.000 17,442  2,3900 5.2118 3. 7619 0,5187 0.0000 . 1.4498 17.4418
6.390 556.000 0.100 0,000 24,566 - 6,3900 5.2118 3.1697 0.0000 0.0000 -2.0420 - 24,5662
6.410 $43.000 0.100 331.780 24,922 .- 6.4100 5.1672 3.0956 0.0073 0.0519 2.0716 24,9219
6,440 537.500 0,100 - 265.886 24.896 6.4400 - 5,1337 3.0642 0.0070  0.0405 2.0695 24,8958
6.510  524.000 0.100  236.832 25.478 - 6.5100 5.1051 2.9873 0.0068 0.0354 ‘2.1178 25,4778
6.523  508.000: 0.100 563.529 25.796 6.5230 5.0404 2.8961 0.0179 0.0827 2.1443 25,7961
‘6,560 480.000 0.100  855.222 26,407 ~ 6.5600  4,9315 2.7164 0.0219 0.1308 2.1950 26.4069
6.790 - 650.000 0.100 0,000 26.407 - 6.7900 - 5.9006 3.7056 0.9692 0.0000 2.1956  26.4069
17.900  392.500 0.650 0.000. 44,121 17,9000 - 5.9006 2,211 0.0000 0.0000 3.6675 44.1211
18.000 - 696.500 6.850 0,000 44,121 18,0000 1.5425 3.8750 1.6419 0.0000 3.6675 44,1211
20,250 - 575.500 . 2.550 0.000 51.619  20.2500  7,5425 3. 2517 0.0000 0,0000 4.2908 51.6189
20.360 © 558.000 2.000 564,057 51.701 . 20.3600 - 7.4568 3.1591 0,0075 0.0932 4,297¢ S1.7010
20.39) 554,500 2.000° 233.228 51.618 20,3930 - 7.4301 3.1393 - 0.0075 0.0342° 4.,2907 51.6182

- 20.430 550,500 2.000 108.846 . . 51,407 :20.4300 7.)899 3.1167 . 0.0075 ~ 0.0477 4.2732 31.4070 -
20.500 °  549.000 2.000 0.000 §1.509 20,5000 7.353% 1.1082 0.0000 - - 0.0000 4.2517  31.5042
20.680 792,000 2.450 0.000 51.509 20.6800 8.7583 4.4700 RLATY 0.0000 4.2817 31,3092
29,800 - 718.000 - - ~0.050 0.000 56.094 29,8000  8,7583 4,0955 0.0000 0.0000 ~ 3,6628 56.0942

29,833 713,500 ' -0.050 419.910 55.681 29.8330 .- 8,698} 4,0698 0.0075 0.0675 4.6284 55,5809
29.876 . 703.500 =0.050  425.334 55,636 29.8700 . 8.6375 4,0128 0.0076 - 0.0683 4.6247  55.630a
29.900 696,000 . . 0,050 - 341,232 55,595 - 29.9000 8.5913 3.9700 0.0073 - 0.0536 4,6213 55,5349
29,950 .. €92.000 0,050 0.000. 55.869  29.9500 - -8,5913 3,9472 0.0000 0.0000 4.6441 35,5094
42,030 - 669,500~ -0.100 0.000 - 57.405 42,0300 .. $,5913 - 3,819 0,0000 - 0.0000 A.7707 0 57,3049
46,030 . 664,500 ©  =0,300 0.000 57.715 . 46.0300 ~~8.5913 -~ 3,7938 0.0000 0.0000 4,7975 $57.7147
42,050  651.000 -0.950 - 631.630 . 58.014 42.0500 - 8,5480 3.7256 0.0347 0.0780 4.,8224 ° 58,0140
42.08) 647,500 0,150  411.049 58,365 42.0830 8.546) - °3,6947 - - 0.0358 0.0375 4.8515 58,1650
42,120 - 645.000 =0.150 419,413 - 58.534 62,1200 - 8.5461 3,6805  0.0373 0.0375 4.5656 . 58,5340
45,200 . 600.000 -0.150 - 0.000 45,2000 - 8,3141 3.4237 0.0000  0.2320 4.8904 58.832)
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METHANE HYDBATE FORMATION RUN # )
DATE RUN STARTED:10-29-1987

DATE RUN ENDED:10-31-1987
GRAMS OF H20=
GRAMS OF SAND=

726.000
710.600

HEIGHT OF THE CORE= 28.60CNM.

ROOM TEMPERATURE=
TEMP.OF GAS LEAVIRG WET TEST METER=
BAROMETRIC PRESSURE=
VAP PRESSURE OF WATER AT TWIM=

ICE T0 SARD VOL.RATIO=
ICE T0 SAND MASS RATIO=
PERCENTAGE VOIDS 1 THR CORR~
GMOL .METHANE FOR 100 PERCENT CONVERSION=
HYDBATE FORMATION RUR INPUT DATA

21.0000D26.C

2.886
1.022

- 744,300M4.5G
14.070M4. HG

54,022

16,5000DEG.C

7.088261

R [ 4] 1 2] [ 49 ™ n TIRTD TaxTD FIREAD T
(ER) {PS14) (PSIA) (P31a) (PSIA) (P514) (DEG.C) (DEG.€) p— (LIT)
0.00 696,00 696.00 694.00 694,00 696.00 -Q.70 -0.50 0.00 0.00
.17 664,00 664,00 662,00 662.00 664,00  =0.60 -0,50 2.00 0.00
[ P & | 644,00 644,00 643.00 643,00 645,00 =0.60 -0.50 0.00 1.67
.37 637,00 637.00 636.00 636,00 636,00 0,70 -0,.80 19.10 2.3
0.40 636.00 636.00 635.00 635.00 636,00 0,80 «0.90 18.50 2.70
0.43 635,00 635.00 634.00 634,00 636.00 4,70 0,40  18.20 .91
0.45 736,00  735.00 735.00 735.00 737,00 0,70 =0,50 0.00 0.00
1.07 707.00 706.00 706,00 705.00 707,00 «0.70 -0.50 0.00 0.00
1.57 6%3,00 692.00 692,00 691.00 ~ 693,00 «0.60 «0.30 0.00 6.00
2,07 667.00 666.00 656,00 655.00 655.00 «0.60 <0.40 0.00 2.91
2.16 651,00 651.00 650.00 649,00 672.00 «0.60 -0.50 20.70 4.96
2.14 643.00 648.00 648,00 647,00 672,00 . ..0.60 -0.50 20.70 5,27
2.17 644.00 644,00 644.00 644 .00 672.00 0,60 0.50 19.60 5,93
2.20 - .756.00 - - 754.00 754.00 754.00 698.00 .70 <0.80 0.00 0.00
1.59 © 117,00 716.00 716.00  ° 716.00 717.00 «0.50 -0.40 0.00 6.00
5.17 684.00 684.00 694,00 713.00 686.00 -0.40 ~0.70 0.00 0.00
14,92 407.00 404.00 402.00 402.00 402,00 . 5.40 -0.70 0.00 $.93
14,95 402.00 404,00 400,00 399.00 400.00 «0,10 -0.30 17.80 6.30
14,98 397.00 397.00 . ° 398.00 396.00 397.00 0,10 -0.30 17.80 6.57
15.02 395.00 395.00 395.00 395.00 395.00 °  -0.10 -0.30 19.90 7.41
15.65 776.00 776.00 - 774.00 - 762.00 557.00 3.0 0,30 0.00 0.00
20.04 678,00 680,00 678.00 670.00 664,00 - 3,20 2.60 0.00 6.00
21.85 646,00 640,00 637,00 641,00 492,00 ¢.30 1,40 - 0,00 7.41
21.89 630.00 630,00 - 627.00 041.00 492.00 .20 -1,30 19,90 9.39
21,92 623.00 6$23.00 620.00 641,00 491,00 0.20 =-1.30 19.80 10.48
21,95 614.00 614.00 511.00 641,00 491.00 0.20 -1,30 19,70 11.92
21,98 604.00 604,00 503,00 641,00 . 491,00 0.20 -1.30 19.60 13.51
22,20 752.00 752.00 749.00 $540.00 438,00 ~0.40 -7.41 .00 e.00
23.45 743.00 745.00 744,00 717.00 696,00 0,50 ~0,40 - 8,00 0.00
0.00 676.00 676,00 676,00 . 708.00 660,00 $.60 2.50 0.00 13.51
26.7) 670.00 670,00 - 668,00 708.00 . 666,00 5.20 2.50 20,50 16,30
26.77 665.00 665.00 663.00 708.00 661,00 5.10 2,50 17.50 18.30
26.83 661,00 - 661,00 659,00 708.00 . 656.00 5.10 2.40 18.20 18.70
26.84 - 655.00  655.00. 657.00 708.00 - 656.00 5.10 2.40 18.50 19.30
27.08 805.00 804,00 © 802.00 708.00 657.00 7.20 2.38 0.00 0.00 -
41,08 101.00 701.00 -  699.00 659.00 669,00 - 2,40 2.30 ¢.00 0.00
44,58 676.00 - 676.00 . 675,00 - - 611.00 563.00 -0.70 =2.40 0,00 19.30
44,61 667.00 667.00 664,00 569,00 0,00 ~0.60 -2.20 18.82° 23,50
44,65 657.00 . 656,00 - 654,00 610.00 569.00 0,70 -2.20 19,40 24.80
44,68 650.00  649.00 649,00 610.00 569.00 0,70 -2.50 19.80 25.70
47.36 6438.00 648.00 646.00 612.00 - 563.00 ~-1.60 -2.10 0.00 0.00
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RESULTS OF HYDRATE RUN

. : : (m)  (PSIA)  (DEG.C) (ccram) (%)
0.0000  4.5135  4.5135  0,0000 0.0000 0.0000 0.0000 0,000 696.000 <0.100  0.000  0.000
0.1670 4.,5135 4.3052 0.0000 0.0000 0.2083 :2.9723 0.167  664.000 0,050 0.000 2.972
0.3330  4.8429  4.1755  0.0000  0.0706  0.267&  3.8151  0.333 644.000 -0.050  0.000  3.815
0.3670  4.,4400  4.1331  0.0238  0.0266 0.3069 ~ 4.3785 . .37 637.000 -0.250 282.359  &.378
0.3%% 4.4461 4.1282 0.0230 0.0169 0.3179 4.5366 0.399 636.000 «0.350 -223.695 4.537
0.4320  4.4593  A.1172  0.0226  0.0089 - 0.3427  4.8902 g u32  ¢35.000 . -0.050 176.598  4.8%0
0.43500 5.1124 4.7696 0.6525 0.0000 0.3427 4,8902 0.450 735.500 0,100 0.000 4.890
1.0700  5.1124  4.5816  ©.0000  0.0000  0.5308  7.5736  1.070 706.500  -0.100  0.000  7.S74
1.5700 5.1124 46,4883 0.0000 0.0000 0.6240 8.9042 1.570 692.500 0.050 0.000 8.504
2.0700 5.1124 4.3206 0.0000 0.0000 0.7918 - 11.2978 2.070 666,500 0.000 0.000 11.297
2.1030 5.0514 64,2209 0.0258 - 0.0867 0.8305 11.8509 2,103 651.000 0,050  629.875 11.851°
2.1400 5.0641 4,2014 0.0258 - 0.0131 0.8626 ' 12.3089 2,140 648,000 «0.050 217.711 13.309
2.1700 © 5.0606 - 4.1755 0.0244  0.0279 ~ 0.8851 12.6287  2.170 644.000 = <0.050 292.950  12.629
2.2000 5.7838 4,8988 0.7213 0,0000 - 0,8851 - 12.6287 2,208 755.000 - ~0.250 0.000 12.629
3.5900  5.7838  4.6433 - 0.0000  0.0000  1.1400  16.2660 3.590° 716.500 - 0.050  0.000  16.266
5.1700 5.7838 4.4349 0.0000 0,0000 1.3490 19,2485 5,170  684.000 «0.050 0.000 19.248

14.9200 5.7838 2.6291 0.0000 . 0.0000 -3.1547 - 45,0139 14.920  405.500 -0.05%0 0.000 45,014
14,9500 5.7903 2.6096 0.0221 - 0.0156 3,1807 45,3857 14.950 403.000 6.300 211.710 45,386
14,9800 5.8011 2.5707 0.0221 .  0.0114 3.2303 46,0932 14,980 397.000 0.)00 188,022 46.093
15.0200 5.7903 2.5578 0.0248 0.0355 3.2325 46,1245 - 15,020  195.000 0,300 337.679 46,124
15.6500 8.2264 4.9939  2.4361 0.,0000 31,2325 46,1245 15.650 . 776.000 2.000 0.000 46,124

20.0400 8.2264 - 4,345 0.0000 0.0000 3.8789 55.3472 20.040 679.000 3.400 0.000 55.347

21.8500 8.2264 4.1496 0.0000 0.0000 4.0768 - 58.1716 21.850 < 640.000 -0.050 | 0.000 58,172

21.89Q0 8,1674 4.0847 0.0248 0.0837 ~ 4,0827 ° 58.2555 21.890 - 630.000 -0.050  607.717 $8.256

21,9200 8.1460 4.0393 0.0246 0.0461 4,1066 58,5970 . 21.920 623.000 -0.,050 196,201 58.597

21,9500 8.1096 3.9810 0.0245 - 0.0609 -4.1286 = 58,9106 21.950  614.000 0,050  478.410 $8.911

21.9800 8.0668 3.9162 0.0244 0.0672 4,1506  59.2245 21,980 604.000 «0.050  513.245 59.224%

22,2000 9.0870 64,9364 1.0202 06.0000 4.1506 59,2245 ©  22.200 752.000 «3,405 0.000 §9.224

23,4500 . 9.0870 4.8221 0.0000 0.0000 4.2649 60,8551 23,450  744.000 0.050 0.000 60,855
0.0000 9.0870 4.3104 0.0000 0.,0000 ~ &4,7766 ~ 68.1569 0.000 676,000 . 4,550 ° 0.000 68.157

26,7330 8.9945 64,2752 0.0255 06,1180 4,719 . 67,339 26.733  670.000 4,350 803.76%  67.340

26.7700 38,9318 4.2441 0.0218 0.0846 4,6877 - 66.8880 26,770 665.000 - 4,300 " 595.727 66.888

26,3300 ' .8,9375 46,2193 0.0226 . 0.0169 4,7182 67,3232 - -26.830 661,000 4,250  221.604 67,323

26,8400 8.9351 4.1810 0.0230  0.0254 &4,7541. 67.9361 26.840 . 655.000 4,250 271.071 67.836

27.0800 :9,8710 5.1168 0.9358 - 0,0000 4,7541 67,8361 7.080 - 804,500 5.250 0.000 67.9)6

41.0800 9.8710 64,4973 0.0000 0.0000 5.373n 76.6759 41.080 701.000 2.850 0,000 76.676

44,5800 9.8710 ° 4,3991 0.0000 0,0000 5.4719 78,0775 44,580° 676.000 -1.050 0.000 78.078

44,6100 - 9.7168 64,3381 0.0234 0.1776 $.1787 16,7476 44,610 = 667,000 -0.,900 " 1126.054 76.168

44,6500  9.6860  4.2706  0,0241 - 0.0550 - 5.4154 77,2709  44.650 556,500 - -0.950 443,157  77.271

44,6830 9.6726 - 4.227h  0.0246  0.0381  5.3451 ~ 77.6960  <++.53) h4¥.300 - ~1.100 )51.196 - 77.6%

47.3600 9.6726 4.2215 0.0000 0.0000 5,4510 - 77.7799 i.Jed 245,000 -1,350 0.000 77.780

18

(X




METHANE HYDRATEZ PORMATION RUN # &
DATE RUN STARPER:11- 2-1987

DATE RUN IXDARiIl- 4-1987

GRAMS OF H20=. . 719.800

GRAMS OF SAND= . 714,800

. HEIGHT OF THE CORE= 28.44CM.

ROOM TEMPERATURE= -~ 20.9000DEG.C

TEMP,OF GAS LEAVING WET TEST METER=  16.5000DEG.C

BAROMETRIC PRESSURE=  744.400MM.HG

VAP.PRESSURE OF MATER AT TWIM= 14.078MM.HG

ICE TO SAND VOL.RATIO= 2.844

ICE TO SAND MASS RATIO=~ - 1.007

PERCENTAGE VOIDS IX THE CORE= 53.987

GMOL.METEANE FOR 100 PERCENT CONVERSIOR=  6.343411
HYDBATE FORMATION RUN INPUT DATA

R n  TIRTD T2RTD r

[ 41 | £ ”n . VT

(R) (PS12) {(PSIA) (PS1A) (PS14) (PSIA) (DEG.C) (DEG.C) = wmmmmm (LI
0.00 143.00 747.00 748.00 746 .00 743.00 =2.20 1,60 0.00 0.00
0.03 728.00 726.00 727.00 725.00 727.00 -3.10 -1.10 18,00 1.68
0.07 718.00 718,00 - 719.00 717.00 71%.00 ~2.10 «}.00 17,90 2,51
0.10 712.00 711,00  712.00 709.00 .- 711.00 -1.70 «0.80 17.80 . .49
0.13 706.00 705.00 706.00 704.00 706.00 ~-1.60 <0.70 17.80 4. 14
0.2 769.00 768.00 769.00 767.00 770,00 .- ~1.50 ~0.70 0.00 - 4.30
4.02 607.00 607,00 621.00 607.00 608.00 «0.70 -0.30 0.00 4.30
4,05 602.00 €01.00  621.00 602.00 601.00 -0.80 =0.50 13,80 5.09
4.08 §99.00 $98,00 621.00 . 599.00 - 599.00 0.80 0,30 19.80. 5.82
4,11 594,00 §93.00 620,00 - 594.00 594,00 -0.80 -0.60 19.80 6.54
4.18 589.00 589.00 620.00 589.00 589.00 -1.10 0,50 19.90 7.52
4.21 722.00 721.00 622,00~ 721.00 - - 721.00 «3.,20 . «0.50 0.00 0.00
7.41 602.00 602.00 603,00 601.00 683,00 = «0.80 «0,70 .00 7.52
7.45 596,00 596,00 $91.00 - 593,00  689.00 -0.80 -0,50 15.00 9.22
7.48 - 590,00 - $90.00 588.00 587.00 . 689.00 -0,70 -G,30 19,80 10.01
7.55 584,00 $82.00 583,00 - 582,00 689,00 =0.70 =0.50 19.50 10,77
1.58 580.00 579.00 581.00 580,00 688.00 0,80 =0,30 19.50 11.32
7.80 888.00 886.00 872.00 869.00 756.00 ° . 1,00 -0.80 0.00 .00
16.63 . 693.00 694,00 - 696,00 698.00 769.00 0.50 =0.40 0.00 11.32
17.05 592.00 592.00 597.00 596.00 735.00 0.56 -0.40 0.00 2.13
17.08 587.00 587,00 594.00 593,00 736.00 1.10 -0.40 19.80 25.04
17.12 583.00 583.00 591.00 590,00 735.00 1.00 ~0.40 19.60 25.91
17.15 580.00 580.00 588,00 586,00 736.00 1.30 «0,40 19.60 26.60
17.25 754.00 751.00 751.00 753.00 744,00 2.40 «0,30 0.00 0.00
19.75 701.00 700.00 699,00 699.00 732.00 T .40 «0.40 0.00 0.00
23.32 607,00 607.00 607.00 618.00 728,00 0.20 3.10 0.00 26.60
23.35 599,00 599.00 605.00 615.00 727.00 2.20 - 4.50 20.00 .12
23.39 594.00 593.00 601.00 611.00 ~ 727,00 2.10 4,40 19.90 28,47
23,42 589.00 - 588.00 595.00 604,00 - 726,00 2.10 4,30 19.90 29.08
23.45 584,00 $83.00 591,00 597.00 726.00 2.50 6,30 19.80 . 29.93
23.64 750.00 750.00 739.00 149,00 735.00 2.70 6.60 0.00 0.00
27.64 649.00 648,00 628,00 648,00 T17.00 0.90" -0.30 9.00 29.93
27,70 602,00 ~ 601.00° 613.00 602,00 - 717.00 0.80 «0.60 0.00 39,00
27.74 $99.00 - 598.00 . 600,00 598.00 717.00 0.80 0,50 19,30 39.70
27.77 593.00 - 593.00 591.00 593.00 717,00 - 0.80 ~=0.60 19.10 .- - 40.63
27.80 - 589,00 . 588.00 586,00 - 590.00 717.00 0.70 - «0.50 18.9Q 41.42
28.00 842,00 842.00 803.00 = 833.00 756.00 2.20 - 0.8 0.00 0,00
32.39 752.00 751.00 689,00 751.00 709.00 1.10 0,30 0.00 0.00
32.62 846.00 845,00 758.00 841.60- 730,00 2.10 0.70° 0.00 0.00
43.87 706,00 706.00 604.00 - - 703.00 638,00 «0,30 0.30 0.00 61,42
44,61 600.00 600,00 . - .606.00 - 600,00 . 687.00 . «0.,70 -0.30 0.00 - - 55.62
46,64 §96.00 $85.00 606.00 $96.00 657.00 1.00 «0 .40 19.70 $6.56
44,638 §92.00 591.00 606.00 592.00 . 687.00 - =0,50 =0.40 19.60 $7.42
44,71 587.00 587.00 - 606.00 - 587.00 687,00 ~0.60 -0.50 - 19,30 58.16
&4, T4 $84.00 583.00 606.00 $84.00 687.00 =0.60 =0.40 19.00 59.01
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BESULTS OF KYDRATE RUN

me PRAR TBAR QBAR conv TIME GMOLO GMOLG QOLIN GMLOLT GMOLH conv
(m) (PSIA)  (DRG.C)  (CC/MIN) (¢
0.000  745.000 -1.400 0.000 $.000 0.0000 4.8559 4.8559 0.0000 0.0000 0.0000 0.0000 oo

0,033 732.000 -1,100 ° 523.462 1.337 0.0330 4,8072 4.7143 0.0224 0.0710 0.0929 -1.33)e6
0.066 718.500 =-1.050 - 321,395 1.958 0.0660 4,7944 | 4,.6584 0.0223 0.0351 0.1360 - 1.9578
‘.09 ~ 711.500 -0.750 356.234 2.406  0.0990 . 4,7751 4.6079 0.0221 0.0414 0.1672 2.4064
0.132 705,500 -0.650  278.055 . 2.913 0.1320 4,7698 4.5674 0.022t 0.0275 0.2024 2.9129
0.332  768.500 -0.600 0.000 = 2,913 0.2320 5.1767 - 4.9743 0.4069 0.0000 0.2026  2,9129
4,015 - 607.000 0.000 - 0.000 18,082 4.0150 5.1767 3.9203 0.0000 0.0000 1.2564 18,0815
4,048  601.500 0,150 325.162 18.436 - 4,0480 5.1679 3.8869 0.0246 0.0334 1.2810 18,4358
A.081  598.500 «0.050 310,947 18.645 4,0810 5.1617 3.8661 0.0246 ' 0.0309 1,2956 18,6454
4318 $93.500 «0.200 308.578 18.99% &.1150 5.1559 3.8360 0.0246 0,0304 - 1,3199 18,9963
4.150 - '589.000 ~ =0.300 370.871 19,155 - &.1500 5.1392 - 3.808 0.0248 . 0.0414 1.3309  19.1547
4,210 721.500 «1.350 6.000 19,155 - 4.2100 6.0139 - 4,683 0.8747 0.0000 1.3309 19,1547
7,410 602.000- ~0.250 ' 0©.000 30,544 . 7.4100 6.0139 3,8916 ° 0.0000 0.0000 2,122) 30,5440
7.450 -~ 596,000 - «0,150 - 507.290 30.357 7.4500 - 5,9607  3.8514 0.0187 0.0719 - 2,1093 30,3565 -
7.483  590.000 0.000  325.162 30,818 7.4830 . 5.9519 3.8105 0.0246 0.0334 2.1414 30.8184
7.545  583.000 -0.100 315.963 31,336 - 7.5450 - 5,9441 - 31,7667 - 0.0243 0.0321 2.1773 - 31.3358
7.580 579.500 -0.050 266.213 31.686 7.5800 5.945] 3.7434 0.0243 - 0.0233 2.2016 31.6856
7.795 887.000 «0.400 0.000 31,686 - 7.7950 7.9388 5.7371 1.9937 '0.0000 2.2016 .~ 31.6856
‘16,630 . 693,500 - 0,550 -0.000 49.922  16.6300  7.9388° ' 4.4700 0.0000 - 0.0000 3.4688 - 49,9218
17.050 - 592,000 0.550 0.000 $1.542 17,0500 7.3971 . - 3,8158 0.0000 - 0.5417 -.3.5813 51.5415
17,083 - 587,000 0.850 353.590 - 51.866 . 17.0830 7.3832 3,779 0.0246 0.0385 3.6038 51,8657
17.120 583,000 0.800  342.720 52,048 - 17.1200 - 7.3708 3.7543 0.0244 0.0368 3.6165 52.0480
17.149 = 580,000 0.950  300.077 52.286  17.1490 7.3660 3.7330 0.0244 0.0292 3.6331 52,2864
17.249 . 752,500 1.550 0.000 §2.286 17,2490 B8.4657 - 4,826 1.0997 0.0000 3.6331 52,2864
19.749 - 700,500 1.000 0.000 - 56,963 - 19,7490 8.4657 4.5077 0.0000 0.0000 3.9580 56,9627
23,320 607,000 2.150 0.000 65.857 23,3200 8.,4657 3.8897 0.0000 - 0.0000 4.5760  65.8566
23.3%3  599.000 3.850 404.734 66.610 23,3530 8.4432 3.8143 0.0249 06,0474 4.6283 66,6099
23,386 - 593,500 3,750 316,382 66.994 23,3860 8.436) 3.7812 - 0,0248 .  0.0317 4.6550 - 66,9943
23.420 . 583.500 3.700 283.216 67.428 23,4200 8.4352 3,7501 0.0248 0.0258 4.6852 67,4280
23.452: . 583,500 3.900 239,376 67,762 - 23,4520 8.4239 3.7155 - 0.0246 - 0.0359 4.7084 67,7624
i 23,636 750,000 $.150 - .0.000 67.762 . . 23.6360 9,4627 4,7543 1.0388 0.0000 . 4,7084 67,7624
i 27.636 648,500 0,800 0.000 - 76,083 27,6360 9.4627 4.1761 0.0000 - 0.0000 5.2865 76,0828
: : 27,703 - 601,500 0.600 0,000  74.878  27.7030 9.0792 - . "3.8763 - 0.0000 0.3835 5.2029 74,8783
: R '27.736 - 598,500 0.650 300,358 - 75,086 . 27.7360 ' 9.0736 3.8563 0.0240 0.0296 5.2173 75.0862
27,770 . 593,000 - 0.600 ' 353.449 -75.362- 27,7700 9.0580 3.8215 0.0238 0.0393 5.2365 75.3622 S e
27.803 1 588.500° 0.600 ~ 318.889  75.637 - 27.8030 9.0481 3.7925 0.0235 - 0,0334 - 5,2556 .. 75.6372 ’
.-28,000 . 842.000 2.000 0.000 . 75.637 - 28,0000 = 10.6541 5.3986 1.6060 0.0000 5.2556 75.6372
32.390  751.500 0,900 0,000 - 83.710 ' 32,3900 10.6541 4.8377 0.0000 0.0000 5.8165 - 83.7097
32.620 - 845,500 1.900 _.0.000 83.710 ~ 32,6200 - 11,2395 5.4230 0.5853 0.0000 §.8165 = 83,7097
43.870 766,000 0.500 0.000 96,253  43.8700 11.2395  ‘4.5514 - 0.0000 0.0000 6.6881  .96.2532
44,607 '~ 600,000 - 0.000 0.000 97.344 44,6070 10.6390 3.8751 0.0000 - 0,6005 6.7639  97.3443-
44,643 590,500 0.800  '360.000 98,168 44,6430 - 10.6238 3.8026 © 0.0245-  0,0397  6.8211 98,1683
44,676 591,500 0.050  °340.351 - 97.75) - 44,6760 10,6118 3.8195 0.0244 - 0,0364 - 6.7923  97.7527
44,710 587,000 «0.050 309.831 - 98,046 = 44.7100  10.6045 3.7919 0.0240 0.0313 6.8127 = 95.04b2
+4.7&) 583.500 - 0.000 333.800 98,204 we.T4X0 10.5922 1.7686 . 0,0236 0.0359 6.8236  95.2044
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METHANE HYDRATE FORMATION RUN # 5

DATE RUK STARTED:l1-~ 8-~1987 p
DATE RUN EZXDED:11-10-1987
GRAMS OF H20= -~ -907.900
GRAMS OF SAND= 920,200
HEIGHT OF THE CORE= 29.84CM.
ROOM TEMPERATURE= ~ 21,0000DEG.C
TEMP.OF GAS LEAVING WET TEST METER=  16.7000DEG.C
BAROMETRIC PRESSURE~  744.600MM.HC
VAP.PRESSURE OF WATER AT TWIM= 14.100MM.HG
ICE TO SAND VOL.RATIO= 2.787
ICE TO SAND MASS RATIO= 0.987
PERCENTAGE VOIDS IN THE COBE= = 44,388
GMOL .METHANE FOR 100 PERCENT CONVERSION= 8.764191
HYDRATE FORMATION RUN INPUT DATA
ma 1 3] " ™ ] TIATD T22TD FI1READ v
(m) (PSIA) - (PSIA) - (PSIA)  (PSIA) ~ (PSIA) (DRG.C) (DEG.C)  wmmeme (LID):
0.00  634.00  632.00 - 629.00  630.00 633.00 -1.50 -1.10 0.00 6.00 -
6.15  614.00 614.00 - 620.08° 611,00 . 613,00 1,00 -0.50 0.00 1.89 B
0.18  580.00  580.00  583.00 = . 574.00  576.00 «0.80 -0.90 - 20.40 .58
0.22 %60.00 - 560.00 - 565.00 - 550.00  560.00 «0.80 <0.30 19.70 4.76
0.25  546.00  544.00 550.00 542,00 544,00 -0.90 -0.30 18.60 .47
0.28 532.00  $30.00 . .537.00 - 540.00 531,00 -0.90 -0.10 18,40 6.25
0.40 878,00  877.00 = 885.00  '858.00 877,00 «0.90 «0.30 0.00 0.00
1.32 654,00  653.00 - 582.00  .564.00 614,00 -0.80 6.00 0.00 .25
2.40  594.00  583.00  654.00 582.00 - - 564,00 0.70 .10 19.70 846
2.43 ° 582.00  S81.00  654.00 . 582.00 .  564.00 -8.70 8.00 20.00 9.43
2.47  S71.00 S71.00 -  654.00 - 582.00 564.00 -0.70 . 0.10 18.60 10.23
2.50 - 564.00  563.00  654.00 - .582.00 ©  56&.00 -0.70 0.20 18.70 11.12
2,72 '841.00 - 840.00 . 770.00 ' 581,00  563.00 - 0,80 -0.10 0.00 0.00 -
4,71 706,00 © " 705.00  693.00.  569.00  563.00 -0.60 0.30 6.00 11.12
4.79 - 610.08 = 609.00 ~ 679.00 = 569.00 - .563.00 -0.60 c.10 0.00 29.00
4,82 - 602,00 602,00  657.00 569.00 . 563.00 0,60 0.20 20.60 30.50
4,85 593,00 - 593.00 - 644.00 568,00 - 563.00 . 0,50 0.20 20.10 31.49
4,89 ' 588,00 - 587,00 642,00 569,00 - 563,00 -0.50 6.20 19.30 32.51
4.32 . 583.00  583.00 . 640.00 569.00 .563.00 «0.60 0.10 19.50 33.38
3,22 868,00 859,00  827.00 568,00 - 563.00 -0.70 0.20 0.00 0.00
11.97 617,00  615.00  599.00 . 565.00  .562.00  <0,60  0.40 0.00 " 0.00
13.22 590,00  590.00 = 564.00  365.00 - 31,00 -0.60 0.40 0.00 33.38
13.25 582,00 582,00 ' 564.00 . 565.00 502.u0 -0.60" 0.50 19.70 34,80
13.29 576,00  $76.00 - 560.00 . 565.00 562.00 ~0.60 0.70 19.70 35.06
13.39 571,00  570.00° 557.00 - 565.00 .- 562,00 . -0.50 0.70 19.60 36.46
13.)5  567.00  $67.00  552.00 . 565,00 562,00 -0.40 0.70 19.40 7.9
131.55 - 840.0C 839.00 789,00 - -565.00 - - 562,00 -0.70 -0.40 0.00 0.00
15.05 792,00 790.00 735.00 393,00 $62.00 -0.80 6.50 0.00 0.00
13,40 - 742,00 740,00 . 670.00 563,00 - $61.00 -0.60 0.70° 0.00 0.00
26.63 0 649,06 - 548,00 . 547.00 - 563.00 . 561.00 -0.60 .80 0.00 37031
26,79  607.00  606.00 544,00 - 563,00 . 561,00 <0.60 0.80 0.00 32.15 -
26.82 -604.00 - 603.00 - $37.00 563,00 - 561,00 -0.50 0.90 19.50 . 42.91
26.85 598.00 598,00 . 534,00 563,00  561.00 -0.70 0.90 20.30. - 43.72 .
26.89 593,00  .592.00 = 532.00  563.00 - 561,00 -0.50 .0.90 19.50 44.54 -~
26.92 - 589.00  588.00 - 529.00 . 563.00 . - 561.00 -0.50 0.90 .  19.40 45.30 '
27.42 - '857.00° .857.00 ~ 737.00 - 563.00 859,00 -0.70 “1.00 0.00 0.00
37.17° 767,00 766.00 - - 609.00 . .763.,00 769,00 =0.60 0.70 0.00 0.00
40.17 . 715.00 . 685.00 . 563.00 561.00 - 713,00 " '-0,70 -0.50" 0.00 -+ 0.00
47.07 . 654.00 654,00 . 525,00 - 647.00 - 653,00 ~0.70 0.20 0.00 45.30
47.14 - 602.06  602.00  $25.00 - 608.00  '610.00 -0.70 0.10 0.00 50.35
47,17 . §93.00  597.00  525.00 - $98.00 - 601,00 6.70 - 0.30 19.80 51.66
47.23 589.00  588.00 - 525.00 . 583.00 . - 593.00 -0.60 8.30 19.60 52.71
47,24 583.00 582.00  525.00  585.00 - $89.00 -0.70 . 0.40 19.60. -~ $3.59
47,37 579,00 ' 578,00  525.00  579.00 . $84.00 -0.70 0.30 19.50 54.36
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RESULTS OF HYDRATE RUN

TIME PBAR  TBAR QBAR coxv TIME GMOW @O GUOLIN GMLOUT . GMOLK Corv
iHR) T (PSIA)  (DEG.C) ~ (CC/MIM)Y (%) . -

0.000 633.000 «1,000 0.000 0.000 - 0,0000  3.5603 3,5603 0.0000 0.0000 0.0000 0.0000 -
0.150 614,000 ~ -0.,250. . 0.000 0.416 90,1503 3.4304  3.4440 0,0000 0.0799 0.0365 0.4161 ’
0.183 580,000  -0.150 = 535.276 2,095 - 0,1833  3,4356  3.2521 0,025 0.0702  0.1836  2.0947
0.216° 560,000  -0.050 423.837 3.083  0,2163 © 3.4090  3.1388  0.0245  0.0511  0.2702  3.0835
0.249 ..545,000 -0.100 297.770 3.958°  0,2493 3.,4021  3.0552  0.0231  0.0300  0.3463  3.9580
0.282  531.000 0.000 312.952 .  &.751  0,282) 3.,3921 2.9757 0,0229 . 0.0330 0.4164 4,7510
0.393  877.500  -0.100 0.000 - &.751  0.3930 - 5.3356 ' 4.9192  1.9436  0.0000 Q.4l64  4.7510
1.316 . 653.500 0.100 0.000 - '19.110° . 1.3160 ~ 5.3356  3,6608 - 0.0000  0.0000 - 1.6748 19.1096
2.393  583.500 0.200 660.637  22.492°.-2,3990° 5.2667 = 3.2955 0.0245 0.0934  1.9712 22.4918
2.432  581.500 0.150 369.096 22.743 - 2.4320 ' 5,2506° 1.2569 ~ 0.0249  O0.0410  1.9937 22.7484
2.465 571,000 0,200 319.082 . 23,304 2.4650 . 5.2393  ).1975  ©0,0231 - 0.0338 . 2.0424 = 23.3043
2.498 . 563,500 0.250 341,091 = 23.626  '2.4980  5.2256  3.1549 ° . 0.0233  0.0376 = .2.0707 23.6263
2.715 840,500 6.050 0,000 23,626 2.7150 .. 6.7793 . 4.7092  1.5543  0.0000 . 2.0707 23.626)
4,715 705,500 . 0.350 - . 0,000 - 32.306 4.7150 - 6.7799 3,9485 0.0000  0.0000  2.8314  32.3062
‘4,788 609,500 6.250 0,000 - 29.800 4,78380 ' 6,0241 - 3.4125  0.0000  G.7557 . 2.6117  29.7995
4.821 602,000 0.300 498.782 29.855 ' 4.8210 - 5,9864 3.3699  0.0256 0.0634  2.6165 29.8547
4.856 593,000 0.350 374,523 30.244 4.8540 . 5,9695  3.)189 - 0.0250 - 0.0418  2.6507 30.244)
4,887 587,500 ' 0,350 376,057 - 30,378  4.8870  5.9504  3.2881  0,0240  0.0631  2.6624 - 30.3776
4.920 - 583,000 0.250 341,931 . 30.509 . 4.9200 - - 5.9379 . 3.2641 . 0,0243 0.0368  2.6738 30.5086
$.220 863,500 - -0.250 0,000 30,509 . 3.2200  7.5084 4.8345 .~ 1,5705  0.0000 . 2.6738 - 30.5086
11.970  616.000 0.400 0.000 - 46,341 11.9700 ~ 7.5084  3.4470  0.0000  0.0000  4,0614  &6.34ll
13.220 = 5%90.000 0.400 0.000 . 48,001 13.2200 . 7.5084 . 3.3015  0.0000 0,0000 4.2069 48.0011
130253 . $82.000 - 0,450 473.565  48.114 13,2530 - 7.4729  3.2561 - 0.0245 - 0.0600 -4.2168 48.1135
0.5
0

.

13.286 576.000 .550 198.877 - 48.664 13.2860 ' 7.4864 3.2214 0.0245 0.0110 4.2650 48,6642
13.391 . 570.500 600  468.132 48,625 13.3910 7.4516  3.1%00 0.0244 0.0592 4,2616 48,6249
13,352 567.000 0.650 - 336.498 48,720 13.3520 7.4398 3.1699 0.0241 0.0359 4.2699° 48,7203
13,552 839,500 «0.050 0,000 48,720 1).5520 8.9753 64,7053 . 1.5355 - '0,0000 4.2699  48.7203
16.652 .791.000 0.350 - = 0.000 51.896 16.6520 - " 8,9753 4.4270 0.0000 4.0000 4,5483 - 51.8960
19.402°° 741.000 - 0.550 0.000 55.123 19,4020 8.9753 4,1442 0.0000 0.0000 4.8311 55,1235
26.625 . 648.500 0.600 0,000  61.034 26,6250 8.9753 31,6262 0.0000 0.0000 . 5.3491  61.0337
26,785 606.500 0.600 0.000 61.379 26,7850 8,1707 3.3%31) 0.0000 0.2046 5.379% 61,3792
26.820 - 603,500 0.700 315.88) 61.495 26,8200 8.7628 13,3733 0.0243 0.0321 . 5.3895  61.4949
26.85)  598.000 0.600 - 333.299 61,729 - 26,8530 8.7539 3.3438 0.025) 0.0342 $.4101 61,7293
26.887 . 592,500 0.700 - 330,091 61.975 26,8870 8.7435  .3.3118  0.0243 0.0347 5.4316 . 61,9753
26.320 - 588,500 0.700 . 315,186 62.133 26,9200 8.7355 73,2895 0.0241 0.0321 5.4460 62,1393
27.420 . 857.000 0.650 0.000 62.139 27.4200 10,2372 4.7911 1.5017 0.0000 5.4460 62,1393
37.170 . 766,500 0,550 0.000 - 67.894 37,1700 10,2372 4.2868 - 0.0000 0.0000 - 5.9504 - 57.8944
40,178 700.000 0.100 0.000 72.032 40,1700 ' 10,2372 31,9242 0.0000 0.0000 6,310 ° 72,0316
47.070 - 654.000 0.250 - 0.000.  75.027 '47.0700 - 10.2372 - 3.6616 0.0000 - 0.0000 6.5756 - 75.0275
47.140 - /602,000 - 0.200 -0.000 75,907 47,1400 - 10,0237 33 0.0000 -~ 0,2134 §.6526  75.9069
47.173 . 597.500 0.J00 - 448.214 75.858 47,1730 9.9930 3.3447 . 0.0246 0.0554. ~6,648) . 75.8517
47.230 - 588,500 0.350  185.252 76,211 47,2300 9.9730 3.2937 0.0244 - 0,0444 6.6793 76,2112
47,240 - 582.500 0.350 344,996 - T6.448 47.2300° S 9.9602. - 13,2601 0.,0244 ° 0,0372 5.7001 - 75,4482
47.273 578,500 0.300 ~J18.251 . 76.602 47,2730 9.9519 3.2383 0.0243 0.0325 6.7136  76.6023
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